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METHOD OF TREATING TUBERCULOSIS
CROSS-REFERENCE TO RELATED APPLICATIONS
16001} This apphication claims beneflit of US. Provisional Application No. 61/816,363, filed

April 26, 2014, the contents of which are hereby incorporated by reference.

STATEMENT OF GOVERNMENT SUPPORT
{6001 This invention was made with government support under grant wnursbers NIH
AIB90473, AI26170 and ARO51519 awarded by the National lustitutes of Health. The
government has certain rights in the invention.

BACKGROUND OF THE INVENTION

{0002} The achievements of the World Health Organization’s “Stop TB” program have been
largely overlooked by the wedia, but mortality and incidence rates for chinically diaguose
tuberculosis have falien for the second straight vear (WHO, 2012a). Although the estimated 1.4
million deaths attributed to the disease are still unacceptably high for a curable discase, the
success of the WHO program can be partially ascribed to the Directly Observed Therapy Short-
course {(DOTS) strategy, which closely montiors patient adherence to chemotherapeutic regimens.
Striet adhercuce to treatment guidelines is thought to limit the risk of recurrence 1o wdividuals,
thus limiting the spread of strains which have undergone a sclection for resistance to a particular
auntibiotic (WHQ, 2012a). TB relapse is a complicated phenomenon influenced by local public
health conditions; for instance, countries with low burden may have increases relapse rates due
to reactivation of latent TB (Jasmer et al., 2004), while relapses n areas 1o which TB is endennie
may be largely due to reinfection (Narayanan et al., 2010}, With clinical descriptions of multiple
{(MDR), extensively (XDR}, and totally (TDR) drug resistant strains in the literature {Shah et al,,
2011; Udwadia and Amale, 2012), TB is winning the war by accumulating resistance alleles
before an cifective chemotherapy can be developed. Patient compliance and cure rates may be
improved if a regituen can be devised which cuts the duration of antibiotic treatment to a more
manageable course.
10003} The current recommended chemotherapy for treatment of susceptible pulmonary
tuberculosis entails a two month course with daily administration of the front line antibiotics

Isoniazid (INH}, Rifampicin (RIF), Pyrazinamide (PZA), and Ethambutol (EMB); followed by a
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four month continuation phase of INH and RIF (WHO, 2012b}. MDR and XDR strains require
treatruent which regularly lasts two years or move, H followed in ils entivety, these programs are
generally successful in reducing bacterial numbers in patients to below the Hnnt of detection,
effectively “curing” tuberculosis, The necessity for such a protracted regimen s thought to be
due to the presence of persister celis which are insensitive to antibiotic treatment and only
succumb to drug pressure at 4 reduced rate {Dhar and McKinney, 2007; Sacchettini et al,, 2008).
Traportautly, persister cells are a fraction of the population that do not harbor geunetically encoded
features which render them permanently resistant; their survival mechanism is temporary, and
seusifivity to antibiotics can be restored upon regrowth (Bigger, 1944; Keren et al., 2004; Wiuff
et al., 2005}, In no other organism does the presence of this persister population beget more dire
conseqguences than in the context of Myvcobacterium tuberculosis infection,

{6004} Bacterial persistence is thought to be a phenotypic phenomenon affecting a sub-
population of cells m which replication rate is reduced. Landmark studies using time-lapse
microscopy have shown that this slowly growing sup-population can originate in stationary
phase or appear spontancously during growth in mutant strains of £. coli (Balaban et al., 2004).
Indriguingly, the proportion of persister cells as part of a population can be reduced by repeated
serial passage through fresh media (Keren et al, 2004), suggesting that persistence is the
phenotypic readout of a heterogeneity in metabolic control of growth. More recent work has
sought genetic contributors to the persister phenotype; yet despite these efforts description of a

coherent mechanism remains elusive (Lewis, 2010),

SUMMARY OF THE INVENTION

{6005] Kinetics of multidrug kiling of M niberculosis by the two front-line antibiotics
{soniazid and Rifampicin can be improved in a strain that harbors a deletion in one of the
operons encoding putative succinate dehydrogenases. Stable isotope labeling and mass
spectrometry were used to show that this enzyme functions as a succinate dehydrogenase during
aerobic growth, and its deletion results in an increased proportion of reduced clectron carrier in
the membrane. The effect of this reinstatement of redox homeostasis is ncreased respiratory flux,
resulting in oxygen consumption that continues unabated until oxygen is depleted. Results
suggest that drugs which target Sdhl or enhance vespivation would shorten tuberculosis

chemotherapy.
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{6006] A method is provided for identifying an agent as an enhancer of an anti-tuberculosis
roedication, or as a combination agent for treating resistant and/or dormant Mycebacteria
tuberculosis fnfection in a subject, comprising:

quaniifving activity of an amount of Mycobacteria rubercuiosis succinate dehydrogenase T under
conditions permitting succinate dehydrogenase | activity,

contacting the Mycobacteria tuberculosis succinate dehydrogenase I with the agent and
quantifying activity of the amount of Mycobacteria tuberculosis succinate debiydrogenase | in the
presence of the agent, comparing the guantified amounts, and identifying the agent as an
enhancer, or not, of an anti-tuberculosis mwedication, or 45 a combination ageunt, or not, for
treating resistant and/or dormant Mycobacteria fuberculosis infection, wherein a decreased
activity of Mycobacteria tuberculosis succinate dehydrogenase 1 in the presence of the agent as
compared to in the absence of the agent indicates that the agent is an enhancer of an anti-
tuberculosis medication, or 18 a combination agent for ireating rosistant and/or dormant
Mycobacteria tuberculosis infection.

