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Abstract

Iron—sulphur (Fe-S) clusters are ubiquitous co-factors which require multi-protein systems
for their synthesis. In Mycobacterium tuberculosis, the Rv1460-Rv1461-Rv1462-Rv1463-
csd-Rv1465-Rv1466 operon (suf operon) encodes the primary Fe-S cluster biogenesis sys-
tem. The first gene in this operon, Rv1460, shares homology with the cyanobacterial SufR,
which functions as a transcriptional repressor of the sufBCDS operon. Rv1460’s function in
M. tuberculosis has however not been determined. In this study, we demonstrate that M.
tuberculosis mutants lacking a functional Rv1460 protein are impaired for growth under
standard culture conditions. Elevated expression of Rv1460 and Rv1461 was observed in
the mutant, implicating Rv1460 in the regulation of the suf operon. Binding of an Fe-S cluster
to purified recombinant Rv1460 was confirmed by UV-visible spectroscopy and circular
dichroism. Furthermore, three conserved cysteine residues, C203, C216 and C244, pro-
posed to provide ligands for the coordination of an Fe-S cluster, were shown to be required
for the function of Rv1460 in M. tuberculosis. Rv1460 therefore seems to be functionally
analogous to cyanobacterial SufR.

Introduction

Mycobacterium tuberculosis, the causative agent of tuberculosis (TB), accounts for nearly 1.5
million deaths globally each year and therefore remains an important pathogen [1]. Following
inhalation, M. tuberculosis is phagocytosed by alveolar macrophages where it encounters
numerous stresses such as nutrient limitation, low pH, reactive oxygen (ROS) and reactive
nitrogen species (RNS) [2]. Subsequent immunological containment of infected macrophages
within granulomas creates a hypoxic environment [3,4], which triggers a metabolic downshift
in the bacteria to a non-replicating state [5,6]. Bacteria in this non-replicating state are refrac-
tory to killing by antibiotics [5], necessitating extended chemotherapy with multiple drugs in
order to achieve sterilisation in patients infected with M. tuberculosis.
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In addition to hypoxia, iron starvation was recently shown to induce a metabolic downshift in
M. tuberculosis in vitro, and was proposed as an important trigger for entering a non-replicating
state during infection [7]. While this metabolic downshift was associated with a general repres-
sion of gene expression, induction of a small set of genes was also observed. These genes included
those involved in iron-sulphur (Fe-S) cluster biogenesis and critical Fe-S cluster containing
enzymes. Fe-S clusters are ubiquitous co-factors required by enzymes involved in several critical
cellular processes, and for regulating gene expression by modulating the binding of certain tran-
scriptional regulators to DNA [8]. In vivo, multi-protein systems are required for the assembly of
Fe-S clusters, and three highly conserved systems, namely the nitrogen fixation (NIF) [9], Fe-S
cluster (ISC) [10] and the sulphur mobilisation (SUF) systems [11] have been identified. In
Escherichia coli the ISC system functions as the house-keeping system [12], while the SUF system
is induced under conditions of oxidative stress and iron limitation [13-15]. The genomes of
most gram-positive bacteria encode only a SUF system, and in some cases, unique configurations
of these systems are present. The M. tuberculosis genome encodes a single gene cluster with
homology to the SUF system, namely Rv1460-Rv1461-Rv1462-Rv1463-csd-Rv1465-Rv1466, which
is transcribed as an operon (suf operon) [16]. The suf operon encodes the primary Fe-S cluster
assembly system in mycobacteria [17] and all the genes in the operon, with the exception of
Rv1460, are predicted to be essential for in vitro growth of M. tuberculosis [18,19].

The first step in Fe-S cluster assembly involves the mobilisation of sulphur from cysteine by
a cysteine desulphurase. The genome of M. tuberculosis encodes three genes with homology to
cysteine desulphurases, namely csd, located in the suf operon, iscS and Rv3700c [20]. IscSysrp is
proposed to play a role in the assembly of Fe-S clusters directly on apo-proteins, since no other
ISC system components are present in mycobacteria [16,21]. Rv3700c encodes a cysteine-ser-
ine lyase (EgtE) involved in the synthesis of the low molecular weight thiol, ergothioneine [22].
Following sulphur mobilisation, the Fe-S cluster is assembled on a scaffold. In the SUF system,
the SufBCD complex functions as a scaffold for de novo Fe-S cluster assembly [23-26] and in
M. tuberculosis, Rv1461, Rv1462 and Rv1463 encode the SufB, SufC and SufD homologues
respectively [16]. A role for SufD in iron acquisition [27] and SufC in providing energy for
conformational changes in the SufB/D interface during cluster assembly has been proposed
[13,23]. These functions are however yet to be confirmed for the mycobacterial proteins.
Rv1461 contains an intein [28-30], which must be spliced before interaction with Rv1462 and
Rv1463 can occur [28]. Intein splicing is sensitive to oxidative and nitrosative stress and may
function to regulate cluster assembly in response to the environment [30].

The expression of Fe-S cluster biogenesis systems requires tight regulation since excessive
Fe-S clusters are toxic and inhibit bacterial growth [11], while inadequate expression has dele-
terious effects on Fe-S cluster containing enzymes and regulators. Several studies have demon-
strated induction of the suf operon in M. tuberculosis in response to stress conditions that are
likely to increase the need for cluster repair or de novo synthesis, including exposure to hydro-
gen peroxide, diamide [2,31] and nitric oxide (NO) [31]. In addition, induction of Rv1460,
Rv1461, Rv1462, Rv1463 and csd was observed after 96 hours of nutrient starvation [32], while
Rv1461, Rv1462, csd, Rv1465 and Rv1466 were induced upon infection of naive and activated
macrophages [2]. Gene expression analysis in sputum from TB patients revealed a 28-fold
induction of Rv1460 relative to in vitro expression, supporting a role for this regulator during
infection [33]. The molecular mechanism by which expression of the suf operon is regulated is
however currently unclear.

The first gene in the suf operon, Rv1460, encodes a probable transcriptional regulator of the
suf system which shares homology with the cyanobacterial SufR transcriptional repressor [34].
In Synechocystis, sufR is divergently transcribed from the sufBCDS operon, and acts as a tran-
scriptional repressor of sufBCDS expression and an auto-regulator of its own expression
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[34,35]. Two distinct DNA-binding sites for SufR have been identified in the region between
the sufR gene and the sufBCDS operon, namely a high affinity site upstream of sufBCDS and a
low affinity site upstream of sufR. Each homodimer of SufR coordinates two oxygen sensitive
Fe-S clusters, and the presence as well as the redox-state of these clusters alter the affinity with
which SufR binds to DNA [35]. Sequence alignment of Rv1460 with Synechocystis SufR dem-
onstrated conservation of the cysteine residues that provide ligands to coordinate the Fe-S
cluster, suggesting that Rv1460 is also an Fe-S cluster containing transcriptional regulator [35].

In this study, we demonstrate that loss of Rv1460 is deleterious for M. tuberculosis in vitro
and confirm its function as a repressor of suf operon expression. Furthermore, we show that
Rv1460 binds an Fe-S cluster and interrogate the role of the three cysteine residues predicted
to coordinate the Fe-S cluster in the function of this regulator.

Materials and methods
Bioinformatic analysis

The sequence of Rv1460 was obtained from the Tuberculist database (http://tuberculist.epfl.
ch) and homologues were identified by BLASTP analysis (http://blast.ncbi.nlm.nih.gov/Blast.
cgi). Protein alignments were performed using the Maestro Multiple Sequence Viewer multi-
ple alignment tool.

Bacterial strains and culture conditions

M. tuberculosis H37Rv and Mycobacterium smegmatis mc>155 were cultured in 7H9 broth
(Difco) with 0.05% Tween-80 supplemented with 0.2% glycerol and ADC (Bovine Albumin
fraction V (50 g/L), dextrose (20 g/L) and catalase (0.0375 g/L)) or Middlebrook OADC (oleic
acid ADC), or on Middlebrook 7H10 (Difco) supplemented with ADC or OADC. Kanamycin
(50 ug/ml), hygromycin (50 pg/ml), 5-Bromo-4 Chloro-3 Indolyl f-D-galactosidase (X-gal)
(40 pg/ml) and sucrose (5%) were used for selection purposes when applicable. E. coli XL1
Blue strain was used for cloning, while recombinant protein expression was performed using
the E. coli Arctic express (DE3) (Agilent Technologies) and the BL21(DE3)pLysS (Novagen)
strains. Culturing of E. coli was performed using LB broth and agar containing ampicillin
(100 pg/ml), kanamycin (50 pg/ml), hygromycin (150 pg/ml), gentamycin (20 pg/ml), chlor-
amphenicol (34 pg/ml) and X-gal (40 pug/ml) when applicable. Zinc sulphate (8.3 uM) was
added to media during protein production. The bacterial strains used during this study are
indicated in Table A in S1 File.

