Accepted Manuscript

A katG S315T or an ahpC promoter mutation mediate Mycobacterium tuberculosis
resistance to 2-thiophen carboxylic acid hydrazide, an inhibitor resembling the anti-
tubercular drugs Isoniazid and Ethionamide

Jorgelina J. Franceschelli, Juan M. Belardinelli, Ping Tong, Brendan Loftus, Alejandro
Recio-Balsells, Guillermo R. Labadi¢, Stephen V. Gordon, Hector R. Morbidoni

Pl S1472-9792(18)30159-8
DOI: 10.1016/j.tube.2018.08.001
Reference: YTUBE 1735

To appear in:  Tuberculosis

Received Date: 16 April 2018
Revised Date: 26 July 2018
Accepted Date: 1 August 2018

Please cite this article as: Franceschelli JJ, Belardinelli JM, Tong P, Loftus B, Recio-Balsells A, Labadié
GR, Gordon SV, Morbidoni HR, A katG S315T or an ahpC promoter mutation mediate Mycobacterium
tuberculosis resistance to 2-thiophen carboxylic acid hydrazide, an inhibitor resembling the anti-
tubercular drugs Isoniazid and Ethionamide, Tuberculosis (2018), doi: 10.1016/j.tube.2018.08.001.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.tube.2018.08.001

10

11

12

13

14

15

16

17

18

19

20

A katG S315T or arahpC promoter mutation mediatdycobacterium tuberculosis resistance to 2-
Thiophen Carboxylic Acid Hydrazide, an inhibitorseanbling the anti-tubercular drugs Isoniazid

and Ethionamide

Jorgelina J. FranceschélliJuan M. Belardineflf, Ping Tond? Brendan Loftu®, Alejandro

Recio-Balsell$ Guillermo R. Labadf€, Stephen V. Gorddri®""and Hector R. Morbidofi

®Laboratorio de Microbiologia Molecular, Facultad @encias Médicas, Universidad Nacional de

Rosario, (2000), Argentina.
PUCD School of Medicine, University College Dublibyblin 4, Ireland.

‘UCD Conway Institute of Biomolecular and Biomedid¢search, University College Dublin,

Belfield, Dublin 4, Ireland
dInstituto de Quimica de Rosario (IQUIR-CONICET))(®) Argentina
®UCD School of Veterinary Medicine, University CajkeDublin, Belfield, Dublin 4, Ireland

'UCD School of Biomolecular and Biomedical Scientiiversity College Dublin, Dublin 4,

Ireland.

'Present address: Department of Microbiology, Imniegy and Pathology. Colorado State

University, Fort Collins, CO 80523, United States.

’Present address: Wellcome Centre for Cell Bioldgstitute of Cell Biology, School of Biological

Sciences, University of Edinburgh, Edinburgh EHF3Bcotland, UK

"Corresponding author. Address: Suipacha 570, Rms&D00) Argentina; labadie@iquir-

conicet.gov.ar



21

22

23

24

25

26

27

*Corresponding author: Address: School of Veteynlsiedicine, Room 037, Veterinary Sciences

Centre, University College Dublin, Belfield, Dubliy, Ireland. E-mail: stephen.gordon@ucd.ie;

Tel: +353 (0)1 716 6181

*Corresponding author: Address: Santa Fe 3100, Mos#2000) Argentina.

morbiatny@yahoo.com. Phone (54-9) 341 156230905

Running title: Resistance to TCH . tuberculosis.

E-mail:



28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

Abstract: Clinical isolates of Mycobacterium tuberculosis and Mycobacterium bovis are
differentially susceptible to 2-Thiophen Hydrazide&CH); however its mechanism of action or the
reasons for that difference are unknown. We reperein that under our experimental conditions,
TCH inhibits M. tuberculosis in solid but not in liquid medium, and that in tgpbf resembling
Isoniazid and Ethionamide, it does not affect migcatid synthesis. To understand the mechanisms
of action of TCH we isolateM. tuberculosis TCH resistant mutants which fell into two groupeg
resistant to TCH and Isoniazid but not to Ethiordemor Triclosan, and the other resistant only to
TCH with no, or marginal, cross resistance to lapii. A S315TkatG mutation conferred
resistance to TCH whilkatG expression from a plasmid reduddédtuberculosis MIC to this drug,
suggesting a possible involvement of KatG in TCHivation. Whole genome sequencing of
mutants from this second group revealed a singléation in the alkylhydroperoxide reductase
ahpC promoter locus in half of the mutants, while temaining containethutations in dispensable
genes. This is the first report of the geneticsentythg the action of TCH and of the involvement

of ahpC as the sole basis for resistance to an anti-tut@rcompound.

Keywords: 2-Thiophen Carboxylic Acid Hydraziddycobacterium tuberculosis, Mycobacterium

bovis, Non Tuberculous Mycobacterialkylhydroperoxidase, TCH resistant mutants.
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Introduction.

The differentiation between slow growing mycobaetdras been an issue for the microbiology
diagnostic and research laboratories for many yeBrsor to the advent of nucleic acid
amplification techniques, the differentiation bfycobacterium tuberculosis and Mycobacterium
bovis from the Non Tuberculous Mycobacteria (NTM) wasdxh on the utilization of selective
inhibitors, such ag-nitrobenzoic acid (PNB); this latter compound Heesen used in multiple
formats ranging from simple test tube assays tonaeltric assays (Collins and Levett 1989) and
more recently a microscopic-observation-drug-susigiify (MODS)-based technique (Agarwal,
Dhole et al. 2014). Along with the PNB assay, 2-Thiophen Hydtaz(TCH) was useful and
reliable in differentiatingM. tuberculosis from M. bovis, while M. bovis strains (including the
vaccine BCG strain) grew up to TCH concentratioh% p.g/ml, M. tuberculosis strains were able
to grow with up to 5 pg/ml (Kaeppler 1964, Vestatle&Kubica 1967). The test was widely used
due to its simplicity, only requiring culturing adhe isolate on Lowenstein-Jensen medium
containing TCH at the designated concentrationswéder, a classification oM. tuberculosis
clinical strains discriminated between “Asian “ (émdian”) strains and “European” or “classical”
strains on the basis of TCH susceptibility (Grangber et al. 1977, Grange, Abegt al. 1978);
puzzlingly while Asian strains displayed an in@®@ sensitivity to TCH (between 1 and 5 pg/ml),
“classical” strains were resistant to 5 pg/ml ofH'Grange, Yatest al. 1985). The reason for the
difference between Asian and classical strainsmwea®r deciphered. Importantly the claim that the
TCH test could not be used bdh tuberculosis strains that were resistant to the cornerstonelflig
Isoniazid (4-Pyridinecarboxylic acid hydrazide, INkd Yates and collaborators to study the
relationship between resistance to both INH and Ti@HM.tuberculosis strains by isolating
spontaneous mutants and addressing the existermress-resistance (Yates, Grareggal. 1984).
Their study concluded that the TCH assay was a vakthod for subdividingV. tuberculosis