{60871 A method is provided for identifying an agent as an enhancer of an anti-tuberculosis
roedication, or as a combination agent for treating resistant and/or dormant Mycebacteria
tuberculosis infection in a subject, comprising: quantifying respiration of a Mvcobacteria
tuberculosis, contacting the Mycobacteria tubercuiosis with the agent and quantifying
respiration of Mycobacteria tuberculosis in the presence of the agent, comparing the guantified
amounts, and identifying the agent as an enhancer, or not, of an anti-tuberculosis medication, or
as a combination agent, or not, for treating resistant and/or dormant Mycobacteria tubercilosis
infection, wherein an increased respiration rate of Mycobacteria tuberculosis in the presence of
the agent as compared to in the absence of the agent indicates that the agent is an enhancer of an
anti-tuberculosis medication, or 1S a combination agent for treating resistant and/or dormant
Mycobacteria tubercudosis infection,

Also provided is a method of enhancing efficacy of an anti-tuberculosis medication in treating
tuberculosis in a subject or i treating resistant and/or dovwant Mycobacteria hiberculosis
infection 1o a subject, comprising: administering to the subject who has, 1s or will be receiving
the anti-tuberculosis medication an amount of an enhancer of Mvcobacteria tuberculosis
respiration effective to enhance the efficacy of an anti-tuberculosis medication in treating

tuberculosis or resistant and/or dormant Mycobacteria tuberculosis micction,
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{6008] Also provided is a method of treating tuberculosis in a subject, or of treating resistant
and/or dormaant Mycabacreria tuberculosis infection in a subject, coruprising administering to the
subject an amount of an anti-tuberculosis antibiotic medication and an amount of an enhancer of
Mycobacteria tuberculosis respiration effective to treat tuberculosis in a subject, or effective to
treat resistant and/or dormant Mycobacteria tuberculosis infection in a subject.

106009} Also provided is a composition comprising an anti-tuberculosis medication and an

euhancer of Mycobacreria tuberculosis respiration,

BRIEF DESCRIPTION OF THE DRAWINGS

{6010} Figures 1A~1B: Increased susceptibility of M. fuberculosis strains mc 6230Asdht
and me’62304sdh2 to drug treatments as compared with strain mc’6230.  Figure 1B is a
schematic diagram showing the genes present in the mc’6230Asdh1 and mc’6230454k2 strains.
{6011 Figure 2: Schematic diagram showing the metabohistu of different M. ruberculosis
strains under aerobic and hypoxic conditions. Levels of each metabolic intermediate are shown
for cach stran,

10612} Figures 3A-3B: Schematic diagram showing the resuits of B¢ oa radiolabeling
experiment tracking the progress of carbon through the metabolism of M fubercufosis strain
me’6230Asdhl. Figure 3B is a schematic diagram showing the results of V'C a radiolabeling
experiment tracking the progress of carbon through the metabolism of M rubercuiosis strain
me’62304sdh2,

16613} Figures 4A~4B: Differing survival times for various strains of M. fuberculosis under
ordinary counditions and under itreatment with carbonyl cyanide 3-chlorophenylhydrazone
{CCCP). Figure 48 shows the ratio of reduced MK-9 (MK-9.q) to oxidized MK-9 (MK-%q) in
cach strain of M. fuberculosis.

10614} Figures 5A--SE: Duration of cellular respiration for cach strain of M fuberculosis.
Figure 5B shows the growth of M. fuberculosis n the presence of glycerol, Figure 5C shows the
growth of M. fubercidosis i the presence of 20 mM glucose. Figure 5D shows the growth of M
tuberculosis in the presence of 10 mM succinate. Figure S5E shows the growth of M. fuberculosis

in the preseuce of 800 uM caproic acd.
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{6015} Figures 6A-6C: Survival rates of scveral strains of M. fuberculosis two days afier
treatruent with drugs. Figure 6B shows the survival rates of several strains of M. tmberculosis
five days after treatment with drugs. Figure 6C shows survival rates of several strains of M.

tuberculosis wmn hypoxic conditions after treatment with rifampicin.

{601 6] Figure 7: Growth rates, via optical density, of several mutant strains of A
tuberculosis.

10017} Figure 8: Respiration rates, via optical density, of several sdh mutants of M
tuberculosis.

{6018} Figure 9 : Oxygen cousumption by several mutant strains of M. fuberculnsis.

{6019] Figure 10: Change in pH of the cultures batches for several mutant strains of M

tuberculosis,

10626} Figure 11: Growth of M. tuberculosis under hypoxic conditions.

{0021} Figure 12:; Growth of several strains of M ruberculosis under various conditions,
{6022} Figure 13: Growth of several strains of M. subercuiosis under various conditions.

{6023] Figure 14A-C. Viability of M mberculosis grown at 37°C with shaking treated with:
A, INH (7.3 uM), cysteine (dmM); B. RIF (1.2 uM), cystene (dmMy; €. EMB (0.5 mM),
cysteine (draM). The compound combination used the same concentration of compounds as the
individual treatments. D M. tuberculosis H37Rv rpeB H445R, a RiF-resistant strain, was
treated with RIF, INH, cysteine or a corubination at the same conceuntration as for A, B, or C.
Aliguots were taken at indicated time and plated to determine CFUs. The curves represent the
average of at least 3 independent experiments with crror bars indicating standard deviation.

{6024] Figure 15A-D. The combination INH/Cysteine and RIF/Cysteine increases ROS
production and DNA damage. A. M. wberculosis H3TRv ARDI ApanCD was treated with INH
(7.3 uM), cysteine (4mM), or a combination using the same concentrations as the mdividual
treatruents, and then stained with dihydrocthidium. ROS levels were measured by flow
cytometry for up to 7 days and compared to the untreated samples. Data show mean value with
standard deviation (n=3). B. M tuberculosis H37TRv ARDI ApanCD was treated with RIF (1.2
uM), cysteine (4mM), or a combimation using the same concentrations as the mdividual
ireatments, and analyzed as in A, Data show mean value with standard deviation (n=3). C. The
samples in A and B were also used to determine the % of double stranded DNA break. The

experiments were done in triplicate and the average with standard deviation is plotted. B, M

Wh
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tuberculosis H3TRv ARDL ApanCD was treated with RIF (1.2 uM), cysteine (4mM}, and a
combination under anacrobic conditions (<0.0001% O, 5% CO,, 10% H,, 85% Ny} Aliquots
were taken at indicated time and plated to determine CFUs. Average with standard deviation 18
shown (n=2).