For iron limitation experiments metal defined media was prepared containing 0.5% aspara-
gine, 0.5% KH,PO,, 0.2% glycerol, 0.05% Tween-80 and 10% ADC. The pH was adjusted to
6.8, and metal contamination removed by treatment with 5% Chelex-100 (Bio-Rad) for 24
hours. The media was then supplemented with 0.5 mg/l ZnSOy,, 0.1 mg/l MnSO, and 40 mg/1
MgSO,, with (MM + Fe**) or without (MM) 50 uM FeCl; [36,37]. MM was previously shown
to contain approximately 2 uM Fe>* [37]. M. tuberculosis was pre-cultured in 7H9 OADC to
mid-log growth phase. Cells were harvested by centrifugation, washed in equal volume of MM
and sub-cultured into MM or MM + Fe** to a starting ODggonm 0f 0.05 and cultured to late log
phase. Two subsequent growth cycles were performed in MM or MM + Fe®*.

Transcriptional start site determination for Rv1460 and Rv1461

The transcriptional start site of Rv1460 and Rv1461 were determined using the adaptor- and
radioactivity-free identification of transcriptional start sites (ARF-TSS) method as previously
described [38]. Briefly, 500 ng of RNA was converted to cDNA using phosphorylated primers,
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1460ARE-TSS or 1461 ARF-TSS (Table B in S1 File). Following circularisation of cDNA with
T4 RNA ligase, PCR was performed using the 1460TSS-F1 and 1460TSS-R1 or 1461TSS-F1
and 1461TSS-R1 primer sets (Table B in S1 File). The resulting product was cloned into the
pJET1.2 vector for Sanger sequencing.

Generation of E. coli and mycobacterial expression vectors and
B-galactosidase reporter plasmids

Vectors for the overexpression of Rv1460 as a N-terminally His-tagged protein were generated as
indicated in Table C in S1 File. RvI460 was amplified using the primers indicated in Table D in S1
File and cloned into pSE100 (hygromycin) to generate pSE1460 (Table C in S1 File). The three cys-
teine residues, C203, C216 and C244, predicted to coordinate an Fe-S cluster in Rv1460 [35] and
an additional cysteine residue, C242, were replaced with serine residues to create Rv1460_C203S,
Rv1460_C216S, Rv1460_C242S and Rv1460_C244S protein variants. Site directed mutagenesis
was performed using a previously described protocol [39] with pJET1.2Rv1460N as a template,
and the mutagenic primers indicated in Table D in S1 File. Three rounds of site directed mutagen-
esis was performed to generate the Rv1460_C203S/C216S/C244S variant. The mutated fragments
were then sub-cloned into pET28a. Each pET28 vector harbouring mutations in Rv1460 (Table C
in S1 File) was digested with Sfil and HindIII and the resulting 486 bp gene fragment cloned

into pSE1460 digested with the same enzymes, to generate pSE1460_C203S, pSE1460_C216S,
PpSE1460_C242S, pSE1460_C244S and pSE1460_C203S/C216S/C244S. A series of mycobacterial
expression vectors conferring kanamycin resistance were generated by sub-cloning the promoter
and gene (Bcul/Sall digested) from each pSE1460 vector into the pCV-125 backbone (EcoRV/
BstZ171 digested). B-galactosidase reporter plasmids were generated by cloning either a 139 bp or
a 314 bp fragment into pJEM15 as described in Tables C and D in S1 File.

B-galactosidase promoter activity assays

M. smegmatis culture (5 ml) (ODggonm between 0.4 and 0.6), was washed with phosphate buft-
ered saline (PBS) containing 0.05% Tween-80, the cells pelleted by centrifugation and stored at
-80°C until the assay was performed. Cells were re-suspended in 2 ml of 10 mM Tris-HCI (pH
8.0) and ribolysed for four 25 s cycles at 4.5 watt. The extract was then clarified by centrifuga-
tion at 21 130 x g for 10 min at 4°C. ortho-Nitrophenyl-p-galactoside (ONPG) was dissolved
in Z-buffer (60 mM Na,HPO,, 40 mM NaH,PO,, 10 mM KCl, 1 mM MgSO,) to a final con-
centration of 1.33 mg/ml and mixed with an equal volume of whole cell lysate to initiate the
assay. The absorbance at 420 nm was monitored over a period of 30 min and Miller units cal-
culated as follows: 200 x (change in ODys0,,m) per mg protein per min. The amount of protein
per sample was calculated using the BioRad protein assay.

Generation of M. tuberculosis H37Rv strains harbouring unmarked
deletions of the Rv1460 gene

Two-step allelic exchange [40] was used to generate two different Rv1460 deletions; ARvI460,
which has an in frame deletion of the bulk of the Rv1460 gene (codons 36 to 211 deleted), and
Rv1460 truncation mutant (Rv1460stop) which has a DNA-binding domain deletion and a
premature stop codon at position 122. Details of the primers and plasmids used for the genera-
tion of allelic exchange vectors and further description of the mutants are indicated in Tables
Cand D in S1 File. PCR and Southern blotting was used to confirm the presence of the dele-
tions as described in Table E and Figures B-D in S1 File. The three truncation mutants
(ARv1460stop_1.19, ARvI1460stop_5.19 and ARv1460stop_5.20) were generated using the same

PLOS ONE | https://doi.org/10.1371/journal.pone.0200145  July 6, 2018 4/27


https://doi.org/10.1371/journal.pone.0200145

@° PLOS | ONE

Regulation of iron-sulphur cluster biogenesis in Mycobacterium tuberculosis

allelic exchange substrate. PCR and Sanger sequencing was used to confirm that the deletion
introduced into the three strains was identical. Sanger sequencing also confirmed that the dele-
tion introduced would result in a frame-shift and truncation of Rv1460 in all three mutants
(Figure D in S1 File). The mutants were complemented using an integrating vector or a stable
integrating vector, in which the integrase gene was removed, containing the RvI460 gene and
139 bp upstream promoter region [41], as indicated in Table C in S1 File.

RT-qPCR

Mid-log M. tuberculosis cultures (10 ml) were pelleted, resuspended in 1 ml RNAProBlue solu-
tion (Iepsa) and ribolysed for four 25 s cycles at 4.5 watt with the FastPrep-24 Instrument (MP
Biomedicals). Cellular debris was removed by centrifugation at 18 400 x g for 15 min and a
chloroform extraction performed prior to loading onto a Nucleospin RNA kit (Machery-
Nagel) column. An on-column rDNase treatment was performed according to the manufac-
turer’s instructions and RNA was eluted in 30 pl nuclease free water. RNA quality and concen-
tration were assessed using the Agilent Bioanalyzer RNA Nano Assay kit. RNA was DNase
treated using the TURBO DNA-free Kit (Ambion). RNA (500 ng) was reverse transcribed
using the Transcriptor first strand cDNA synthesis kit (Roche) according to the manufactur-
er’s instructions using 1 uM of reverse transcription primers (RT) indicated in Table B in S1
File. RT-qPCR was performed with the FastStart Essential DNA Green Master mix using

0.1 uM PCR primers and the LightCyler 96 machine (Roche). A standard curve was generated
for each primer set using genomic DNA dilutions, and expression levels calculated relative to
the reference gene, sigA.

Enzyme and intracellular iron assays

Cultures for succinate dehydrogenase and aconitase assays were grown in 7H9 OADC. Log
phase cultures were harvested (10 ml) and washed twice with PBS containing 0.05% Tween-
80. Cell pellets were frozen at -80°C until analysis was performed. Pellets were resuspended in
1.5 ml cold 20 mM Tris-HCI buffer (pH 8.0) and cells ribolysed [42]. For succinate dehydroge-
nase assays cell free extracts were centrifuged at 2 700 x g for 10 min, while centrifugation was
done at 21 130 x g for aconitase assays extracts. Succinate dehydrogenase assays were per-
formed using a continuous assay as previously described [43]. Aconitase activity was measure
using the Aconitase Assay kit (Sigma Aldrich). The total protein in each sample was deter-
mined using the BioRad protein assay. Activity was expressed relative to total protein content
per sample.

The amount of intracellular iron was determined after three growth cycles in MM or MM
+ Fe™. M. tuberculosis culture (20 ml) was harvested by centrifugation at 3 220 x g and cells
washed once with PBS containing 0.05% Tween-80. Cells were resuspended in 1 ml 50 mM
NaOH and ribolysed for three 30 s cycles at 5.0 watt with the FastPrep-24 Instrument (MP Bio-
medicals). Intracellular iron levels were measured using a previously described method [44].
The iron content in the lysate was standardised using the total protein content, as determined
by the BioRad protein assay.