strains for epidemiological purposes regardlesb®fiNH resistance state since clinical strainy ver
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rarely showed such cross-resistancevo (Yates, Granget al. 1984). In summary, although TCH
was used for more than fifty years in mycobacteggllaboratories as part of a simple culture test
not only to differentiatévl. tuberculosis from M. bovis but also to subdivid®. tuberculosis strains,
there is a lack of knowledge on the rationale ferise and its mechanism(s) of action. Moreover,
susceptibility to TCH inM. bovis and M. tuberculosis strains is in itself an intriguing difference
between two species that are so closely relatedttaatdshow highly comparable susceptibility to
other anti-tubercular drugs with the exception gfaginamide (Scorpio and Zhang 1996). The
differential susceptibility to TCH may reflect mbtdic or even target differences between

members of the genddycobacterium.

In order to gain insight in the mechanism(s) ofacbf TCH we herein describe the isolation and
characterization d¥. tuberculosis mutants resistant to TCH; we also report on tleatification of
katG andahpC as genes involved in the TCH resistance phenotyyegenes that play important
roles in resistance to INH. Although the mechangmf action of the drug remain to be elucidated,
we herein define a framework to decipher the meshawf action of TCH irM. tuberculosis and

M. bovis.

Materials and Methods.

Bacterial strains, growth media and growth conditions. M. tuberculosis H37Rv, M. bovis var
BCG Pasteur anillycobacterium smegmatis mc®155 were from laboratory stocks. An INH resistant
(INHR) M. tuberculosis clinical isolate (INM27833, bearing a Ser315Thrtation in katG as
confirmed by DNA sequencing) was kindly provideduy N. Simboli (Mycobacteriology service,
National Institute for Microbiology “Carlos G. Matlin”, Buenos Aires, Argentina);
Mycobacterium avium, Mycobacterium marinum and Mycobaterium kansasii clinical isolates

identified to species level at a national refereceerter were used as NTM species and were the
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generous gift of Dr. N. Morcillo (Mycobacteriolodgyervice, Hospital Cetrangolo, Buenos Aires,
Argentina).M. tuberculosis H37Rv, its derivative strains obtained througts thiork, M. bovis var
BCG strain Pasteur and NTM were propagated in Mioldiok 7H9 broth medium supplemented
with 0.5% glycerol, 10% ADS (Albumin- Dextrose Nasilpplement) and 0.05% (w/v) Tween 80
(7TH9-ADS-Gly-Tween for short unless otherwise stateMiddlebrook 7H9-ADS-Gly with the
addition of agar 1.5% (w/v) was routinely used alsdsmedia.Escherichia coli strain DH® was
used for cloning experiments and was grown in l«Bextani (LB) broth or agar medium. Culture

media were supplemented with kanamycin {80ml) when required.

All chemicals and solvents were from Sigma- Aldr{tho) unless stated differently.

Determination of TCH Minimum Inhibitory Concentrati on. Cultures of each mycobacterial
species were started from fresh Middlebrook 7H9-ABI§ plates; to this end a loop full of growth
was taken from each plate, resuspended in 7H9-AQHB®B5% Tween 80 (with the exception of
M. smegmatis for which 0.5% Tween was used) and incubated &€ 3éxcept forM. marinum
which was incubated at 30°C) for 5 ddis smegmatis, M. marinum), 7 days . kansasii), or 30
days M. tuberculosis, M. bovis var BCG and M. avium). The cultures were kept 1-2 h at room
temperature with no agitation to allow clumps tdtleg afterwards aliquots were withdrawn and
diluted (1/50 forM. smegmatis, 1/10 for the remaining species) in fresh 7H9-AGIS-medium.
Cultures were incubated at 37°C (except Kbr marinum which was incubated at 30°C) with
shaking until saturation. Colony Forming Units (QFWere determined by plating ten-fold
dilutions of each strain on 7H9-ADS-Gly solid meuiudilutions calculated to contain 010"
CFU were plated on the same solid medium contaifii@§l (prepared in distilled water at 100
mg/ml) at increasing concentrations ranging frord t 100 pg/ml. Plates were incubated at

appropriate conditions as described above befaealinspection and colony counting. The drug
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concentration at which CFUs in the presence ofitng were 0.1% of the CFUs present in medium

without drug was taken as Mig s

Isolation of spontaneous TCH resistant mutantsSpontaneous TCH-resistant (T8Hnmutants
were isolated from five independent culturesvbftuberculosis H37Rv started from ~ £CFU/mI
and grown in 7H9-ADS-Gly supplemented with 0.05%e&w 80. The culture was incubated with
shaking at 37°C until saturation. One hundred jguakts of tenfold serial dilutions (3010%) of
each culture were plated on 7H9-ADS-Gly supplentmigh 1.5% (w/v) agar in the presence of
TCH at 25, 50 and 100 pg/ml. Plates with no TCHemesed to determine total CFUs by plating
100 pl aliquots of the 181072 dilutions followed by incubation at 37°C for 30ysaTen colonies
arising on plates from each culture at differentHT Gncentrations were streaked on fresh solid

media devoid of drug and tested to confirm theiCMd TCH.

Characterization of TCH® mutants. The isolatedM. tuberculosis mutants were analyzed for
growth features (colony morphology and size) anowgin rate in 7H9-ADS-Gly-Tween liquid
broth. Resistance to other anti-tubercular drudsbitors of mycolic acid biosynthesis was
analyzed by plating dilutions containirglC®> CFU of each mutant on 7H9-ADS-Gly agar plates
containing INH (0.02; 0.05; 0.1; 0.25; 0.5 and Imlg Ethionamide (ETH) or Triclosan (TRC), at

0.5; 1.0; 2.5; 5 and 10 pg/ml. CFUs were determafest incubation for 30 days at 37°C.