{6025] Figure 16A-B The combined effect of cysteine with INH or RIF is wwon-dependent.
A. M. tuberculosis H37TRv ARD1T ApanCD was treated with INH (7.3 uM} and cysteine (4mM)
(left panel} or RIF (1.2 uM) and cysteine (4mM} (right panel} for 3 days at 37°C. The
combination used the same concentrations as the individual treatiments. Free ferrous ions were
extracted and measured as described in the experimental section.  Average with standard
deviation 18 shown (n=3). B. M. muberculosis H37Rv was treated with INH (7.3 uM), cysteine
{4mM}, DFO (152 uMj}, (left papel} or RIF (1.2 uM), cysteine {4mM}, DFO (152 uM} (rnight
panel} for 21 days at 37°C. The combination used the same concentrations as the individual
treatruents.  Aliguots were taken at the mdicated time and plated for CFUs.  Average with
standard deviation is shown (n=2).

{0026} Figure 17A-B. High levels of cystine and not cysteine are found in M. tuberculosis
ireated with cysteine, INH/Cyst, and RIF/Cyst. A, UPLC-MS determination of the relative
amount of cystine compared to untreated in M. tuberculosis H37Rv ARDI ApanCD wreated with
{NH (7.3 uM), RIF (1.2 uM), cysteine (4mM}, or a combination using the same concentrations
as the individual treatments for 24 h. Average with standard deviation is plotted (n=3). B. Total
thiol concentrations were measured from extracts of M rubercuiosis H37Rv ARDI Apan(CD
ireated as above. Thiol conceutrations were normalized to protein conceniration. Average with
standard deviation is plotted (n=3).

16027} Figure 18A-B: VC acts as a pro-oxidant in M nherculosis. {(A)Y M. tuberculosis
mc26230 was grown under acrobic conditions and then shifted to an anaerobic chamber
(00.0001% 02, 5% CO,, 10% H; and §5% N»). After 24 h, the culture was diluted 1/20 with
hypoxic media and freated with 4mM VC. Aliguots were taken at indicated time and plated to
determine CFUs. Plates were incubated in an aerobic incubator. (B} The mycothiol-deficient
strain H37Rv DmshA, grown in Middlebrook 7THO supplemented with OADC instead of ADS,
was treated with 4mM V. Growth was followed by plating for CFUs at different times. Both

experiments were done 1o duplicate and the average with s.d. s plotted.
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DETAILED DESCRIPTION OF THE INVENTION
16028] Herein it is disclosed that deletion of a central metabolic gene in M. tuberculosis
removes the metabolic resistance to rapid bactericidal activity by INH and RIF. The deletion of a
gene, which is demonstrate by metabolomic analyses to encode to encode succinate
dehydrogenase activity, mediates this enhanced rate of cell death in the presence of INH and RIF.
Moreover, this mutant has lost its ability to stop respiration in low oxygen conditions. [t is
postulated that the entry to persistence requires this biochemical ability to regulate respiration,
providing novel avenues to develop therapeutic strategies to shorten TB chemotherapy.
106029} A method is provided for wdentifying an agent as an cnhancer of an anti-tuberculosis
roedication, or as a combination agent for treating resistant and/or dormant Mycebacteria
tuberculosis infection in a subject, comprising:
quantifying activity of an amount of Mycobacteria rberculosis succinate dehydrogenase [ unde
conditions permitting succinate dchydrogenase 1 activity, contacting the Mycobacteria
tuberculosis succinate dehydrogenase I with the agent and quantifying activity of the amount of
Mycobacteria tuberculosis succinate dehydrogenase 1 in the presence of the agent, comparing the
quanitficd amounts, and wdentifying the agent as an enhancer, or not, of an anti-tuberculosis
medication, or as a combination agent, or not, for treating resistant and/or dormant Mycobacteria
tuberculosis mfection, wherein a decreased activity of Mycobacteria tuberculosis succinate
dehydrogenase 1o the presence of the agent as compared to 1u the abseuce of the agent indicates

that the agent is an enhancer of an anti-tuberculosis medication, or is a combination agent for

treating resistant and/or dormant Mycobacteria niberculosis wnfection,
{6030} In an embodiment, increased activity of Mycobacteria tuberculosis succinate

dehydrogenase I 1n the presence of the agent as compared to in the absence of the agent indicates
that the agent is not an enhancer of an anti-tuberculosis medication, or is not a combination agent
for treating resistant and/or dormarnd Mycobacteria tuberculosis nfection,

Also provided is a method for identifving an agent as an enhancer of an anti-tuberculosis
medication, or as a combination agent for treating resistant and/or dormant Mycobacteria
tuberculosis infection 1o a subject, comprising: guantifying respiration of a Mycebacreria
tuberculosis, contacting the Mycobacteria tuberculosis with the agent and gquantifying respiration

of Mycobacteria tuberculosis in the presence of the agent, comparing the quantified amounts,
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and identifying the agent as an enhancer, or not, of an anti-tuberculosis medication, or as a
combination agent, or not, {or treating resistant and/or dormant Mycobacteria tuberculosis
infection, wherein an increased respiration rate of Mycobacteria tuberculosis in the presence of
the agent as compared to in the absence of the agent indicates that the agent 1s an enhancer of an
anti-tuberculosis medication, or i3 a combination ageut for treating resistant and/or dormant
Mycobacteria tuberculosis infection,

{8031} In an embodiment, an mcreased respiration rate of Myveobacteria tuberculosis in the
presence of the agent as compared to in the absence of the agent indicates that the agent 18 not an
enhancer of an anti-tuberculosis medication, or 18 not a coabination agent for treating resistant
and/or dormant Mycobacreria tuberculosis mfection.

16032} The increased respiration rate of Mycobacteria ruberculosis may be measurcd by
direct or indirect means known in the art. In an embodiment, the Mycobacteria tuberculosis are
maintained in a fixed amount of Os. In a further embodiment, the rate or O, consuraption of the
Mycobacteria tuberculosis maintained in a fixed amount of O; is guantified as a measure of
respiration. In an embodiment, the growth rate of the Mycebacteria rubercuiosis under one or
raore (O tensions is determined,