Protein expression and purification

Rv1460 was heterologously expressed from the pETM-11Rv1460nss vector in E. coli Arctic
express DE3 strain. This vector produces a N-terminally tagged Rv1460 protein that starts at
position +73 relative to the Tuberculists annotation (i.e. re-annotated start site). The expres-
sion strain was cultured in LB broth at 30°C to an ODggopr, between 0.5 and 0.6. Protein pro-
duction was then induced by the addition of 0.4 mM isopropyl B-D-thiogalactoside (IPTG)
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and allowed to proceed at 13°C for 24 h. Cells (1 L culture) were harvested and stored at
-80°C. Frozen cells were re-suspended in lysis buffer (20 mM Tris-HCI, 500 mM NaCl, 20 mM
imidazole, 1% glycerol, 1% dithiothreitol (DTT), 1 mg/ml lysozyme, pH 8.0) (50 ml) and incu-
bated on ice for 30 min. Cells were lysed by sonication on ice using a QSonica probe sonicator
(3/4 tip diameter) for 4 min at 50 watt with 15 s on and off intervals and the lysate clarified by
centrifugation at 14 000 x g for 30 min at 4°C. The protein lysate (50 ml) was filtered through
a 0.45 micron surfactant free cellulose acetate filter (Merck), before loading onto a HiTrap 5
ml nickel-NTA (Ni-NTA) column (GE Healthcare Life Sciences) coupled to an AKTA protein
purification system (GE Healthcare Life Sciences) which had been equilibrated with 10 column
volumes (CV) wash buffer (20 mM Tris-HCI, 500 mM NaCl, 20 mM imidazole, pH 8.0) at a
flow rate of 5 ml per min. The column was washed with 10 CV of wash buffer and 5 ml flow
through fractions collected. Protein was eluted with an imidazole gradient from 100% wash
buffer to 70% elution buffer (20 mM Tris, 500 mM NaCl, 500 mM imidazole, pH 8.0) in 100
ml and 2.5 ml fractions collected. The remaining protein was eluted with 100% elution buffer.
Protein elution was monitored at 280 nm. Fractions containing Rv1460 were pooled, DTT
added to a final concentration of 1 mM and proteins concentrated in a volume of 5 ml. 6xHis-
tag cleavage with Tobacco Etch Virus protease (TEV) was performed concurrently with dialy-
sis against 20 mM Tris-HCI, 150 mM NaCl, 1 mM DTT, 10% glycerol, pH 8.0. The dialysed
sample was then passed over a Ni-NTA column to bind any uncleaved protein and the 6xHis-
tagged TEV. Fractions containing Rv1460 were pooled, concentrated and loaded onto a Sepha-
dex S200 16/60 column equilibrated with gel filtration buffer (20 mM Tris-HCI, 150 mM
NaCl, 10% glycerol, 1 mM DTT, pH 8.0). The fractions containing Rv1460 were pooled, con-
centrated and flash frozen.

The E. coli cysteine desulphurase, IscSg .o and scaffold protein, IscUg .o, and TEV were
expressed and purified as previously described [45,46] for use in the Fe-S cluster reconstitution
assays. The Azotobacter vinelandii cysteine desulphurase, NifS, was expressed from the pDB845
vector in the BL21(DE3)pLysS strain (Table A in S1 File). The expression strain was cultured in
LB broth at 37°C to an ODggon, Of between 0.7 and 0.9. Pyridoxal 5-phosphate (100 uM) was
then added to the culture and protein expression induced by addition of 0.4 mM IPTG at 30°C
for 2 hours. Protein purification was done as for Rv1460, with the following exceptions: the
7xHis-tag of NifS was not cleaved, NifS gel filtration buffer contained only 1% glycerol and all
buffers contained 0.5 mM Tris(2-carboxyethyl)phosphine (TCEP) instead of 1 mM DTT. Pro-
tein concentrations were determined by measuring absorbance at 280 nm on a Spectro UV-16
spectrophotometer (mrc).

Fe-S cluster reconstitution assays

Enzymatic Fe-S reconstitution was done using the E. coli IscSg .,;; and IscUg ,j; proteins as pre-
viously described [47,48]. All reconstitution reactions were done in an anaerobic glove

box (Bactron) in a 1 ml sealable quartz cuvette (Hellma Analytics, Jena, Germany). Reaction
mixtures contained Rv1460 (50 uM), (NH,4),Fe(SO4), (25 uM), DTT (3 mM), IscSg o (1 pM)
and IscUg ., (5 M), in 20 mM Tris-HCI, 150 mM NaCl, pH 8.0 in a total volume of 800 pl.
The reaction was initiated by addition of 250 pM cysteine and monitored by recording UV-
visible scans (250-600 nm) using an Ocean optics USB4000 spectrophotometer at regular
intervals.

Enzymatic Fe-S cluster reconstitution was also done using the A. vinelandii, cysteine desul-
phurase, NifS, by modifying a previously described method [49]. Reaction mixtures contained
Rv1460 (50 uM), DTT (3 mM), (NH,),Fe(SO,), (25 uM), NifS (225 uM) and cysteine (500 uM)
and were allowed to proceed for 6 hours before addition of additional (NH,),Fe(SO,), to a final
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concentration of 50 pM. The reaction was allowed to proceed overnight and no buffer exchange
was done before CD measurements.

Chemical reconstitution using lithium sulphide was performed as previously described
[50]. Briefly, Rv1460 (50 uM) was reduced for an hour in buffer (20 mM Tris-HCI, 150 mM
NaCl, pH 8.0) containing DTT (5 mM), where after the reaction was initiated by addition of a
fivefold molar excess of iron ((NH,),Fe(SO,), (250 uM)) and Li,S (250 uM). The reactions
was allowed to continue for 2 hours. As an indication of the background reaction occurring in
the absence of Rv1460 protein, the Rv1460 protein was omitted. Unbound species were sepa-
rated from Rv1460 by buffer exchange using PD Minitrap G-25 columns (GE Healthcare) pre-
equilibrated with Rv1460 gel filtration buffer according to the manufacturer’s instructions.
Fractions (~250 pul) were collected and those that contained the Rv1460 protein were pooled
(~750 pl). The concentration of protein was determined using the Direct Detect Infrared Spec-
trometer (Merck) according to the manufacturer’s instructions.

Circular dichroism

Circular dichroism (CD) measurements were done on a Chirascan-plus CD spectrometer fitted
with a cell holder thermostatted by a Single cell Peltier Temperature controller (containing a
Quantum North West TC125 Unit) at the Central Analytical Facility of Stellenbosch University
NMR unit. Far-UV and near-UV CD spectra were recorded using fused silica cuvettes (Hellma
Analytics, Jena, Germany) with path lengths of 1 mm and 10 mm, respectively at 20°C (using a
2 nm bandwidth 0.25 s per set with adaptive sampling enabled). Data was smoothed fivefold
and tenfold respectively for the far- and near-UV CD using the Chirascan-plus software. Pro-
tein concentrations were 1.27 mg/ml for near-UV and 0.12 mg/ml for far-UV CD.

Thermal unfolding curves were obtained by monitoring the ellipticity (0) at 222 nminal
mm path length sealed cuvette, every 2°C at a heating rate of 2°C/min from 5°C to 91°C at a
bandwidth of 2 nm (timebase 2 s, points 20, samples 4000, time per reading 25 us). The 20
readings taken over time per wavelength were averaged. CD measurements are presented as
the ellipticity (8) or molar CD extinction coefficient (Agy,) for near-UV and mean residue CD
coefficient (Aeyrw) for far-UV CD measurements.

Statistical analysis

All statistical analyses were performed using GraphPad Prism Software version 6.05 and statis-
tical analysis language R version 3.4.1.

Results
Rv1460 is a SufR homologue that is highly conserved in mycobacteria

Alignment of the amino acid sequence of the protein encoded by Rv1460 with homologues
from other mycobacterial species revealed that the protein is highly conserved in both patho-
genic and non-pathogenic mycobacteria (Fig 1). In particular, the three cysteine residues at
positions 203, 216 and 244, predicted to provide ligands to coordinate an Fe-S cluster [35], are
conserved in all the homologues analysed. InterProScan identified a winged helix-turn-helix
DNA-binding motif (IPR011991), in the C-terminal region of Rv1460, spanning amino acids
42 to 150. Comparison with SufR homologues from Synechocystis, Rhodococcus and Nocar-
dia revealed that most of the mycobacterial homologues possess an N-terminal extension not
present in other species. The extension varied in both length and sequence in the mycobacte-
rial homologues (Fig 1).