Analysis of the de novo’synthesis of lipids.
In vivo labeling, extraction and analysis of lipids fromquid cultures ofM. tuberculosis were

performed as described by Vilchéaeal. (Vilcheze, Morbidoniet al. 2000). Briefly cultures were
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grown in 7H9-ADS-Gly-Tween broth at 37°C with agiea up to mid-log phase and treated for 18
h with the chosen concentrations of TCH (50 or @@0ml, that is 10x and 20x MIC values) or INH
(0,5 pg/ml corresponding to 10x MIC value); at thésnt 1 uCi/ ml of [13*C] acetate was added to
each culture followed by further incubation for i.8When the influence of the time of contact with
the drug was evaluated, cultures were incubateldl WitH at the chosen concentrations for 24 or 48
h. In order to perform it vivo’ labeling on solid medium we used a protocol désd by
Nandakumaret al. (Nandakumar, Nathagt al. 2014). Briefly, 1 ml ofM. tuberculosis H37Rv
culture (O.Dggo ~ 1.0) was centrifuged and the bacterial peltdferred onto a nitrocellulose disk
placed on top of plates containing solid 7H9-ADS-@ledium; after 3 days of incubation at 37°C
the disk was transferred to a fresh plate of tmeesaolid medium containing 50 pg/ml TCH. After
further 48 h of incubation, a 5 pl aliquot of T15] acetate diluted in 45 pl of 7H9 broth was
carefully added to the surface of the disk. Aftér2of incubation the disk was removed and placed
into a centrifuge tube containing 1 ml of ice-adall 7H9 broth, followed by gentle shaking by
vortex and removal of the disk. The resultifig-labelled cells were harvested by centrifugation a
5,000 rpm, washed twice with distilled water an@tkieozen until use. The extraction and analysis
of fatty acids and mycolic acids was done as faiowW'C-labelled control (no drug added) and
treated cells were subjected to alkaline hydrolysid5% (w/v) tetrabutylammonium hydroxide
(TBAH, Fluka) at 105°C for 8 h, followed by the atiloh of 2 ml of CHCI, and 100 pl of CHl.
The entire reaction mixture was then mixed by rotaat room temperature for 1 h and centrifuged,
and the lower organic phase was carefully remowedhed with water, and dried at 55°C under a
nitrogen stream. The resulting pellet was extractgld ethyl ether and dried again before adding a
small volume of CKCl,. Aliquots (10 ul, 10% of the total extract andnegenting ~ 40,000 cpm)
containing the obtained mixtures of fatty acid nyetbesters (FAMEs) and mycolic acid methyl
esters (MAMES) were subjected to analytical oneedigional thin layer chromatography (TLC), on

silica gel plates (5735 silica gel 60 F254; Merak)ng hexane: ethyl acetate 95:5 v/v for three
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developments. Similarly, one-dimensional argentafic.C was carried on using silica gel plates
dipped in AgNO3; to separate saturated from unsaturated fatty admghis case petroleum
ether/diethyl ether (85:15 v/v) was used as eldenthree runs. For two-dimensional silver ion
argentation TLC (2D-TLC), an aliquot of each samptmtaining the mixture of FAMEs and
MAMEs (= 80,000cpm each) was applied to silica gel platesipusly impregnated with AgNO
(80% of the length of the plate). The plates wereetbped in the first direction (without argentic
impregnation) twice with hexane/ethyl acetate (98 and, after rotating the plate, in the second
direction (containing silver ions) three times wpghtroleum ether/diethyl ether (85:15 v/v). In all
cases detection of radiolabeled species was donautnyadiography. The autoradiograms were

obtained after exposure at -80°C for 2-3 days amyHIm.

Genome DNA preparation and whole genome sequencing TCH® mutants.

DNA was extracted from cultures of selected mutatsording to standard lab protocols; in brief
10% (w/v) glycine was added to fresh late log phaseEobacterial cultures and the incubation
continued for 12 h. One ml from fresh cultureseath TCH mutant and the parental strain were
transferred to a 2 ml microcentrifuge tube, cellravinactivated by placing the suspensions in a
heating block at 80°C for 1 h; after cooling dowf, ul 10% SDS solution and 50 pl of Proteinase
K stock (10 mg/ml) were added to each cell suspensihe tubes containing the samples were
gently inverted a few times until viscosity was dant. Afterwards, the tubes were incubated at
60°C for 1 h. After this time, 100 pul 5M NaCl an@0lul 10% CTAB (both solutions pre-warmed
at 60°C) were added to the Proteinase K-SDS tremitduspensions and the incubation continued
for 30 min. When the treatments were completedc#tlesuspensions were briefly frozen (15 min)
at -80°C followed by 15 min incubation at 60°C drakzen again at -80°C for 30 min. The frozen
samples were warmed to room temperature and 7@ gtloroform/isoamyl alcohol (24:1 v/v)

was added to each tube; samples were invertedygentBO sec or until phase homogeneity. The

9



193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

tubes were then centrifuged at 13,000 rpm at raamperature and the resulting aqueous layer was
gently withdrawn with a large bore tip to prevenNA® shearing and transferred to a new
microcentrifuge tube. The DNA was precipitated dgiag 0.1 vol 3M sodium acetate (pH 5.2) and
1 vol isopropanol to the aqueous fractions. Thesutontents were slowly mixed by inversion and
placed at 48°C for 1h. Upon centrifugation at 1D,0pm for 30 min at room temperature the
supernatant was removed, and the pellet DNA was$lygarashed twice with cold 70% ethanol.
After a new centrifugation step the ethanol wasaesd and the pellet allowed to dry. The genomic

DNA was dissolved overnight in TE buffer and kept20°C until use.

Genome sequence analysis.The lllumina Genome Analyzer lIx system was u$edwhole
genome sequencing (WGS). DNA was fragmented bycation, end-repaired and indexed
adapters ligated. Libraries were size selected .6 2TAE agarose gels. Library material was
isolated from gel slices using the QiaQuick MinEl@el Extraction kit (Qiagen). Purified libraries
were quantified using a Qubit™ fluorometer (Invggem) and a Quant-iT™ double-stranded DNA
High-Sensitivity Assay Kit (Invitrogen). Clusterirapd sequencing of the material was carried out
as per the manufacturer's instructions, v2 SingladRCluster Kits and v3 SBS kits (lllumina) were

utilized for all sequencing.