16033] In an embodiment of the methods described herein, the agent or enhancer of
respiration 18 an ionhibitor of Mycobacreria tuberculosis succinate dehydrogenase L In an
embodiment of the methods described herein, the agent or enhancer of respiration is a small
organic molecule of 2000 daltons or less, an aptamer, an RNA1 molecule, a peptide, a fusion
protein, an auntibody, or a fragment of an antibody. In an embodiment of the methods described
herein, the enhancer of respiration inhibits expression of Mveebacteria tuberculosis succinate
dehydrogenase | or ishibits activity of Myveobacteria tubercidosis succinate dehydrogenase 1. In
an embodiment of the methods described herein, the Afycobacteria tuberculosis succinate
dehydrogenase I 1s encoded by an operou comprising Mycobacteria tuberculosis genes Rv0247¢,
Rv0248¢, and Rv(249¢. In an embodiment of the methods described herein, the Myvcobacieria
tuberculosis are voaintained o a broreactor system n which one or more of O, tension, optical
density, redox midpoint potential and pH are measured simultaneously. In an embodiment of the
methods described herein, a growth curve of the Mycobacteria tuberculosis 1s quantified as

oxygen is depleted by the Mycobacteria tuberculosis.
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{0034} In an embodiment, the Mycobacteria tuberculosis succinate dehydrogenase I inhibitor
binds in the succinate pocket of the succinate dehydrogenase I In an embodiment, the
Mycobacteria tubercilosis succinate dehydrogenase | inhibitor binds in the ubiquinone pocket of
the succinate dehvdrogenase I Ubiquinone type inhibitors include carboxin and
thenoyltriflucroacetone. Succinate-analogue inhibitors include the synthetic compound malonate

as well as the TCA c¢ycle mtermediates, malate and oxaloacetate,

{0635} In an embodiment, the Mycobactena tuberculosis 1s an H37Rv strain M. tubercidosis,
16034] In an cmbodiment of the inventions described herein, the Mycobacterium tuberculosis

is one of the following: Mycobacterium tuberculosis H37Rv, BTB0S5-352, BTBO5-559,
CDC1551, CTRE2, FI1, H37, H37Ra, HNST8, KZN 1435, KZN 4207, KZN R506, KZN V2475,
R1207, RGTB327, S96-129, X122, '08-Ra04 INH-RIF-EM', 02 1987, 210, 94 M4241A, C,
CDCISSTA, CPHL A CTRIS4, EAS054,GM  1503,K85, KZN 605, OSDDG71, OSDD504,
OSDDS51E, SUMu00l, SUMu002, SUMu003, SUMu004, SUMu005, SUMu006, SUMul07,
SUMu00g, SUMuD09, SUMuDI0, SUMul1l, SUMu012, T17, T46, T83, TO2, W-14%, str.
Haarlem, 210 16C10, 210 16C2 24CH, 210 16C2 2402, 210 32C4, 210 4C15,
210 4C15 16CE, 210 4C15 16C1 48CH, 210 4CIS 1601 4RC2, 210 4CI15 16C1 56CH,
210 4C15 16C1 5602, 210 4C31, 210 4031 1e6CH, 210 4031 1eC1 24CH,
210 4C31 16C1 46C1, 210 4C31 1602, 210 8C1, 210 8Ce6, B, CTRI-3, H37Rv 2009,
NIT210GTG, str. Erdman = ATCC 35801, str. Erdman WHO, CCDC5079, CCDCS180,
RGTB423, UT205, CTRI-1, H37RvAE, H37RvCO, H37RvHA, H37RvIO, H37RvLP,
H37RVMA, LAM7, NCGM2209, RGTB306, WX1, WX3, XDR1219, XDR1221, str. Beijing/W
BT1, or str. Erdman (ATCC 35801).

{60371 As used herein a “combination agent” for treating resistant and/or dormant
Mycobacteria tuberculosis infection in a subject is an agent that is to be used as an adjuvant for,
or with, an anti-tuberculosis agent. An anti-tuberculosis agents are well-known n the art.

{0038] This invention further provides a method of cnhancing efficacy of an anti-
tuberculosis medication in treating tuberculosis in a subject or in treating resistant and/or
dormant Mycobacteria tuberculosis infection in a subject, comprising:

administering to the subject who has, 18 or will be receiving the anti-tuberculosis medication an

amount of an enhancer of Mycobacteria tuberculosts respiration effective to enhance the efficacy
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of an anti-tuberculosis medication in treating tuberculosis or resistant and/or dormant
Mycobactena tuberculosis nfection.

{6039} This invention also provides a method of treating tuberculosis in a subject, or of
ireating resistant and/or dormant Mycobacteria tuberculosis mfoction m a subject, comprising
administering to the subject an amount of an anti-tuberculosis antibiotic medication and an
amount of an enhancer of Mycobacteria tuberculosis respiration effective fo treat tuberculosis
a subject, or effective to treat resistant and/or dormant Mycobacteria tuberculosis mfection 1o a
subject.

16040} fo an embodiment of the methods, the agent or the enhancer of respiration comprises
a free thiol group or is vitamin C. In an embodiment, the agent or the enhancer of respiration
comprises a free thiol group and 1s a cysteine, dithiothreitol or penicillamine,

10041} In an embodiment, the anti-tuberculosis medication comprises isoniazid. In an
embodiment, the anti-tuberculosis medication comprises rifampicin, In an embodiment,
tuberculosis is multidrug-resistant (MDR}. In an embodiment, the tuberculosis ts extensively
drug-resistant (XDR}. In an embodiment, the MDR is resistant to an anti- tuberculosis
raedication other than the anti- tuberculosis wedication being used in the ruethod to treat the TB.
For example, the MDR is rifampicin-resistant and the method comprises treating the MDR TB
with an enhancer of respivation and isomazid. For example, the MDR 18 1soniazid-resistant and
the method comprises treating the MDR TB with an enhancer of respiration and rifampicin.
[6042] In an embodiment, the enhancer of respiration is cysteine. In an embodiment, the
amount of cysteine and anti- tuberculosis medication combined is sufficient to kill Mycobacteria
tuberculosis, In an embodiment, the amount of cysteine and anti- tuberculosis medication
combined enhances the efficacy of x in killing Mycobacteria tuberculosis.

{6043 In an embodiment, the cnhancer of respiration comprises D-cysteine. In an
embodiment, the enhancer of respiration comprises L-cysteine.

16044 In an embodiment subject the amount of an anti-tuberculosis antibiotic medication
and amount of an enhancer of Mycobacteria tuberculosis respiration are admimstered m a single
composition.

{6045] In an embodiment, the enhancer of Mycobacteria tuberculosis respiration compound
comprises a free thiol group, but the compound is other than M-acetylcysteine. In an embodiment,

the enhancer of Mycobacteria tuberculosis respiration compound comprises two free thiol

10
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groups. In an embodiment, the cnhancer of Mycobacteria tuberculosis respiration compound
comprises more than two free thiol groups.