PLOS ONE | https://doi.org/10.1371/journal.pone.0200145  July 6, 2018 7/27


https://doi.org/10.1371/journal.pone.0200145

®'PLOS | one

Regulation of iron-sulphur cluster biogenesis in Mycobacterium tuberculosis

Synechocystis =  ————————— - m 0
M.smegmatis = 0———--————————————————— MEPSDEFRHNGVVELRGGATSPV--ATGPSVFPARDEVP 36
M.leprae 0 ~—————————--= MLNVHRGYPSLDRSPELRHTGVVRKIRSELDAA-———————————=—=== 32
M.marinum 0 Z —oooooo————————————— MLDRCPELRHTGVVKIQPEFSARH-———————————— SA 26
Rvld4e0 0 e MTSTTLPHRASLVDRSTEFCHTDqﬂKIPAVS ————————————————— TT 33
CDC1551 MPGNCLGDLNVTSTTLPHRASLVDRSTEFCHTDVVRIPAVS————————————————— TT 43
paratuberculosis = = -————- MQPIRCDQGNRPPRAPLLDRSPELRETGVVRIRTSLDDAA-——————————— VGA 43
M.avium 0000 mo oo ] MGA 3
Rhodococcus = —————————————————————— MDRVLQFRHTGVVRKTTESSLVRPGSVESSATGAGVSSV 38
Nocardia = = —ommmm—m—m——m————————————o MGLRE-———————————— NEVEKTERQQGARSVAA 21
Synechocystis -MTLSSSHSTREDILCYLLKEGQGSAIAMAEELGISPQAMRRKHLKDLENDGLIEH----Q 55
M. smegmatis GVISTADGQTRRAIIRLLLE-GPITAGQIGERLGISAAGVRRHLDALIEAGDAQASAALR 95
M.leprae TTVAVSDGHTRRAVVRLLLESGSITAGEISDRLGLSAAGVRRHLDVLIEMGDAESATARP 92
M.marinum ALVAGSDGHTRRAIVRLLLESGSITASEIGDRLGLSAAGVRRHLDALIDAGDRESAPALP 86
Rv1460 VPRAVSDGHTRRAIVRLLLESGSITAGEIGDRLGLSAAGVRRHLDALIEAGDAEASARLP 93
CDC1551 VPRAVSDGHTRRAIVRLLLESGSITAGEIGDRLGLSAAGVRRHELDALIEAGDAEASARLP 103
paratuberculosis AGRAVPDGHTRRAIVRLLLESGSITAGEIGDRLGLARAGVRRHLDALIEAGDAESIAPRA 103
M.avium AGRAVPDGHTRRAIVRLLLESGSITAGEIGDRLGLAAAGVRRHLDALIEAGDAESIAPRA 63
Rhodococcus RPTSAPEGQTRSAVVILLLEEGPITASDIGTRLGLSAAGVRRHLDALIDAGEARITTPAG 98
Nocardia SPAATGEGHTRAAVVQLLLEEGPITATAIGQRLGLSPAGVRRHLDALIESGEARAMRSAP 81
e HE A I S A A A e P B
Synechocystis QERQSMGRPQFLYQLSKQGREQFPQRYGEFALSFIDSLVETVGEEQLGAVLRXKQWQREAE 115
M. smegmatis WOHETGRGRPARRYRLTAAGRARLGHSYDDLAVARIRQLREIGGRKDAVRTFARRRIDTILS 155
M.leprae WQQVGRGRPARKHYRLTAVGRARLGHEAYDTLASARMRQLREIGGEDAVRTFARQRIDAILA 152
M.marinum WQQAGRGRPARRYRLTPGGRARLEESYDDLARRATRQLREIGGDDAVRTFARRRIDAILA 146
Rv1460 WOQVGRGRPARKRYRLTAAGRAKLDHSYDDLASAZMRQLREIGGEEAVRTFARRRIDAILA 153
CDC1551 WQQVGRGRPARKRYRLTAAGRARLDESYDDLASAAMRQLREIGGEEAVRTFARRRIDAILA 163
paratuberculosis WQHAGRGRPARRYRLTSAGRARLDHAYDDLARRZMRQLREIGGEEAVQAFARQRIDAILA 163
M.avium WQHAGRGRPARKRYRLTSAGRAKLDHAYDDLAARZMRQLREIGGEEAVQAFARQRIDAILA 123
Rhodococcus ARQRGRGRPARHFQLTAAGRNRLGHTYDDLAGARMRQLRKIGGDRAAIETFARQRVNTIVA 158
Nocardia WQQQGRGRPARKQFQLTAAGRGRLGHAYDDLAGAEMRQLRELGGDSAIMEFARRRVGSIVA 141
el o Wk sods Wk g 3 ¥, g% g 2 Wz R, 2 . oz2::
Synechocystis AYRQQIG--QGPLSKRVHKLVELRRQEGYMAEIHPLSVEQAEKFILSEHPaRIADVAESY 173
M.smegmatis GVTAGS-———--GDVAQTAERVADAMTKAGYATTTAPVSG-PIRGVQICQHHJQPVSHVAEEF 210
M.leprae DVEPAGGG--ADVEARANRVASALSDAGYVATTARVGG-PIHGVEICQHHQPVSHEVAEEF 209
M.marinum GVPARASPDDAAVEARRAFERVASALTKAGYVATTTRVGG-PIHGVQICQHHQPVSHVAEEF 205
Rv1460 DVAPADGPDDAALEAARERIATALSKAGYVATTTRVGG-PIHGVQICQHHQPVSHEVAEEF 212
CDC1551 DVAPADGPDDARALEARRERIATALSKAGYVATTTRVGG-PIHGVQICQHHQPVSHVAEEF 222
paratuberculosis GVPGAASARDDDIEAARERIATALTRKAGYVATTTQVGG-PIHGVQICQHHQPVSHEVAEEF 222
M.avium GVPGAASARRDDDIEARRQRIATALTRAGYVATTTQVGG-PIHGVQICQHHQPVSHVAEEF 182
Rhodococcus DVEPATGSDAHAVEDARDRIAGAFSAAGFSATTRQVG-——--NGVQICQHHJQPVSHVASEF 214
Nocardia GIDRLAQHTPVEIEAXADEIREAFSDAGFAATTRRVG----SGVQICQHH(PVSHVAEEF 197
: T *z = T e SosWWk g wh
Synechocystis PTYQGHELEMFAARILPDCAIERTHWLNDGEETGGYLIQSKTPN-————————————————— 216
M.smegmatis PEJQETEREAFAEILGTH-VQRLATIVNGDCAITHVPLDLDPPGEHTDEPXDVRSTARD 269
M.leprae PEQETEQQAIAEVLGTH-VOQRLAMIVNGDCAI THVPLMSVPSKT—————————————— 254
M.marinum PEL] EQQAIAEVLGTH-VQRLATIVNGDCA T TEVPLTPA---PSPRQHL-———————— 253
Rv1460 PENQETEQQAMAEVLGTH-VQRLATIVNGDCAI TEVPLSPA--—-PSPRPPA-——————— 260
CDC1551 PEIQETEQQAMAEVLGTH-VQRLATIVNGDCAI THVPLSPA--—-PSPRPPA-——————— 270
paratuberculosis PEYJDREQQAMAEVLGTH-VQRLATIVNGDCA I THVPLAQTARAPSPRRET ———————— 273
M.avium PEIQDRAEQQAMAEVLGTH-VOQRLATIVNGDCA I THVPLAQTARAPSPRRHET ———————— 233
Rhodococcus PEL] EQTAFAEILGTH-VQRLATIANGNCAITEVPLSPTRYSNTDSSDXE-TPDAQP 272
Nocardia PEIgiiELEAFRELLGTH-VQRLATIANGDC T TEVPLSVPPTSTAQPT--——-RPVAQP 252
- - - : - s w : - : : :

Synechocystis = ————————————— 216
M. smegmatis RTTTPSDQGAST- 281
M.leprae = ————————————= 254
M.marinum ———-TSTGGASAE- 261
Rv1460 ————TSTEGASR- 268
CDC1551 ——-——TSTEGASR- 278
paratuberculosis ————-TSNRGASL- 281
M.avium ————TSNEKGASL- 241
Rhodococcus RVGERPRLRKEPA 285
Nocardia ATARRNDSGRSAE 265

PLOS ONE | https://doi.org/10.1371/journal.pone.0200145  July 6, 2018 8/27


https://doi.org/10.1371/journal.pone.0200145

@° PLOS | ONE

Regulation of iron-sulphur cluster biogenesis in Mycobacterium tuberculosis

Fig 1. Rv1460 is a SufR homologue. Maestro Multiple Sequence Viewer multiple alignment of Rv1460 [AC]83238] with
homologues in selected mycobacteria and SufR homologues present in other organisms. The re-annotated start site of Rv1460 is
indicated by the red box. Conserved cysteine residues are indicated by the orange boxes. Mycobacterium smegmatis, transcriptional
regulator [WP_011728830]; Mycobacterium leprae, transcriptional regulator [WP_010907825]; Mycobacterium marinum E11,
transcriptional regulatory protein [CDM76334]; Mycobacterium tuberculosis CDC1551, conserved hypothetical protein
[AAK45771]; Mycobacterium avium subsp. paratuberculosis K-10, hypothetical protein MAP_1186 [AAS03503]; Mycobacterium
avium 104, DNA-binding protein [ABK68668]; Rhodococcus fascians, transcriptional regulator [WP_037190040]; Nocardia veteran,
transcriptional regulator [WP_051031599] and Synechocystis sp. PCC 6803, SufR [WP 020862050].