Whole genome sequencing data was aligned usingubkshedM. tuberculosis H37Rv reference
genome (NC_000962, from NCBI) with bowtie2 (Langmoheand Salzberg 2012). Samtools (Li,
Handsakeret al. 2009) and bcftools (https://github.com/samtoolftdwds) were used to predict
single nucleotide variants (SNV). Each SNV had ¢osbipported by at least 4 uniquely mapped
reads at the position, with a SNV quality greakamt 90, which corresponds to a false positive rate

(FPR) lower than 10%
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Cloning of M. tuberculosiskatG. PCR amplification oM. tuberculosis katG was performed using
the following primers: 5GAATTC GTGCCCGAGCAACACCCACC-3  KatG Forward) and 5'-
AAGCTT CCGAATCAGCGCACGTCGAAC- 3 KatG Reverse) where the underlined bold
sequence corresponds to sites for restriction eagy#noR| and Hindlll respectively, using\.
tuberculosis chromosomal DNA as template. The amplificationduet was purified from agarose
gels and cloned using the pGEM-T Easy cloning we(tovitrogen) followed by electroporation
into E. coli. Clones containing inserts of the expected sized@ermined by restriction enzyme
digestion) were sequenced at a commercial facditg inserts that showed no mutations were
cloned into the integrative shutte coli-mycobacteria vector pMV361. One such construct was
propagated irE. coli and upon plasmid preparation, introduced itosmegmatis mc155 andM.

tuberculosis H37Rv by electroporation following standard pratis(Snapper, Meltost al. 1990).

Analysis of TCH stability.

Sample preparation. TCH was added to 7H9-ADS-Gly (final concentratidnpg/ml) and
incubated at 37 °C for 72 h. Then 1 ml of the migtwas extracted with ethyl acetate (3 x 150 pl)
and the combined organic extracts were evaporatderuN\ stream, diluted with CHGlup to 1
mg/ml final concentration and submitted for GC-M&lgsis. A solution of TCH in distilled water
was also prepared (5 mg/ml) and incubated, extlaatel diluted following the same procedure

described above. A sample of pure TCH dissolvedHiCl; was also used as a control.

GC-MS analysis.The analysis was performed using a Shimadzu GC-M2Q@L0 Plus equipped
with a SPB-1 capillary column (30 m, 0.25 mm 1@25 pm film thickness). The carrier gas was
helium, at a flow rate of 1 ml/min. Column temperat was initially 50 °C for 3 min, then
gradually increased to 300 °C at 10 °C/ min, anpt le¢ that temperature for 5 min. For GC-MS

detection an electron ionization system was used wnization energy of 70 eV, with full scan
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between 60 to 600 m/z. Injector and detector teatpers were set at 250 and 230 °C, respectively.

The injection volume was 1 ul in split mode (1:5).

'H NMR analysis. Spectra were acquired on a Bruker Avance 1l 300 NiF&z13 MHz) using BO
as solvent of a solution of pure TCH at a concéiotmaof 5mg/ml (final volume 500 pl). Chemical

shifts @) were reported in ppm downfield from tetrametHgise (TMS) at O ppm.

Chemical oxidation of TCH and INH by Mn(lll) pyroph osphate The chemical oxidation of
TCH was studied using manganese (lll) pyrophospasi@xidant following the protocols described
by Nguyenet al. (Nguyen, Claparolst al. 2001, Nguyen, Quemare al. 2002). Briefly, the
reaction was performed in 100 mM phosphate bufbét 7.5) containing 4mM manganese (lll)
pyrophosphate, with 2mM NADas acceptor. Both INH (as a positive control) @@H were used

at 2mM. The mixtures were stirred at room tempeeator 20 min and the reaction products run on
TLC silica plates with ethanol in the case of TG ethyl acetate/ethanol (90/10) in the case of
INH, as mobile phase. Afterwards, the developeteplavere inspected under UV light (254 nm) or
using ap-anisaldehyde solution (3.7 ml pfanisaldehyde in a mix of 135 ml of absolute ethaho
ml of concentrated sulfuric acid and 1.5 ml of gdaacetic acid); in this case the TLC plates were

dipped in the solution followed by heating at 120fér 3 minutes.
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Results.

TCH is active only on members of theM. tuberculosiscomplex. Growth in the presence of TCH
differentiates betweehl. tuberculosis andM. bovis clinical isolates (MIC of 5 pg/ml and 1 pg/ml,
respectively); however little is known on the mallee basis for this phenotype, nor as to how TCH
works in these species. In order to address thesstigns we first tested TCH on different
mycobacterial species on 7H9-ADS-Gly agar, whichoigtinely used as solid chemically defined
media as opposed to the standard Lowenstein-JéhsBrmedium generally used in most clinical
mycobacteriology laboratories. Our results shovirad TCH displayed the same level of activity on
Middlebrook solid defined media as on standardrhetia, with wild typeM. bovis andM. bovis
var BCG being inhibited by the presence of 1 pgndM. tuberculosis H37Rv being inhibited by
5-10 pg/ml. Longer incubation times (60 days) did reveal mycobacterial growth. NTM showed
no inhibition of growth even in the presence ofywkigh TCH concentrations (100 pg/ml) as has
widely been observed in clinical mycobacteriologytiags. However, using the fast growing NTM
M. smegmatis we observed a transient inhibition of growth itidonedium at TCH concentrations
higher than 5 pg/ml and up to 100 pg/ml; while gitown plates containing high concentrations of
TCH was marginal after 3 days of incubation at 37&Glonies started to appear afterwards
reaching comparable numbers than the control platelay 12 (Fig. 1). This behavior was not seen

when testing other NTM, which grew at all times loaizd.