10646} In an embodiment of the methods described herein, the anti-tuberculosis medication
compriscs one or more of isomazid, rifampicin, pyrazinamide, and ectharmsbutol. In an
embodiment of the methods deseribed herein, the anti-tuberculosis medication comprises
rifampicin and isoniazd,

{06471 In an embodiment, the anti-tuberculosis medication comprises one or more of
isoniazid, rifampicin, pyrazinamide, ethambutol, a fluoroquinolone, amikacin, capreomycin or
kanamycio. Exeraplary fluoroquinolones include oftoxacin and moxifloxacin, In an embodiment,
the anti-tuberculosis medication comprises rifampicin and isoniazid.

{0048} Also provided is a composition comprising an anti-tuberculosis medication and an
enhancer of Mycobacteria tuberculosis respiration.

10049] In an embodiment, the composition comprises a pharmaceutically acceptable carrier,
In an embodiment of the composition, the anti-tuberculosis medication comprises one or more of
isontazid, rifampicin, pyrazinanide, and ethambutol. In an embodiment of the composition, the
cohancer of respiration inhibits  expression of  Myveobacteria  tuberculosis  succinate
dehydrogenase 1 or imhibits activity of Mycobacteria tuberculosis succinate dehydrogenase L
EHIRHT In an embodiment of the composition, the anti-tuberculosis medication comprises one
or more of isoniazid, rifampicin, pyrazinanude, and ethambutol.

10051} In an cmbodiment of the composition, the enhancer of respiration inhibits expression
of Mycobacteria tuberculosis succinate dehydrogenase [ or inhibits activity of Mycobacieria
tuberculosis succinate dehydrogenase L

{6052] In an embodiment of the composition, the enhancer of respiration comprises a free
thiol or vitamin C. In an embodiment, the enhancer of respiration comprises a free thiol. In an
embodiment, the enhauncer of respiration comprises a free thiol in a small organic molecule of
less than 2,000 daltons. In an embodiment, the enhancer of respiration comprises vitamin C.
{6053} fn an embodiment of the composition, the enhancer of respivation comprises a free
thiol and is a cysteine, dithiothreitol or penicillamine. In an embodiment of the composition, the
cuhancer of respiration comprises vitamin C,

10654} In an embodiment of the composition, anti-tuberculosis medication comprises

isontazid. In an embodiment of the composition, the anti-tuberculosis medication comprises
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rifampicin. In an embodiment, the amount of the anti-tuberculosis and the cnhancer of
respiration are sufficient to kill Mycobacreria tuberculosis. In an embodiment, the amount of the
enhancer of respiration is sufficient to enhance the amount of the anti-tuberculosis in killing
Mycobacteria ruberculosis.

{6055] In an embodiment or the methods and compositions described herein, the enahener of
respiration 18 an enhancer of Mycobacteria tuberculosis respiration. In an cmbodiment,
“respivation” as recited herein shall mean aerobic respivation.

{8056} The methods disclosed herein involving subjects can be used with any specics
capable of being infected by mycobacteria, preferably M Tuberculosis. In a preferred

embodiment, the subject is a mammalian subject. Most preferably, the mammal is a human.

EXPERIMENTAL RESULTS

Example 1

{6057} TraSH Screeu reveals the umportance of electron transport in kivetics of antibiotic
induced mycobacterial death: Progress toward the goal of shortening TB chemotherapy requires
knowledge of the physiological state of drug tolerant bacilli. Although mhibition of myeolic acid
biosynthesis is apparent within hours after the addition of INH, and RIF uptake occurs within
minutes {Winder and Colling, 1970; Piddock, 2000); 1t 1s still not clear why a fraction of M
tuberculosis cells are not sterdized after eight weeks under these conditions in vive (Wallis et al,
1999}, In an eoffort to uncover the mechanisms of tuberculosis persistence, a Transposon Site
Hybridization (TraSH) screen (Sassetti et al., 2001) was performed for mautants unable to survive
a short course combination treatment of the front line drugs INH and RIF in vitro. The screen
was performed on M fuberculosis strain mc” 7000 (Sambandarurthy et al., 2002); after four days
of treatment in an ju vitro tolerance model, genomic DNA was isolated and evaluated for
insertions which were underrepresented with respect to unireated cells (Table 2).

16058 Table 2: M ruberculosis strains used in this work.

Steain naraber parent genatype modification
me’2 . RDIT panCD™ | H37RY
me 7000 me’2 ARD ApanCD
me’6230 me 2 ARDI ApanCD
me’7292 me’2 RV panCH™ | AMRv0247¢, Rv0248¢, Rv0249¢)
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me?7293 me’2 RO panCD™ | A(sdh(, sdhD, sdhA, sdhB)

me 7294 me 7292 | R panCD™ | ARYHZ4Tc, RvG245¢, Rv0249¢) & Pisusel Rv0247c, RvDZ48c,
RvH249¢)

e’ 7293 met7293 | RDIET panCDT | A(sdhC, sdhD, sdbA, sdhB) i PrelsdhC, sdiD, sdha, sdhB}

me’7296 me’6230 | ARDI ApanD | ARvO247c, Rv248¢, RvH249¢)

me*7297 me 623G | ARDI ApanCD | A(sdhC, sdhD, sdhA, sdhB)

me’ 7298 me’ 7296 | ARDI ApanD | A(Rv0247¢, RvD248c, Rv0249¢) Pusneo(Rv0247¢, Rvii245c,
Rv249¢)

me 7299 me 7297 | ARDI ApanCE | AlsdhC, sdhD, sdhA, sdhB) i1 P eosdhC, sdhDy, sdhA, sdhB)

e 7360 me?7296 | ARDH ApanCD | A(RvG247e, RvH248c, Rv(249¢) ; Pon(RvD247c, RvG248¢,
Rv(i249¢)