https://doi.org/10.1371/journal.pone.0200145.9001

Characterisation of the Rv1460 promoter

Genome-wide transcription start-site mapping re-annotated the transcriptional start site of
Rv1460 at +73, and identified a 120 bp 5" untranslated region [51]. CHiP-seq analysis identified
a binding site for Rv1460 20 bp upstream of this +73 start codon [52]. The structure of the pro-
moter region of Rv1460 was therefore investigated using a B-galactosidase reporter assay. A
region 139 bp upstream of the start site annotated in Tuberculist was amplified and cloned
upstream of a promoterless lacZ gene in the pJEM15 vector to generate the pJEM139pro reporter
vector. A second 314 bp region, which included the 139 bp upstream region, and two alternate
start codons (positions +73 and +142) was also cloned into pJEM15 to generate pJEM314pro.
Expression from the 139 bp region was only slightly above baseline, while expression from the
314 bp promoter region was 200-fold higher than baseline (Fig 2B), suggesting that the promoter
is located downstream of the Tuberculist annotated start site. Transcriptional start site mapping
was performed and confirmed the start site at +73, but found no evidence to support a start site
at +142 or for a 5’ untranslated region (Figure A, panel I in S1 File).

Rv1460 is a transcriptional repressor

ChiP-seq identified a binding site for Rv1460 20 bp upstream of the +73 start codon, suggest-
ing that it regulates the expression of Rv1460 through direct interaction with the promoter
region of the gene [52]. To investigate this, Rv1460 was co-expressed from the protein expres-
sion vector, pSE1460, with each of the reporter vectors (pJEM15, pJEM314pro or pJEM139-
pro) in M. smegmatis (Fig 2A). Co-expression of Rv1460 with pJEM314pro resulted in a
threefold decrease in -galactosidase activity relative to the strain without Rv1460 (i.e. pSE100
and pJEM314pro) (Fig 2B). This confirms that Rv1460 represses its own expression.

The role of Rv1460 as a repressor in M. tuberculosis was then investigated by introducing dele-
tions in Rv1460 which would render the protein non-functional. To do this, two allelic exchange
substrates, aimed at introducing distinct deletions in Rv1460, were generated. The first substrate,
namely p2NIL17ARv1460, would generate an in-frame, un-marked deletion which would
remove 175 of the 268 amino acids of the protein (codons 36 to 211 deleted according to the
Tuberculist annotation). The second substrate, p2NIL17Rv1460stop, would remove the DNA-
binding domain (codons 36 to 114 according to the Tuberculist annotation) and introduce a pre-
mature stop codon at position 122. Attempts to generate the ARvI460 mutant (deleting codons
36 to 211) by two-step allelic exchange were unsuccessful; however when a second copy of the
Rv1460 gene was present at the aftB site in the chromosome, deletion of the native gene was read-
ily achieved (ARv1460 attB::pMV 1460 strain) (Figure B in S1 File). PCR was used to confirm that
both up- and downstream single cross overs (SCOs) were obtained, indicating efficient homolo-
gous recombination in both configurations without bias for either configuration (Table E in S1
File). M. tuberculosis Rv1460 truncation mutants (ARv1460stop) were readily generated using the
P2NIL17Rv1460stop construct, as confirmed by PCR and Southern blotting (Figure C in S1 File).
Three independently isolated truncation mutants (ARv1460stop_1.19, ARv1460stop_5.19 and
ARv1460stop_5.20) were selected for further analysis. PCR amplification and Sanger sequencing
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Fig 2. Rv1460 represses its own expression. (A) Schematic representation of the B-galactosidase assay procedure.
Each reporter vector (pJEM15, pJEM139pro or pJEM314pro) (containing the 139 bp or 314 bp regions upstream of
Rv1460 fused to a lacZ reporter gene) was co-transformed into M. smegmatis with a protein expression vector either
encoding no protein (pSE100) or encoding Rv1460 (indicated by the grey oval). (B) B-galactosidase activity from the
139 bp and 314 bp promoter fragments with (pSE1460) and without (pSE100) co-expression of Rv1460 in M.
smegmatis. Transcriptional repression by wild-type or variants of Rv1460 results in a decrease in B-galactosidase
activity, which is expressed in Miller units calculated as follows: 200 x (change in OD s0,,,,) per mg protein per min.
The results shown are the mean and standard deviation for three experiments. Statistical analysis compared the mean
activity for each plasmid with or without co-expression of Rv1460 e.g. pJEM15 (pSE100) vs. pJEM15 (pSE1460) using
an unpaired t-test (*p <0.05). (C) B-galactosidase activity from the 314 bp promoter (pJEM314pro) when wild-type
(pSE1460) or mutated forms of Rv1460 (pSE_C203S or pSE_C216S or pSE_C242S or pSE_C244S or pSE_C203S/
C216S/C244S) are expressed in M. smegmatis. The results shown are the mean and standard deviation for three
experiments. Statistical analysis compared the mean activity for wild-type with each variant using an unpaired t-test.

https://doi.org/10.1371/journal.pone.0200145.g002
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of the region around Rv1460 confirmed that the deletion introduced into these three strains was
identical (Figure D in S1 File). The role of Rv1460 in regulating the expression of Rv1460 was
investigated by evaluating transcript levels in one of the truncation mutants (ARv1460stop_5.20),
and its complemented strain (Fig 3B; Rv1460(Rv1460RT)). Induction of Rv1460 was observed in
the ARvI1460stop_5.20 mutant and decreased in the complemented strain, confirming that
Rv1460 functions as a repressor of its own expression in M. tuberculosis (Fig 3B).

Regulation of the suf operon by Rv1460

Transcription of the Rv1460-Rv1461-Rv1462-Rv1463-csd-Rv1465-Rv1466 gene cluster as an
operon was previously demonstrated in M. smegmatis, Mycobacterium bovis and M. tuberculosis,
however evidence to suggest that the Rv1460 homologue in M. smegmatis can be transcribed
independently also exists [16,52,53]. The transcription of Rv1460 was therefore compared using
two different RT primers in the H37Rv (wild-type) strain, namely, Rv1460RT, which binds
within Rv1460 and, Rv1461RT, which binds within Rv1461 (Fig 3A and Table B in S1 File). The
amount of Rv1460 transcript detected using the Rv1460RT primer was 2.5-fold higher than
when the Rv1461RT primer was used. This confirms that Rv1460 is transcribed as part of the
operon, but suggests that Rv1460 may also be transcribed independently. When the expression
of Rv1460 and Rv1461 was evaluated using the Rv1461RT primer, the Rv1461 levels were 7-fold
higher than Rv1460 in the wild-type strain (Fig 3C), further supporting the idea that Rvi460 and
Rv1461-Rv1462-Rv1463-csd-Rv1465-Rv1466 may be expressed from distinct promoters in M.
tuberculosis. In agreement with this, a ribosomal binding site has been predicted upstream of
Rv1461 (Tuberculist). Transcriptional start site mapping was performed for Rv1461 and identi-
fied a start site -17 bp from the start of the gene (Figure A, panel Il in S1 File), supporting this
hypothesis.

Expression of Rv1461 was induced 2.7-fold in the truncation mutant, and restored to wild-
type levels in the complemented strain, confirming that Rv1460 also functions as a repressor of
Rv1461, and thus the suf operon [16,52,53]. Comparison of the Rv1460 transcript level using
either the Rv1460RT or the Rv1461RT primers in the complemented strain (Fig 3B) confirmed
expression of the copy of Rv1460 at the attB site, since RvI461 is not present at the attB site and
the Rv1461RT primer thus detects transcription of RvI460 in its native genomic context, while
the transcript levels detected using the Rv1460RT primer represents expression occurring
from both sites.

Truncation of Rv1460 is deleterious for the growth of M. tuberculosis under
standard culture conditions

The impact of the loss of Rv1460 and concomitant increase in suf operon expression on the
growth of M. tuberculosis was determined by evaluating the growth of the three truncation
mutants ARv1460stop_1.19, ARv1460stop_5.19 and ARv1460stop_5.20 and their comple-
mented strains. All three mutants displayed a growth defect under standard culture conditions
in liquid (Fig 4) and on solid media (Figures E-F in S1 File), although the severity of the pheno-
type differed between strains. In liquid culture, the mutants displayed an extended lag phase,
while the growth rate in exponential phase was similar to that of the wild-type strain. In all
cases, the growth phenotype could be reversed by genetic complementation with Rv1460 at the
attB site (Fig 4).