KatG is involved in resistance to TCH inM. tuberculosis As mentioned above, early reports
indicated thatM. tuberculosis INH® strains could also be TCHYates, Granget al. 1984), an
observation also made by Parsons and colleagued.fbovis (Parsons, Broscit al. 2002). INH
and TCH are also structurally similar, both beariaghydrazide group (Fig. 2A). These

observations, in the context of current understagnain the basis of the mechanism of action of
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INH (summarized in Fig 2A and 2B), led us to hypsize that the catalase/peroxidase KatG could
be involved in the resistance to TCH. In first argte we tested the susceptibilityhf tuberculosis
INM 27833, a clinicalM. tuberculosis INH® strain having a S315T mutation affecting #&G
catalase/peroxidase. Our results indicated thatdtnain was not affected by TCH up to 50 pg/ml
(Fig. 2C and Table 1). Converselya tuberculosis H37Rv strain containing an extra copyMf
tuberculosis katG cloned into the integrative vector pMV361 was msueceptible to TCH showing

a 2-fold decrease in MIC value (Fig. 2D and TabJe Based on those results, we next tested
whether a non- enzymatic oxidizing method alreadyven for INH -incubation with Mn(lll)
pyrophosphate as described by Nguyen et al, (NgugkEparolset al. 2001, Nguyen, Quemas

al. 2002)- would cause a comparable effect on TCHt Was indeed the case, with a rapditro
conversion of both INH and TCH under our experiraeobnditions (Fig S1). Taken as a whole,
these results suggest that -like INH- TCH may kevated by KatG, supporting earlier phenotypic
observations (Yates, Grangeal. 1984, Parsons, Bros&hal. 2002). However, direct evidence of

the KatG-mediated needs to be confirmed.

Mycolic acid biosynthesis is not affected by TCH irM. tuberculosisand M. bovisBCG. Since
TCH is structurally related to INH, we next set twistudy if they share the same molecular target.
It is well known that INH affects mycolic acid biggthesis through inhibition of the enoyl-ACP-
reductase InhA, one of the components of the myatebal FASII system. To test whether TCH
targeted mycolic acid biosynthesis, we perfornvduberculosis andM. bovis BCG Pasteurih
vivo" labeling using the radioactive fatty acid preaur§l-'“C] acetate. To this end, mid-log
cultures (ORoo = 0.7) were left untreated or treated for 24 h With and 5-fold the MIC of TCH
(25 pg/ml and 50 pg/ml); after this, the radioaetprecursor was added and the culture was
incubated for another 24 h before cell collection datty acid and mycolic acid extraction. The

analysis of mycolic acids and fatty acids by momoahsional TLC showed no change in the
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intensity or composition of the labeled mycolic fatty acids at either drug concentration even
when longer exposure times to the drug (two dogbtimes) were used (Fig. 3); in an identical
manner monodimensional argentation TLC showed rengés in mycolic acids, saturated or
unsaturated fatty acids (data not shown). Carefultsy of radiolabeled fatty acids and mycolic
acids extracted from the TCH-treateld tuberculosis cultures by 2D-TLC showed no change of the
mycolic acid pattern, nor any novel spots that ddug related to an effect on their biosynthesis
(data not shown). In all cases treatment with INED (Lg/ml) used as a control gave the expected
results causing the well-known loss of mycolic achd the hallmark accumulation of fatty acids.
Taken together, these results suggest a modeiohdot TCH that is distinct from that of INH and

ETH.

TCH lacks activity in liquid culture under standard growth conditions. While assaying the
effects of different exposure times to the drug/H9-ADS-Gly-Tween medium, we surprisingly
found no noticeable changes on growth rate (judnespectrophotometric measurements) of TCH
treated cultures even when very high concentratodrdsug (up to 100 pg/ml) and longer times of
exposure (up to 72 h) were used (Fig. 4). The pessef agar and Tween are the only differences
between liquid and solid Middlebrook 7H9-ADS-Glyyus we ruled out a contribution of the
tensioactive agent Tween 80 by following growthOdsoonm in medium devoid of it. Our results
again showed that TCH was inactive regardless efpitesence or absence of the tensioactive,
hence ruling it out as a contributing factor to thek on TCH activity in liquid medium (data not
shown). We next hypothesized that differences igger availability between liquid and solid
media may play a role in the activity of TCH ordhgh metabolic changes of the mycobacterial
cells. To test this, cultures were grown under &gjitation (30 rpm) conditions on 7H9-ADS-Gly-
Tween in the presence of TCH (100ug/ml). Howeves,again failed to detect any difference in

growth rate under the mentioned conditions as jddpeturbidity measurements (data not shown).
15



334 'The same experiment using static cultures gave aoabfe results, that is, no activity of TCH in
335 liquid medium was detected. Although resuspensiocutiures grown in static conditions did not
336 yield accurate measurements due to mycobactergreggtion, it was clear that the turbidity of
337 TCH treated cultures was comparable to controlucett while INH treated cultures showed a
338 decline in turbidity (data not shown). Preliminaegults showed that an intermediate concentration
339 of TCH (25 pg/ml) did not alter growth of culturesntaining a reduced number of bacilli (2X10

340  2x1C bacilliiml) (data not shown). Based on those pmzgtesults and in order to circumvent this
341 problem, we next tested the activity of TCH on siyathesis of mycolic acids iWl. tuberculosis

342  growing on solid medium by following a protocol estly described in which the addition of the
343 radioactive precursor was added on top of smalhtities of cells (roughly 2xT0CFU) growing on

344  solid medium (Nandakumar, Nathanal. 2014). In spite of this strategy, we could notedetany

345 difference in the pattern of fatty acids and mycalcids regardless of the presence or absence of
346 TCH; however, INH used as a control totally inheoitmycolic acid synthesis M. tuberculosis as

347 expected (Fig. 5). In summary, the inhibitory aityivof TCH was restricted to solid media under

348 our assay conditions and did not affect mycolid aginthesis.
349

350 Lack of activity of TCH in liquid medium is not due to inactivation in liquid medium. An

351 extensive literature search did not reveal any ntepw TCH stability. In order to assess whether
352  liquid media may favor chemical alterations in T@#&ading to lack of inhibitory activity, we
353 examined the stability of the drug under the agsmditions by dissolving TCH in 7H9-ADS-Gly
354 media at 5mg/ml; additionally, a sample of the ddigsolved in water was prepared at the same
355  concentration for comparative purposes. Both sasnplere incubated at 37 °C for 72h, and
356 afterwards, extracted with ethyl acetate, evapdratesuspended in CHCand analyzed by GC-
357 MS. The chromatogram of the TCH in water showed anle main peak at 16.43 min without any

358 other peaks that would be evidence of decomposfian S2A). TCH dissolved in 7TH9-ADS-Gly
16
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showed a main peak at the same retention time, evithh traces of compounds belonging to the
media, demonstrating the stability of TCH under &éissay conditions (Fig. S2A). The identity of
the main peak was corroborated by comparing thes sectra of the standard drug (Fig. S2B) that
matched the NIST database spectrum (Fig. S2C).G@eMS analysis provided evidence of the
stability of TCH in aqueous media, but the ioniaatmethod may have prevented the detection of a
polar or thermally sensitive product; therefore e@mplemented the analysis Bi# NMR. A
sample of TCH (5mg/ml) in #D was incubated a 37 °C for 72h and the spectra \wequired
every 24 h. Our results clearly showed that thectspeadid not acquire any new signal that could
indicate the presence of a decomposition produgt &3). Thus, the chemical stability of TCH
does not seem to change in aqueous solution aes itubut as a factor underlying the lack of TCH

activity in liquid medium.