0’7301 me?7297 | ARDI ApanCh | A(sdhC, sdbD, sdhA, sdhB) Pyoi (3dhC, sdhD, sdhA, sdhB)

me’5871 6230 | ARDI ApanCD | Andh

me’3872 me6230 | ARDI ApanCDy | Andh pMV361:ndh

me 5573 me' 6230 | ARDI ApanCD | AndhA

me’5874 me 6230 | ARDI ApanCD | AndhA pMV361indhA

{6059 Functional classification of hits revealed that electron transport and redox control

were important processes in kinetics of antibiotic killing. In addition to proteins of unknown
function, a class of genes thought to affect cell wall permeability was noted and will be discussed
1o future work. Specialized transduction (Bardarov et al., 2002) was performed to obtain precise
deletions of individual genes for cach TraSH hit as well as deletion of relevant operons (not
shown), and these strains were retested with INHARIF treatment at 10 times the MIC. Based on
the results of this verification treatment, members of an operon encoding a putative succinate
dehydrogenase (Rv0247¢, Rv0248¢, Rv0249¢), which was consistently more susceptible to the
drug combination (Figure 1A}, were chosen for further study. Mutant strains were complemented
using integrated plasmids containing constitutive or inducible promoters (Supplemental Data), It
is hypothesized that the knetics of multi-drug killing 1s influenced by flux through the clectron
transport chain.

18060} The putative operon Rv247¢ through Rv0249¢ encodes a succinate dehydrogenase:
Coupling of oxidative flux through the TCA cycle to the electron transport chain is accomplished
by succinate dehydrogenase, M. fuberculosis has two putative succinate:quinone oxidoreductases

as well as a putative quinol:fumarate oxidoreductase, they can be annotated as sdhl and sdh2
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{Berney and Cook, 2010}, and frd, respectively. These enzymes are predicted to catalyze the
oxidation of succinate to fumarate with a correspounding reduction of guinone to quanol, but
physiologically, the succinate oxidation:fumarate reduction catalytic ratios are dependent on
substrate concentrations and a critical redox potential (Cecchint et al., 2002; Lemos et al,, 2002),
Absolute pool sizes of metabolic intermediates are highly dynamic in living cells as a function of
growth stage, pH, air mixture, and temperature, and the predormnant direction of catalysis for
sach cuzyme at any time cannot be inferred by aunotation alone (Figure 1B).

10061} The sdhl of M fuberculosis was predicted to be essential for survival in mouse hung,
while sdh? was not (Sassetti and Rubin, 2003}, and sdhl also appears to be essential for the
transition from slow to fast growth in a continuous culture system {(Beste et al., 2009). Deletion
of the annotated fumarate reductase, which was observed to be strongly upregulated in hypoxia,
was recently described (Watanabe et al., 2011} but no obvious phenotype was observed in cells
containing a nwll deletion of the operon, While constructing the precise deletions of the sdh
genes {Table 2}, it was discovered that there was a stationary phase exit defect in which sdhl
mutants were unable to be rescued from two month old cultures: sdh2 mutants grew poorly after
a siratlar period (Figure 7) while wi cultures exhubited no comparable difficulty surviving even
eight months of stationary phase, suggesting these operons play a role in maintenance
bioenergetics, Gene function was evaluated in a physiologically relevant context using a targete
metabolomic approach. Initial experiments compared the metabolome of H37Rv wild type and
sdh mutants during log phase growth and stationary phase adaptation, with sirmilar analyses for
me’6230.  These studies revealed similar trends in central carbon metabolism between the
attenuated and virulent strains, suggesting that the attenuation had no appreciable cffect on
proportions of principal metabolic intermediates under standard culture conditions.

{6062] Next, qualitative differences in pool sizes of central carbon metabolites were sought
using a targeted metabolomucs approach for cells 1n aerobic growth and i an anaerobic model
{Baughn et al., 2009} m which differences in activities of the enzymes may be revealed.
Comparison of the mutant strains to parvental mc26230 during log phase growth (1 which
oxidative flux of the TCA cycle predominates) revealed a 3.9-fold increase in intraceliular
succinate in the dsdhi strain and a 1.38-fold ncrease in the dsdh2 strain. This was accompanied
by a decrease of malate concentration in dsdh/ to half that of the parental strain, whereas the

Asdh? strain showed a 1.32-fold increase; these data indicate decreased succinate dehydrogenase
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activity in these strains (Figure 2} The total intracellular succinate concentration of M
tuberculosis ncreases after 12 days of hypoxia (seven-fold in this system), while the
concentration in the dsdh/ mutant barely doubles. Conversely, total malate concentration rises
shightly in the wt strain (1.7-told), while the dsdh/ mutant shows a seven-fold mcrease. Using
this data, it is impossible to determine the exact source of the accumulation of intracellular
succinate, but since total concentrations of a-ketoghutarate decrease, and glyoxylate, oxaloacetate
and walate merease in hypoxia, a portion of the succinate 18 likely to be from the reported
reductive flux of the TCA cycle. Consistent with reductive flux, during hypoxia similar changes
in succinate concentrations were observed i the mutants relative to the wt {0.89-{fold for dsdhl
and 1.28-fold for AsdhZy and malate concentrations were 2.16 and 1.75-fold increased,
respectively. These data support decreased succinate dehydrogenase activity in the mutanis
during acrobic growth, particularly for the dsdh{ strain; but do not conclusively show either Sdh
to function as a fumarate reductase under hypoxia.

{6063] Based on the differences in metabolite pools, analyses were performed for the
predominant direction of catalysis in the same hypoxia model using stable isotope labeling to
determine flux, Cells were grown in complete media and labeled with [1,4-13C] aspartate in both
acrobic log phase growth and after twelve days in hypoxia using methods similar to those
previously described (Watanabe et al., 2011}, The fate of isotopically labeled carbon was trace
in TCA mtermediates (Figure 3} and determined the proportion of cach labeled metabolite with
respect to all isotopologues for cach mmtermediate. It is iraportant to note that the proportion of
labeled intermediates using this method - even in hypoxia - is less than 10%, so this study
considered the labeled fraction of these mctabolites and compared the proportion of cach
isotopologue with respect to the proportion of the same molecule in the parental strain for each
condition.