The impact of suf operon induction on Fe-S cluster containing enzymes was investigated by
measuring succinate dehydrogenase and aconitase activity in the wild-type, ARv1460stop_5.20
mutant and complemented strains (Fig 5). No significant difference in the succinate dehydro-
genase activity was observed between the three strains. In addition, no significant difference in
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Fig 3. Rv1460 is a repressor of the suf operon. (A) Location of RT and gene specific primers used for RT-qPCR
(Table B in S1 File). (B) Relative gene expression in H37Rv (wild-type), ARv1460stop_5.20 mutant and complemented
strain. (C) Relative gene expression using the Rv1460RT and Rv1461RT primers and gene specific Rv1460 and Rv1461
primers in H37Rv. The results shown are the mean and standard deviation of three experiments and stars indicate
significant differences determined by unpaired t-test: * p<0.05, ** p <0.01, ***p<0.001**** p <0.0001.

https://doi.org/10.1371/journal.pone.0200145.9003
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Fig 4. Rv1460 truncation mutants are impaired for growth in vitro under standard culture conditions. (A-C)
Growth of H37Rv (wild-type), three truncation (ARv1460stop) mutants and their complemented strains under
standard conditions in 7H9 OADC. The results shown are the mean and standard deviation of three experiments.

https://doi.org/10.1371/journal.pone.0200145.9004

the aconitase activity was observed between the wild-type and mutant strain, while the aconi-
tase activity in the complemented strain was 1.36-fold lower than the wild-type strain
(p = 0.0085) (Fig 5).

Truncation of Rv1460 in M. tuberculosis does not impair growth under iron
limiting conditions

Induction of the suf operon was previously observed during iron limitation [54]. The growth of
the three truncation mutants was therefore investigated (ARvI1460stop_1.19, ARvI1460stop_5.19
and ARvI460stop_5.20) at two iron concentrations (~2 pM and 50 uM FeCls). The strains were
cultured for three growth cycles to deplete intracellular iron stores (Fig 6). Decreasing the iron
in the media resulted in a concomitant decrease in the optical density at which cultures entered
stationary phase, while an increase in the length of the lag phase was observed with subsequent
growth cycles. No difference in growth was observed between the wild-type and mutant strains.
The intracellular iron content of the strains was determined after the third growth cycle. No dif-
ference in the intracellular iron levels was observed between the wild-type, mutant and comple-
mented strains, while in all cases intracellular iron levels were lower when only residual iron
(~2 uM FeCl;) was present in the media (Table F in S1 File).

C203, C216 and C244, but not C242 are required for Rv1460 function in M.
tuberculosis

The importance of Rv1460 in M. tuberculosis was explored further by trying to remove the
pMV 1460 vector from the attB site in the complemented deletion mutant (i.e. ARv1460 attB:
pMV1460). The pMV 1460 vector confers hygromycin resistance to the ARvI1460 attB:pMV 1460
strain. The M. tuberculosis ARv1460 attB::pMV 1460 strain was transformed with either empty
vector, pCV-125 (integrating vector containing a kanamycin resistance gene), or pCV-125 con-
taining a wild-type copy of Rv1460 (pCV1460). Transformation with the empty vector resulted
in approximately 1000-fold fewer kanamycin resistant transformants as compared to the vector
expressing the wild-type copy of Rv1460 (Table 1). Colonies resulting from transformation with
the pCV1460 vector were unable to grow on hygromycin. The absence of the hygromycin resis-
tance gene and presence of the kanamycin resistance gene (aph) was verified by PCR (Figure G
in S1 File), confirming that pMV1460 (conferring hygromycin resistance) was replaced by
pCV1460 (conferring kanamycin resistance) at the attB site. Approximately 60% of the empty
vector pCV-125 transformants were unable to grow on plates containing hygromycin, and
replacement of pMV1460 by pCV-125 in these transformants was confirmed by PCR (Figure G
in S1 File). The low frequency at which the ARv1460 attB::pCV-125 strain could be recovered
suggests that replacement with the empty vector and thus the loss of Rv1460 was deleterious.
Three conserved cysteine residues have been predicted to be involved in coordinating an Fe-
S cluster in Rv1460. It was reasoned that the essentiality of the three conserved cysteine residues
(C203, C216, C244) in Rv1460 could be evaluated by comparing the efficiency with which vec-
tors encoding variants of Rv1460 were able to replace the pMV1460 vector in the M. tuberculosis
ARv1460 attB::pMV 1460 strain. The ARv1460 attB::pM V1460 strain was transformed with
pCV1460 derivative vectors expressing either Rv1460_C203S, Rv1460_C216S, Rv1460_C244S
or Rv1460_C203S/C216S/C244S (Table C in S1 File), and transformants recovered on kanamy-
cin plates. The number of transformants recovered in each case was comparable to those
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Fig 5. Succinate dehydrogenase and aconitase activity is not impaired in Rv1460 truncation mutants. (A)
Succinate dehydrogenase activity and (B) aconitase activity in the H37Rv (wild-type), ARv1460stop_5.20 and
complemented strains cultured in 7H9 OADC. Activity was standardised relative to total protein. The results shown
are the mean and standard deviation of five and three experiments respectively.

https://doi.org/10.1371/journal.pone.0200145.g005

observed with the empty vector, suggesting that these residues are required for the function of
Rv1460 (Table 1). As was observed for the empty vector (pCV-125), approximately 40% of these
transformants grew on plates containing both kanamycin and hygromycin indicating that the
PMV1460 vector was not replaced with the pCV-125 vectors expressing the serine residue vari-
ants. In contrast, transformation with a vector expressing Rv1460_C242S, a variant of a cysteine
not predicted to coordinate the Fe-S cluster, displayed the same transformation efficiency as the
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Fig 6. Rv1460 truncation mutants are not impaired for growth under iron-limiting conditions. Growth of H37Rv (wild-type), three truncation
mutants (ARv1460stop) and complemented strains in (A-C) MM + Fe** and (D-F) MM for three growth cycles (subcultured on day 14 to an ODgponm
0f 0.05). The results shown are the mean and standard deviation of three experiments.

https://doi.org/10.1371/journal.pone.0200145.9006

pPMV1460 vector expressing the wild-type protein (Table 1). None of these transformants grew
on plates containing hygromycin suggesting that the pMV1460 vector had been replaced.
Therefore, the cysteine at position 242 is not essential for Rv1460 function.

The inability of the serine variants to complement the ARv1460 mutant may be due to altered
binding of the variants to the Rv1460 promoter. The ability of the Rv1460 variants to repress
expression from the Rv1460 promoter was therefore investigated using the -galactosidase pro-
moter activity assays in M. smegmatis. Transcriptional repression by the Rv1460_C203S,
Rv1460_C216S, Rv1460_C242S and Rv1460_(C244S variants was similar to that observed for
wild-type Rv1460, suggesting that they are still able to bind to the Rv1460 promoter (Fig 2C).

Rv1460 binds an Fe-S cluster

Since SufR coordinates an Fe-S cluster, we investigated the ability of Rv1460 to coordinate an
Fe-S cluster in vitro. To do this, recombinant Rv1460 was expressed in E. coli and purified
under aerobic conditions by Ni-NTA and gel filtration chromatography. Elution of the recom-
binant protein from gel filtration occurred as a broad peak between the 158 kDa and 17 kDa
standards (Figure H, part A in S1 File). Analysis of the gel filtration fractions by SDS-PAGE
revealed a band which corresponds to the size of the monomeric form of the protein (Figure H,
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Table 1. Number of transformants recovered when complementation vector in M. tuberculosis ARv1460 attB::pMV1460 was swopped with vector indicated.

Vector Transformants®
El E2 E3

pCV1460 5.7 x 10° 1.1x10° 3.2x10°
pCV-125 1.7 x 10 7.2 x 10 3.6 x 10
pCV1460_C203S 4.5 x 10? 2.4 x 10? 9.6 x 10"
pCV1460_C216S 3.2 x 10 1.6 x 10° 1.2 x 107
pCV1460_C244S 5.5 x 10 5.9 x 10 1.4 x10°
pCV1460_C203S/C2165/C244S 1.8 x 10° 1.9 x 107 1.4 x 10
pCV1460_C242S 7.8 x 10 2.3 %10 12x10°

*Data for three independent experiments (E1-E3)

https://doi.org/10.1371/journal.pone.0200145.t001

part Bin S1 File). The far-UV CD spectrum of the purified protein indicated that Rv1460 is
folded and has a mixed alpha-beta conformation (Figure J, part A in S1 File). The UV-visible
absorbance spectrum of purified recombinant Rv1460 showed that no Fe-S cluster was bound
to the protein (data not shown), presumably due to exposure to oxygen during the purification.