Whole genome sequencing identifieshpC mutations conferring resistance to TCH. Because

of the specific in vitro conditions in which TCH @ked activity, and to reveal the target(s) for
TCH, we isolated spontaneous TEH. tuberculosis mutants on 7H9-ADS-Gly agar plates
containing TCH at 25, 58nd 100 pig/ml. Mutants were obtained at a frequefd0d’- 108 TCH
resistant mutants fell into two groups dependinghancross resistance to INH displayed. The first
group showed cross resistance to INH (MIC p@/ml) and had a high resistance to TCH
(>10Qug/ml) with the exception of mutant TCH25.1 whiclosled a medium level of resistance to
TCH (251g/ml). The second group had no cross resistantsHoand displayed a wide range of
resistance to TCH (25 to >10§/ml) (Table 2). Colony morphology and growth rapéshe TCH

mutants were similar to the ones of the parentairs{data not shown).

To gain understanding on the molecular mechanisai(agtion of TCH we performed whole WGS
on 7 mutants from our set of TEHNH® mutants (obtained from independent cultures) antamt
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TCHR25.1 which was of interest due to its resistaploenotype. Our results identified a mutation
(c-81t) in the promoter region &v2428 (ahpC), encoding an alkyl hydroperoxidase in half (48)
the mutants sequenced. Interestingly, this mutdtias previously been shown to occur in fNH
resistant strains but only in association with rtiates causing loss or reduction of KatG function
(Vilcheze and Jacobs 2014). In addition, it havipresly been shown that this mutation caused a 2-
fold increase irahpC expression (Zhang, Dhandayuthapenal. 1996, Heym, Stavropoula al.
1997). Thus, increased expression of AhpC seene®riter increased resistance to TCH with no
cross resistance to INH iM. tuberculosis. The remaining mutations in the TEHNH® mutants
occurred in the following geneglcB (Rv1837c), Rv2731, ppe52 (Rv3144c), and the intergenic
region between gend®/3716c andRv3717 (Table 3). Interestingly, mutant TCH R25.1 disgdy
two mutations, one affecting geRe3220c, encoding a sensor of a two-component histidinase
system, and a mutation upstream RM0312 that encodes a proline-threonine-rich protein of
unknown function. Some of the above mentioned gér@ee been shown to be non-essential by
transposon mutagenesis (Sassetti, Betydl. 2001) or by gene knock-out (Parish, Snathal.

2003); thus their role in resistance to TCH is @iotious.

Discussion.

Conditions affecting TCH activity on M. tuberculosis The last two decades revealed the
mechanism of action of several anti-tubercular dringluding two important pro-drugs, INH and
ETH (2-ethylpyridine-4-carbothioamide). Through @ribination of genetics and biochemistry it
was shown that INH is activated by the non-essemy@obacterial catalase/peroxidase encoded by
the genekatG (Heym, Alzariet al. 1995, Heym, Saint-Joanet al. 1999). Mutations irkatG
account for more than 90% of the INH resistant piygmes of clinicalM. tuberculosis strains

(Jagielski, Bakuleet al. 2015; Torres, Paudt al. 2015). A combined interdisciplinary approach
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spanning biochemistry, genetics, chemistry and iphy®vealed the mechanism of action of INH
(Vilcheze and Jacobs 2007). Once activated, INith§oa variety of unstable radicals one of which
reacts non enzymatically with NARand NADP targets InhA, a vital acyl-ACP enoyl rethse
involved in mycolic acid biosynthesis (Dessen, Qashet al. 1995, Quemard, Sacchettieti al.
1995). These extremely long-alkyl B-hydroxy fatty acids are essential to maintain the
mycobacterial cell wall structure (Vilcheze, Morbid et al. 2000; Barkan, Liuet al. 2009).
Although activated by a different enzyme, ETH isoah pro-drug and an inhibitor whA through

the same mechanism of action (Banerjee, Dulehali 1994).

As is widely known in clinical mycobacteriology latatories, TCH, an hydrazide structurally
related to INH and ETH, was not active on NTM (MIDO); however, we observed thislt
smegmatis was able to grow at 100 pg/ml TCH albeit with gngicant growth delay; moreover the
fact that colony size and numbers equalized upog locubation times suggested a metabolic
adaptation oM. smegmatis to the toxicity of TCH (Fig. 1). Given that TCHsgilays a clear activity
on M. tuberculosis andM. bovis, we focus orM. tuberculosis as model organism to gain insight on
this drug mechanism(s) of action. Due to structgmalilarities between TCH, INH and ETH, we
hypothesized that TCH would be a pro-drug and atsinhibitor of the synthesis of mycolic acids
in M. tuberculosis complex species. In our hands, expressiorMoftuberculosis katG from a
plasmid decreased the susceptibility to TCH in wde M. tuberculosis H37Rv (Fig. 2D).
Moreover, a clinicaM. tuberculosis strain containing a S315T mutationkatG, the most widely
described mutation causing resistance to INH, sdanereased resistance to TCH when compared
to the wild-type strain (Fig. 2C). Also, prelimnyaexperiments showed that both INH (used as a
control) and TCH were modified by Mn(lll) pyrophdsge in the presence of NADas was
previously described for INH (Nguyen, Claparetsal. 2001, Nguyen, Quemas al. 2002) (Fig.

S1). Taken together, those results suggest that iEGnost likely a pro-drug and that KatG is its
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possible activator. In this regard, more work tafeon the role of KatG and the identity of the

radicals generated is warranted.