{0064} During log phase growth the experiment produced a four-fold roore unlabeled
succinate in the Asdh! strain than the wild type, the proportion bearing two “C atoms was
decreased 1.66~-fold with respect to the parental strain, whereas the proportion of malate
containing 13C2 was increased over cight-fold (Figure 3A). Because the increased intracellular
succinate could be due to compensatory activity by the glyoxylate shunt which forms glvoxylate
and succinate from isocitrate (McKinney et al.,, 2000}, the incorporation of label into glyoxylate

. N . o~ . .13
was examined; labeled glyoxyvlate indicated a unine-fold proportional decrease in “C1 mass,
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suggesting a relatively small contribution from this pathway during aerobiosis. Additionally, the
decreased total malate in the dsdh! mutant was similar to the parental strain in proportion of
unlabeled malate, but there was an eight-fold increase in the M+72 tsotopomer. It is possible that
decreased activity of Mez (the malate oxidoreductase) might be responsible for the buildup of
malate and indeed, a 1.68-fold decrease in M+1 pyruvate was detected in this nmutant. These
isotope ratios are consistent with a loss of succinate dehydrogenase activity in this muutant. The
Asdh2 strain had similar total succmate levels as the parent, and there was a 1.4-fold increase 1o
unlabeled succinate and a 1.3-fold increase in unlabeled malate, supporting intact succinate
dehydrogenase activity, In hypoxia, the proportion of M+2 malate was decreased in the dsdhl
mutant 4.8-fold but the M+2 succinate was only slightly decreased (Figure 3B), suggestive of
intact or shightly incrcased Frd activity, The unlabeled succinate concentration {(indicative of
oxidative flux} was increased (.89-fold, and M+0 malate was increased over two-fold in this
strain. Conversely, the Asdh? mutant continued to show an increase in unlabeled succinate (0.53-
fold) and a 1.32-fold inerease in the proportion of unlabeled malate, indicative of intact Sdh
activity (presumably) by sdhl.

{8065} H it 1s true that sdhl functions primarily oxidatively and sdh? primarily reductively,
one would expect to see differences in the ability of these mutants to survive disruption of the
proton gradient fn hypoxic conditions where Frd activity would contribute heavily to survival
and Sdh activity would be less important, reflecting diminished need for anabolic metabolism.
(Figurc 4A) shows survival in hypoxia after addition of the proton ionophore carbonyl cyanide 3-
chlorophenylhydrazone (CCCP). Addition of CCCP to hypoxic cultures at a concentration below
that required for coruplete dissipation of proton motive force (50-80uM) allowed 0.1% of the
parental inoculum to remain viable over the course of 56 days, while sdh2 was unable to be
rescued after 22-24 days and no viable cells remained of the sdhl mutant by the end of the
experiment.

{0066} It is concluded from the metabolomic data, and corroborating phenotype of these
muiants ju hypoxia, that a functional reassignroent should be considered for the operon encoded
by Rv(247c-Rv0249c. This operon likely encodes the primary succinate dehydrogenase of M
tuberculosis and the operon encoded by sdhCDAB s hkely a functional fumarate reductase,

probably in concert with the annotated frd ABCD, albeit in an as yet undefined condition.
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{60671 Loss of fumarate reductase activity uncouples respiration and growth: It has been
almost eighty years since Loebel and colleagues formally voted the capacity of M tuberciosis
for curtailing its oxygen consumption under anaerobic or starvation conditions (Loebel et al,,
1933), but a mechanism for this phenomenon s absent from the hterature, Two distinet phases of
adaptation to decreasing oxygen tension have been described; NRP {non-replicating persistence}
stage 1 - marked by the cessation of cell division at ~1% Oy, and NRP stage 2 — a quicscent state
occurring below 3.06% O; 1 which biomass production ceases (Wayne and Hayes, 1996). As
preservation of an electrochemical gradient is an important component of hypoxic survival, the
contribution of the two sdb muiants to aerobic respiration 1u bioreactors operating in batch mode
was assessed.

[6068] Cells were inoculated mto a bioreactor system n which O, tension, optical density,
redox midpoint potential and pH could be measured simultanecusly and were followed
throughout the growth curve as oxygen was depleted by the organism. The parental strain
mitiated down-modulation of its respiratory rate at ~22% dissolved oxygen tension (BO), while
the dsdh! strain continued to respire unabated until the DO was entirely depleted (Figure SA).
This respiratory phenotype can be complemented in a strain expressing sdhl with an integrated
inducible promoter; at low levels of anhydro-tetracycline inducer (25ng/ml — see supplemental
methods). Conversely, cells harboring deletion of sdh? consumed oxvgen at a reduced rate and
were able to modulate respiration as DO was depleted to ~6%. For this strain, respiratory rate
could be restored in the complomented strain using 100ng/ml inducer.

{8069 The observed respiration rate increase was not accompanied by a perceptible increase
in growth rate in complete media or using glucose or glycerol as a sole carbon source (Figure
SB.C). Sdhl mutants were unable to reach a similar cell density as the parent or dsdh2 strains
using succinate as a sole carbon source (Figure 5D), as predicted from the results of the
raetabolome data; butl dsdhZ routants actually reached mgher densities using a {atty acid as a sole
carbon source (Figure 5E}. In addition, data collected during the bioreactor experiments revealed
that the mitial growth rate for the sdbl mutant s actually shightly slower i aerobic conditions
{Table 1); the growth rate decreases considerably once oxygen is depleted, yet the parental strain
maintains a faster growth rate than either mutant (Table 1, Figure 9). Because the membrane
potential {AW} is a component of the proton motive force (PMF), which has previously been

associated with stimulation of susceptibility in persister populations (Allison et al,, 2011), this

[y
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study asked if differences in potential could be detected in living organisms, Membrane potential
and permeabiiity were  assessed by weasuring  uptake of the |hpophilic  cation,
tetraphenylphosphonium (TPP+). In both aerobiosis and anaerobic conditions, the AY was
higher for the 4sdf ] mutant than wild type (Table 2), this was also the case for the dsdh2 mutant
in acrobiosis, but in hypoxia AY of dsdhZ was considerably lower, confirming the predicted role
of fumarate reduction in maintaining a membrane potential in hypoxia. The opposing etfects on
oxygen consumption by these enzymes implies that M fwbercuiosis employs an orchestrated
respiratory slowdown as oxygen levels fall; this program is initiated while oxygen is still
plentiful, yet optimal growth rate 1s pot improved by the respivatory uncoupling.