A method to reconstitute Fe-S clusters enzymatically in vitro was previously developed
using the E. coli cysteine desulphurase, IscSg .. and scaffold protein, IscUg .o [48,55]. The
ability of this system to reconstitute an Fe-S cluster on purified Rv1460 under anaerobic condi-
tions was investigated. E. coli IscSg, .,;; and IscUg .,; were purified as previously described [45].
The reconstitution reaction contained cysteine, iron and DTT, and was monitored by UV-visi-
ble spectroscopy over time. Rv1460 was present at 50 uM, while catalytic amounts of IscS
(1 uM) and IscU (5 uM) were added. Since the high DTT concentration in the reaction can
generate other Fe-S species that absorb in the 420 nm range [56], a reaction without Rv1460
protein was included as a control. In the reaction containing Rv1460 there was a small increase
in the absorbance between 400 and 500 nm with peaks at 420 nm and 450 nm, which transi-
tioned to a single peak at 420 nm (Figure I, part A in S1 File). The near-UV CD spectrum for
this reaction after the reconstitution displayed two maxima at 330 nm and 420 nm, supporting
the presence of a 2Fe- 28 cluster (Figure I, part C in S1 File). However, the control reaction
without Rv1460 also showed an increase in the UV-visible absorbance spectrum between 400
nm and 500 nm (Figure I, part B in S1 File), and maxima at 330 nm and 420 nm in the near-
UV CD spectrum (albeit not as large as the Rv1460 containing reaction) (Figure I, part C in S1
File). This method could therefore not be used to conclusively confirm that the 2Fe-2S clusters
being formed are bound to Rv1460.

Enzymatic reconstitution of M. tuberculosis WhiB proteins was previously performed with
the A. vinelandii cysteine desulphurase, NifS, which is able to form clusters directly on apo-
proteins without a scaffold protein [49]. To investigate if NifS could reconstitute a cluster on
Rv1460, a reconstitution reaction with purified NifS containing cysteine, iron and DTT was
set up with or without Rv1460 (50 uM). An increase in absorbance around 420 nm was
observed over several hours for both reactions, although the shape of the two curves was differ-
ent (Fig 7A). The near-UV CD spectrum of the reaction with Rv1460 showed a peak at 330 nm
and 420 nm (Fig 7B). These peaks are characteristic of the formation of a 2Fe-2S cluster and
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were absent in the reaction without Rv1460 (Fig 7B insert). The increase in absorbance in the
reaction without Rv1460 therefore appears to be from the formation of alternative species due
to the high DTT concentration, as previously reported [56].

Chemical reconstitution, in which an excess of iron and sulphide drive the spontaneous for-
mation of Fe-S clusters, is a method commonly used for reconstitutions [50]. To further verify
the co-ordination of an Fe-S cluster by Rv1460, chemical reconstitution using lithium sulphide
was performed. Reactions contained a five-fold molar excess of lithium sulphide and iron,
5mM DTT, with 50 uM Rv1460. A control reaction without Rv1460 was also included (without
Rv1460). In the reaction containing Rv1460, an increase in absorbance was observed between
300 nm and 500 nm for the first 120 min, after which the reading plateaued (Fig 7C). A similar
increase was observed for the first 20 min in the control reaction not containing Rv1460,
although the shape of the curve was different (Fig 7C). Following buffer exchange to remove
species which are not protein-bound, the UV-visible spectrum of Rv1460 showed a peak at 420
nm (Figure K in S1 File). The near-UV CD spectrum was measure for both reactions and the
reaction containing Rv1460 showed a spectrum characteristic of a 2Fe-2S cluster with peaks at
330 nm and 420 nm (Fig 7D) while the control reaction without Rv1460 did not (Fig 7D
insert), confirming that the cluster is bound to Rv1460.

The far-UV CD spectrums for apo- and holo-Rv1460 were comparable, showing a mixed
alpha-beta conformation (Figure ], part A in S1 File). This suggests that Rv1460 does not
require its Fe-S cluster for proper folding. Thermal denaturation of apo- and holo-Rv1460 was
monitored by far-UV CD at 222 nm between 5 and 91°C (Figure J, part B in S1 File). The ther-
mal unfolding profile was complex and similar for the apo-and holo-Rv1460, which suggests
binding of the Fe-S cluster to Rv1460 does not significantly alter protein stability.

Discussion

Optimal expression of Fe-S cluster biogenesis systems is essential as excessive expression is
toxic and inhibits bacterial growth [11], while inadequate expression would have a deleterious
effect on Fe-S cluster containing enzymes and regulators. These systems are often regulated by
proteins that themselves contain Fe-S clusters, as they are able to modulate expression in
response to the changing demand for clusters within the cell. In this study, we characterised
the transcriptional regulator, a SufR homologue, encoded by the first gene in the suf operon,
Rv1460, and investigated its role as a regulator of the suf operon in M. tuberculosis.

Transcriptional start site mapping revealed that Rv1460 is transcribed from position +73
relative to the Tuberculist annotation of the gene (Figure A in S1 File). This corresponds to the
start-site identified by genome-wide transcriptional mapping [51], and suggests that Rv1460 is
expressed as a leaderless transcript. RT-qPCR analysis suggested that Rv1460 is transcribed as
part of the operon, as well as independently (Fig 3). The identification of a transcriptional start
site for Rv1461-17 bp from the start of the gene (Figure A in S1 File) supports this hypothesis,
although we cannot rule out the possibility that this mRNA fragment originates from degrada-
tion of the longer transcript. Leaderless translational initiation occurs much more frequently
in mycobacteria than E. coli, and genes which contain a 5'-untranslated region (UTR) are
hypothesized to be subjected to additional regulation, by virtue of the sequence of a ribosome
binding site or secondary structure in the UTR [51]. The leaderless translational initiation of
Rv1460 and the leadered initiation of Rv1461 may therefore represent a mechanism of regulat-
ing the level of Rv1460 protein independently of the operon. Fig 8 shows a proposed model of
the levels of regulation which may impact the production of suf operon-encoded proteins.

In other organisms harbouring a suf operon, SufR is often divergently transcribed or located
at a different position in the genome [34], allowing for the independent regulation of the
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Fig 7. Rv1460 binds an Fe-S cluster. (A) UV-visible spectrum of NifS reconstitution reaction (at 1 and 20 hours) containing Rv1460 (50 uM)
(black) or without Rv1460 (grey). The absorbance at 2 minutes was used as a blank for the reaction. (B) Near-UV CD spectrum of NifS
reconstitution reaction containing Rv1460 (50 uM). Insert shows the near-UV CD spectrum (Ellipticity in millidegrees) of reactions with (solid
line) and without Rv1460 (dashed line). (C) UV-visible spectrum of lithium sulphide reconstitution reaction with (black) and without Rv1460
(50 uM) over time. The absorbance at 2 minutes was used as a blank for the reaction. UV-visible spectrum of the reactions after buffer exchange
are indicated in Figure K. in S1 File (D) Near-UV CD spectrum of lithium sulphide reconstitution reaction after buffer exchange containing

(23 uM) Rv1460. Insert shows the near-UV CD (Ellipticity in millidegrees) of reactions with (solid line) and without Rv1460 (dashed line) after
buffer exchange.

https://doi.org/10.1371/journal.pone.0200145.g007
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repressor. In Synechocystis, a high affinity SufR binding site controls the expression of sufBCDS,
while a low affinity binding site controls the expression of sufR itself [35]. In E. coli, SufR is
absent, and induction of the sufABCDSE operon is mediated by several regulators, including the
regulator of the ISC system, IscR. Conversion of the Fe-S cluster containing regulator IscR to its
apo-form results in release from the type 1 motif upstream of the iscRSUA operon due to unfa-
vourable interactions at the DNA-protein interface [57,58]. The resulting induction of iscRSUA
in turn mediates induction of the sufABCDSE operon through binding of both apo- and holo-
IscR to the type 2 motif located upstream of sufA [59]. The sufABCDSE operon is also directly
regulated by OxyR and integration host factor (IHF) in response to oxidative stress [60], while
the ferric uptake regulator (Fur) mediates induction of the operon in response to iron limitation
[61]. A bacterial one-hybrid screen identified binding sites for seven transcriptional regulators
upstream of the M. tuberculosis suf operon genes, including the redox-sensitive regulators o™
and WhiB3 [62], suggesting that its expression is not solely controlled by Rv1460 (Fig 8).