Surprisingly, we failed to observe a concentratiependent killing in liquid media in spite of the
good anti-tubercular activity (comparable to thAE®H) that TCH exerted in solid media. In our
hands, TCH lacked activity on liquid medium evencanhcentrations 10-fold higher than MIC,
regardless of growth conditions. The utilizatidn7619-ADS-Gly-Tween as liquid (in which TCH
is inactive) and solid (where TCH is active) mediked out medium composition as a factor on the
drug activity. We also discarded oxygen as a @litiactor for activity since TCH did not produce
any killing effect whether liquid cultures were utmating with or without agitation under conditions
usually met in clinical laboratories. DiscrepandiedIC values for Pyrazinamide in liquid media
have been traced back to an inoculum effect, mksltyldue to metabolic activity of the growing
bacilli that may change the medium pH and thus eedbe efficacy of this drug, active in acidic
media (Zhang and Mitchison 2003). Importantly, aishrecently been reported that the activity of
bedaquiline in liquid medium is affected by thedonlum size used for the assay (Lounis, Vranckx
et al. 2016); although of importance for clinical praeti¢the reasons for that discrepancy remain
unknown. Our preliminary results showed that T@H f1g/ml) did not exert any visible activity in
liquid medium (7H9-ADS-gly-Tw) even when a redudedculum size was used @x1F CFU/ml)

(Franceschelli, J.J., personal communication)rélasons for that failure remain to be determined.

There are no experimental data on TCH stability gmgkical properties, with only some theoretical
studies of its spectroscopic properties (Balacheamddanakiet al. 2014). However, our studies

discarded instability of the compound in liquid med as a possible reason for the lack of TCH
activity (Fig. S2A-C). To our knowledge this is tffiest report on a compound exerting anti-
tubercular activity only on solid media; and thashrilling challenge to solve and a warning note

for the screening of novel anti-tubercular drugs tire usually performed in liquid media.

20



455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

FASII is not a target for TCH. Due to structural similarities between TCH and thell-
characterized mycolic acids inhibitors INH and EBAd our results showing a comparableitro
oxidation of both INH and TCH by Mn(lll) pyrophospie (Fig. S1) we hypothesized that TCH
could be a pro-drug acting as an inhibitor of th&SH cycle by inactivation of the enoyl-ACP
reductase InhA. In order to test that, we perforrfiadivo” radiolabeling on cells growing in solid
medium, thus overcoming the lack of activity of TGH liquid media under our experimental
conditions. Yet, in spite of being able to seeitiebition of the synthesis of mycolic acids by INH
TCH gave a fatty acid profile indistinguishable frahe one obtained from cells grown in the
absence of any inhibitor (Figs. 3 and 5). The ltesemained unchanged after extended exposure
to the drug; thus the mechanism of action of TCHhas related to inhibition of the synthesis of

mycolic acids.

Mutations in the ahpC promoter confer resistance to TCH. Our screen for spontaneous TEH
mutants yielded: 50% that displayed cross-resistance to INH (buttadeTH or TRC); a second
group, with a TCH INH® ETH® TRC® phenotype (thus suggesting the presence of a immitat
conferring resistance to TCH that was not acconguhbly resistance to those well characterized
InhA inhibitors) was of most interest to us. Wertfere performed WGS on 7 randomly chosen
TCH® mutants and one mutant displaying a medium lev@HT high level INH phenotype.
Surprisingly, four of these mutants showed a pnesip described SNV in the promoter region of
ahpC (Rv2428.), a gene encoding an alkylhydroperoxgdase mutation, c-81t, was reported by
several groups as presenthh tuberculosis INHR mutant strains and shown as causing an increase
in ahpC expression (Sherman, Mdludt al. 1996, Zhang, Dhandayuthapaatial. 1996, Heym,

Stavropouloset al. 1997). The mutant strain TCHR25.1 showed a mutatioa two-component
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system for which no role on INH resistance has beeviously been described; however the
impact of the mutation on the function of the pmotevas not evident. The remaining SNVs fell
either in intergenic regions or non-essential gerfidse potential contribution of these latter
mutations to TCH resistance will need further stgdimportantly, the mutants containing the c-81t
change were isolated from four of the five indepemctultures used for TCHmutant screening
and represented half of the TE#MNH®ETH® TRC® mutants randomly selected for WGS analysis

(4/8), thus strongly implicating a role fahpC expression in resistance to TCH.

Different approaches indicates tladipC is not an essential gene M tuberculosis and M. bovis
(Wilson, de Lisleet al. 1998, Springer, Masteat al. 2001, DeJesus, Gerriait al. 2017), thus
suggesting thaahpC does not fulfill the requirements to be consideaedrget for TCH but plays

an important role in resistance to this compound.

The link between resistance to INH and the presefceutations in théV. tuberculosis katG and
ahpC genes have been studied for almost 20 years. Whgleole of KatG in the INRiphenotype is
clear as the necessary activator of the INH praydthe precise role aihpC has proven more
difficult to elucidate. Mutations in the promotergion and in th@hpC coding sequence in INH
strains have been described in detail (Vilcheze Jawbbs 2014). A survey of the literature shows
that mutations in thahpC promoter region leading to overexpression of theyere are described
in 29% of INHR strains (Kelley, Rouset al. 1997, Pagan-Ramos, Soegal. 1998, Rinder,
Thomschkeet al. 1998, Dalla Costa, Ribeirgt al. 2009, Vilcheze and Jacobs 2014). Importantly,
one study reported that 20% of IRKlinical isolates and 8% of the INHsolates contained the
same mutations in thexyR-ahpC intergenic region (Baker, Browet al. 2005). Moreover, over-
expression obhpC failed to increas@/. tuberculosis MIC to INH suggesting that this enzyme is
not directly related to INH resistance (Heym, Stgauloset al. 1997). Thus, our results describing
low level resistance to INH within the isolated TCkhutants are in agreement with previous

publications. Although a matter of debate, it isi@mlly accepted thathpC mutations arise as a
22
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compensatory mechanism in strains that havekat& (Sherman, Mdluliet al. 1996), from this
perspective we are herein reporting tahpC mutants may arise withokatG mutations being

present.