Rv1460 Rv1461

mRNA

Leaderless { ——

Unprocessed Rv1461

?
e Rv1460 Rv1460

Repression by Mature Rv1461
binding to Fe—5 “—

promoter cluster
regions assembly

F——( Rvige0 Rv1460

Fig 8. Fe-S cluster assembly is regulated by multiple mechanisms in M. tuberculosis. Rv1460 is transcribed independently from the operon allowing differential
expression and regulation by the repressor. Initiation of translation is leaderless upstream of Rv1460, while a 5-UTR containing a ribosome binding site regulates
translation of RvI461. The intein within Rv1461 must be resolved before it is functional and may represent an additional level of regulation of the system. Rv1460 is
predicted to bind within the promoter region upstream of Rv1460 as well as within Rv1461 (as indicated by the dashed line boxes). Binding sites for other regulators within
the Rv1460 promoter region and within the operon are also predicted, providing another level of regulation. Binding of an Fe-S cluster may change Rv1460’s affinity for
DNA. Genes are not drawn to scale. The association of the Fe-S cluster machinery is inferred from other bacterial SUF systems, but has not been experimentally validated
in mycobacteria. Cysteine is provided by the cysteine desulphurase, while the source of iron is unknown. The oligomeric state of Rv1460 is not indicated since it has not
been confirmed, and the ratio of Fe-S cluster to Rv1460 protein is unknown.

https://doi.org/10.1371/journal.pone.0200145.g008
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Forward genetic screens predicted that Rv1460 is not essential for the growth of M. tubercu-
losis in vitro [18,19]. It was therefore surprising that mutants harbouring a deletion of codons
36 to 211 of Rv1460 could not be isolated unless a second copy of the gene was present at the
attB site in the chromosome. Subsequent attempts to remove the copy of the gene from the
attB site of the ARvI1460 attB::pM V1460 strain was 1000-fold less efficient than replacement
with a functional copy of Rv1460 (Table 1), suggesting that while Rv1460 is not essential, its
loss is deleterious for M. tuberculosis. Truncation mutants in which Rv1460 was made non-
functional by deletion of the DNA-binding domain and introduction of a premature stop
codon at position 122, could be readily isolated. The three truncation mutants (ARv1460stop)
analysed displayed a growth defect under standard culture conditions (Fig 4A-4C), although
the severity of this defect was not consistent. This suggests that strains lacking functional
Rv1460 may have suppressor mutations elsewhere in their chromosome.

B-galactosidase assays (Fig 2) and RT-qPCR (Fig 3) analysis confirmed that Rv1460 functions
as a repressor of its own expression, and the expression of Rv1461. This suggests that Rv1460 is
arepressor of the suf operon as previous studies have demonstrated that the
Rv1460-Rv1461-Rv1462-Rv1463-csd-Rv1465-Rv1466 gene cluster is co-transcribed and co-regu-
lated [16,52,53]. Excessive expression of the suf operon in E. coli was shown to inhibit growth,
which correlates with the growth phenotype of the ARvI1460stop mutants (Fig 4A-4C). Elevated
transcription of the Fe-S cluster biogenesis machinery in the truncation mutants would cause
the synthesis of Fe-S clusters to exceed the cellular demand, and in turn drive oxidative stress
via the Fenton reaction [63]. Increased expression of the suf operon in the ARv1460stop_5.20
mutant did not result in a significant increase in the succinate dehydrogenase and aconitase
activity in this strain (Fig 5). This suggests that basal expression of the operon was sufficient to
meet the Fe-S cluster demand for these two enzymes.

Despite culturing the wild-type, truncation mutants (ARvI1460stop) and complemented
strains in iron limiting media (MM) for three growth cycles, measurement of intracellular iron
levels (Table F in S1 File) indicated that iron stores were not depleted. This is consistent with a
recent study demonstrating the remarkable ability of M. tuberculosis to survive for extended
periods under iron limiting conditions [7]. Furthermore, the level of intracellular iron was
similar between the wild-type and truncation mutants, indicating that the loss of Rv1460 did
not affect M. tuberculosis’s ability to scavenge and store iron. Unexpectedly, the growth defect
observed for the truncation mutants in 7H9 OADC was absent when the strains were grown in
MM media (Fig 6). Transcriptomic analysis of H37Rv cultured in MM revealed that the
expression of more than 150 genes were changed in response to iron limitation [54], including
the down-regulation of several genes involved in energy metabolism and amino acid biosyn-
thesis. The resulting changes in bacterial metabolism may therefore alter the growth phenotype
of the mutants in MM relative to 7H9 OADC. The adaptation of M. tuberculosis to iron starva-
tion is characterized by an induction of Fe-S cluster biogenesis and certain essential Fe-S clus-
ter containing proteins. Since iron starvation appears to be a trigger of non-replicating
persistence during infection, an understanding of Fe-S cluster biogenesis and its regulation is
important for understanding the pathogenicity of M. tuberculosis.

Fe-S cluster reconstitution of Rv1460 using IscSg ., and IscUg .,; suggested the formation
of 2Fe-2S clusters, however since the near-UV CD spectrum for the control reaction (without
Rv1460) had similar features, it was not clear if these clusters were forming on Rv1460. When
the reconstitution reaction was performed with NifS, an increase in UV-visible absorbance
was observed around 420 nm in the presence and absence of Rv1460, while the near-UV spec-
trum characteristic of 2Fe-2S clusters was only observed for the reaction containing Rv1460.
This suggests that the increase in UV-visible absorbance in the NifS control reaction (without
Rv1460) is from species that have a negligible near-UV CD signal [56], and that the 2Fe-2S
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clusters are forming on Rv1460. The peaks observed in the near-UV CD spectrum at 330 nm
and 420 nm for the IscSg )i /IscUg o1 control reaction may therefore be due to the formation
of 2Fe-2S clusters on the scaffold IscU g ;. Consistent with this hypothesis is the observation
that no increase in absorbance was observed when IscU was omitted from the reaction (data
not shown). Chemical reconstitution using lithium sulphide and iron, followed by buffer
exchange to remove unbound species from Rv1460, revealed peaks at 330 nm and 420 nm in
the near-UV spectrum, characteristic of a 2Fe-2S cluster. A control reaction lacking Rv1460
showed no peaks in this range. Taken together, these results confirm that Rv1460 is able to co-
ordinate a 2Fe-2S cluster in vitro. Recombinant SufR from Synechocystis was shown to bind a
4Fe-4S cluster by electron paramagnetic resonance (EPR) spectroscopy following in vitro
reconstitution [35]. Since 4Fe-4S clusters have a negligible near-UV CD signal relative to 2Fe-
28 clusters, we cannot rule out that Rv1460 may also bind a 4Fe-4S cluster in vitro. Further-
more, the form of the cluster that is bound to Rv1460 in vivo remains to be confirmed. The
apo- and holo-forms of Rv1460 had similar thermal denaturation profiles (Figure J, part B in
S1 File), suggesting that binding of the Fe-S cluster is not required for protein stability.

Three cysteine residues, namely C203, C216 and C244, were predicted to provide ligands
that coordinate the Fe-S cluster in Rv1460 [35]. We observed that protein variants harbouring
serine residues at these positions replaced pMV1460 at the attB site in the ARv1460 attB::
PMV1460 strain with the same efficiency as the empty vector (Table 1), indicating the impor-
tance of these cysteine residues in Rv1460’s function. In contrast, changing the cysteine residue
not predicted to be involved in Fe-S cluster coordination (C242) had no deleterious effect on
Rv1460’s function (Table 1). This suggests that the coordination of the Fe-S cluster may be
affected in the cysteine variants, which in turn alters its function in M. tuberculosis. In Syne-
chocystis the DNA binding affinity of SufR is dependent on the presence and oxidation state
of the Fe-S cluster, with the holo-, oxidised form binding DNA with the highest affinity [35].
In the reporter assay in M. smegmatis all the cysteine variants demonstrated equivalent abilities
to repress expression from the Rv1460 promoter (Fig 2C). This suggests that either the altered
cluster co-ordination in the variants does not change the affinity for the Rv1460 promoter
region, or that the B-galactosidase assays are not sensitive enough to report small differences in
the affinity. Intrinsic differences in redox homeostasis in M. smegmatis and M. tuberculosis
have been reported, and this may also impact on the functioning of the Rv1460 variants in
these two organisms [64]. Alternatively, the inability of the cysteine variants to complement
the ARvI1460 mutant may be due to altered binding and dysregulation at other loci, rather than
at the suf operon. CHiP-seq identified binding sites for Rv1460 upstream of four other genes
[52], namely: Rv0456A, which forms part of the mazEF toxin-antitoxin system; a hypothetical
protein of unknown function, Rv1116; Rv2107 (PE22), and Rv3597c, which encodes the nucle-
oid associated protein Lsr2 [21], supporting its role as a global regulator. Lsr2, a histone-like
nucleoid structuring protein, is itself involved in regulation of numerous genes [65]. The role
of Rv1460 in the regulation of these genes however remains to be elucidated, as overexpression
of Rv1460 in M. tuberculosis did not significantly alter their mRNA expression levels [66].

Conclusions

In this study, we demonstrate that the SufR homologue Rv1460 is a transcriptional repressor
of the suf operon in M. tuberculosis. Loss of Rv1460 is deleterious for growth of M. tuberculosis
under standard culture conditions, while growth in iron limiting media is not affected. Fur-
thermore, we show that Rv1460 binds an Fe-S§ cluster, and demonstrate that three cysteine resi-
dues predicted to coordinate the Fe-S cluster are important for the functioning of this
regulator in M. tuberculosis.
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