It is important to mention that it has previousgeh described thadl. bovis BCG Pasteur shows
up-regulation ofahpC (Springer, Masteet al. 2001). Moreover, recently a very comprehensive
study by Abdalalet al. analyzed the global transcriptional profile anti@expression differences,
as well as quantitative protein analysis, betwe@tGBtrains. Their results showed a larger amount
of AhpC when BCG strains Pasteur (3.4-fold), Phi@p$old), Danish (1.9-fold), Tokyo (1.8-fold)
and Birkhaug (2.9-fold) were compared Kb bovis 2122/97 (Abdallah, Hill-Cawthornet al.
2015). Similarly, an increased amount of AhpD (&8 for all the BCG strains mentioned) was
detected, however no SNVs were present in the piemegion ofahpC (Abdallah, Hill-
Cawthorneet al. 2015). As BCG Pasteur shows equal levels of itibibiby TCH adVl. bovis, it is
therefore not the case that simple up-regulatioralgdC expression is sufficient for increased
resistance to TCH, at leasthh bovis lineage strains. Indeed, BCG strains have se&Mals and
large insertion/deletions which may explain theklaf concordance between increasapC
expression and TCH susceptibility. Despite thesseptations, the fact that the only SNV found in
our TCH resistant strains was a well described trmtacausing overexpression atipC strongly
supports the idea of this protein as an importaatofr contributing to TCH resistance in théde

tuberculosis mutants.

In conclusion, we have confirmed a role for KatGthe resistance to TCH, reinforcing previous
phenotypic observations of cross resistance betwWwéth and INH. In addition, we isolated TCH
resistant mutants with a drug susceptibility pefibnsistent with its lack of activity on InhA, and
finally and importantly, we unveileahpC expression as a player in resistance to TCH, goomd

with anti-tubercular activity. These data provideanclues that we hope will finally lead to the

identification of the molecular target for TCH.
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Figure legends

Figure 1: Growth of M. smegmatis mc®155 in solid 7H9-ADS-Gly medium containing increasi
concentrations of TCH. Aliquots of 100 pl contaiiaprox 16-10° cfu were spread on each plate.

Plates were incubated for 15 days at 37°C and ¢ravanitored daily.

Figure 2: Role of KatG in the activity of TCH iM. tuberculosis. (A) Chemical structures of INH,
ETH and TCH. (B) KatG mediated activation of INHdaadduct formation of the activated INH
radical;, proposed activation of TCH. Panels C andSnsceptibility to TCH or INH ofM.
tuberculosis NM27388 (containing a Ser315Thr mutation in Ka{G) or M. tuberculosis H37Rv
pMV361:katG (D). Aliquots of 100 pl of each culture contaigiapproximately 18-10° cfu were
spread on each half plate of 7H9-ADS-Gly solid raegdlates containing INH or TCH at the

indicated concentration. Plates were incubate@®odays at 37°C before visual inspection.

Figure 3. Analysis of the effect of TCH on fatty acid andyeunlic acid biosynthesis in
M. tuberculosis H37Rv. TLC of FAMEs and MAMEs extracted froi. tuberculosis H37Rv
cultures growing in the presence of TCH (exposure 24 or 48 h, drug concentration 25 or 50
pg/ml) or INH (0.5 pg/ml). Comparable countstQ) 000 cpm) were loaded onto silica gel TLC
plates, which were developed three times in hexdimd/ actetate (95:5, v/v). Plates were exposed
to X-ray film and for 48-72 h at -80°C before denyjghg. FAME, fatty acid methyl ester; MAMEs

mycolic acid methyl estersi(a-mycolic acids; M, metoxi-mycolic acids; K, keto-oulic acids).

Figure 4: TCH does not affed¥l. tuberculosis growth in liquid mediumM. tuberculosis H37Rv
was grown at 37°C in the presence of TCH (25 opfdml) or INH (0.5 pg/ml). Growth was
monitored by samples absorbance (@R,). Three independent replicates were carried oh wit

comparable results.
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Figure 5: Analysis of the effect of TCH on mycolic acid bymthesis inM. tuberculosis H37Rv
grown in solid medium. Aliquots of mid-log culture$ M. tuberculosis H37Rv were exposed to
solid medium containing either TCH (50 pug/ml), INBL5 pg/ml) or left untreated and labeled
lipids were extracted as described in Materials Methods. 2D-TLC analysis of'C-acetate
labeled cultures was performed by loading comparaigunts £80,000 cpm) on silica plates
impregnated with AgN@ The plates were developed twice in hexane:ettstade (95:5 v/v) in the
first direction and three times in petroleum ethettyl ether (85:15 v/v) in the second direction.
OAME, oleic acid methyl ester; SFAMESs, saturatetyfacids methyl esters; MAMEs mycolic

acid methyl estersi( a-mycolic acids; M, metoxi-mycolic acids; K, keto-nofic acids).
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Table 1. MICs oM. tuberculosis strains against TCH and INH.

Strain MIC (pg/mL)
TCH INH
H37Rv 10 0,1
INM27833 (KatG S315T) >50 >0,5

H37Rv pMV361:katG <5 <0,05




Table 2. MICs of TCH M. tuberculosis mutants against TCH, INH, ETH and TRC

Strain/mutant MIC (ug/mL)

TCH INH ETH TRC

H37Rv 510 0.0¢ 5 1C
TCH R25.: 25 0.t 5 1C
TCH R25.12TCH R25.13 2550 005 5 1C
TCH R25.10
TCH R25.1. 5C0-10C 0.0 5 1C
TCH R50.6 TCH R50.7 >10C 0.1 5 1C
TCH R50.8, TCH R50.9
TCH R50.;, TCH R50.;, TCHR50.3 >10C 0.t 5 1C

TCH R50.4, TCH R25.2 TCH R25.3




Table 3.SNPs identified iM. tuberculosis TCH-resistant mutants.

TCHR Rv Aminoacid
mutant | Coordinate Gene | number [Mutation  substitution Comment
251 380435| Intergernic c—g N/A -121bp upstream ¢v0312,
conserved hypothetical proline
and threonine rich protein
3596244 | Rv3220c | Rv3220c| a— g S431P Two component sensor kinase
SNPs also identified in loerger
25.11 3510642 PPE52 | Rv3144c| c—t G226S al *
-19bp upstream dRv3716c¢
25.12 4160982 Intergenic g—a N/A and -116bp upstream B{/3717c
Conserved alanine and argining
25.13 3043105 Rv2731 | Rv2731| g—a G27R rich protein
50.6 2086466 glcB | Rv1837cl g— a AL172A
-81bp Upstream cdhpC
2726112| Intergenijc c—t N/A (Rv2428)
-81bp Upstream cdhpC
50.7 2726112 Intergenic c—ot N/A (Rv2428)
-81bp Upstream cdhpC
50.8 2726112 Intergenic c—t N/A (Rv2428)
-81bp Upstream acdhpC
50.9 2726112 Intergenic c—t N/A (Rv2428)

*J Bacteriol. 2010 Jul;192(14):3645-53
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