{6G79) Table 1: Doubling times (hours'i} of mc 6230 strains at 100%-1%DO {aerobic rate),

and at 1%-0% (anacrobic rate} during growth in batch culture,

strain me 6230 | dsdhli Asdh2 Andh AndhA
aecrobic rate 27.50 32886 30.90 28.57 32.86
anaerobic rate | 123.43 146 .46 153.40 163,81 wa

10071} Respiratory control of M tubercuiosis 1s governed by the redox state of the
menaquinone pool: it was hypothesized that the unrestrained respiration exhibited by the dsdh/
strain was due to disruption of the redox balance of the quinone pool and sought corroborating
evidence using M. fuberculosis strains harboring deletions of the type It NADMH dehydrogenases
ndh and ndhA. A down-modulation of oxygen consumption by these strains occurred at ~50%
and ~10%, respectively (Figure 4A). Complementation of dndhd was similar to that of the sdh
enzymes with overcomplementation of O, consumption when ndhA was cxpressed episomally
using a constitutive promoter, further Ulustrating the vecessity of “fine tunung” respiratory
enzyme levels. This finding suggests that enzyme activitics which result in oxidation of the
gquinone pool serve to increase respivatory rate in the wi strain {since their deletion reduces
oxygen consumption), and fumarate reduction functions as a respiratory brake during aerobiosis
by an opposing reduction of the pool. The unexpected difference in DO-sensitive modulation of
respiration by the type I NADH Dehydrogenases suggests a wider strategy to indirectly sense
oxvgen concentrations i the immediate environment and spend reducing equivalconts
accordingly before taking the drastic step of uncoupling biomass production from respiration.

100721 The apparent diminution of succinate oxidation in the Asdh/ mutant during acrobiosis,

and its uncontrolled respiratory phenotype alluded to an jwmbalance in the redox state of the
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menagquinone pool. To determune if this was the case, apolar extractions were performed to
isolate menaquinones from cells growing at ~1% dissolved oxygen (DO} concentration wn the
bioreactors {see methods). Ratios of menaquinol:menaquinone content of the parental strain was
skewed toward the oxidized state mn this condition, conversely the dedh/! nwmtant had higher
concentrations of menaquinol, which was roughly balanced with the oxidized species. Low
icvels of menaquinol were also detected 1n the dsdh2 mutant (Figure 4B).  In acrobically
growing cells, the MK pool was found to be oxidized (ratioMK-9red/MEK-90xid = 0.87),
indicating an cquilibrium between respiratory rate and carbon flux. Because the balance of
quanoue reduction can shift rapidly, further confirmation was sought by monitoring data from a
probe for midpoint redox potential. Cultures were inoculated in a batch chemostat as described
above but flowed corapressed air into the bioreactor at 1L/min. Using this measure, Mtb can be
seen to utilize available oxygen then switch off respiration until oxygen builds up to a threshold
concentration before switching on acrobic respiration again, Importantly, increases in the redox
potential precede the onset of oxygen consumption by several mimntes during which pH does not
change (Figure 10}, supporting the hypothesis that oxygen consumption is managed by redox
balance and not the other way arcund. The strain deleted {or sdh2 behaves in a similar manner,
but the Asdh/ strain appears to maintain a negative midpoint redox potential and respires all
available dissolved oxygen without allowing it to build up in the vessel (not shown). The above
behavior is consistent with previous reports that respiratory rate can be directly controlled with
first-order kinetics by the degree of reduction of the quinone pool in membrane vesicles and
mitochondria (Kréger and Klingenberg, 1973 Dry et al,, 1989).

10073] Although regulation of prokaryotic central metabolic enzymes can be accomplished
transcriptionally, databases containing global expression data suggest little transcriptional
regulation of succinate dehydrogenase enzymes. Une study reported opposing cxpression
profiles of the two annotated mycobacterial enzymes in carbon versas oxygen hmiting conditions
{Berney and Cook, 2010), although the fold-change in expression was minimal. Microarray
analysis of transcripts was performed i both log phase aerobiosis and in twelve days of hypoxia
and found sdhl genes to be the most upregulated in the 4sdh2 mutant in hypoxia (Table 3),
likely indicating some attempt at compensation. No significant regulation of sdh2 was found
the Adsdhl strain in hypoxia. The meager differences in expression that were observed are

consistent with reported data and must be considered 1o the light of work suggesting that primary
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regulation of TCA cyele activity is likely to be at the level of protein acetylation (Wang et al,,
2010). The resuolts here suggest that respwatory rvate w M fwberculosis s controlled
biochemically or post-transiationally, and not transcriptionally to any large extent. Management
of respiration 18 of great importance for this organistu’s proclivity for survival amid a range of
pathological niches.

16074] Table 3: Upregulated genes - acrobic wt vs dsdh/

Genes upregulated >2-fold

Ceondition { Gene symbol/name | Protein functien

aerebic wt vy Asdhil

Rv0318e

Rwv1387/PPE PPE-family protein

Ry(867¢ probable exported protein
Rvl1778¢ bypothetical protein

Rvi813¢ conserved hypothetical protem

Rwv1388/ miHF

integration host factor

aerobic wi vs Asdh? - n/a

124 hypoxia wt vs Asdhl

RvZ2612e/pgsA

CDP-diacyiglycerol-glveerol-3-phosphate

Rv2886¢ resolvase

Re(1534¢/ menA 4-dibydroxy-2-naphthoate octaprenvitransferase
Rv837¢ bypothetical protein

Rv1744¢ hypothetical protein

Rw1755¢/ pleD partial CDS for phospholipase C

12d hypoxia wi vs dsdh2

Rv(249¢ probable membrane anchor protein
Rv(248¢c probable flavoprotein subunit of Rv(247¢
Rv3492¢ conserved hypothetical protein
Rv3247¢ probabie ron-sulphur protein
Rv3579¢ putative methylransferase
Rw2052¢ hypothetical protein

Rv3578/ arsB2 prohabie arsenical pump

Rv2886¢ resolvase

Rv2159¢ hypothetical protein

Rv(804 conserved hypothetical protein
Rv341 conserved hypothetical protein
Rvy3290 unknown hydrophobic protein
Rv3%4¢ hypothetical protein

Rv1376¢ hypothetical protein

Rv2631 conserved hypothetical protein

Genes downregulated >2-fold

aerobic wt vs Asdhl

Re(219 hypothetical protem

Rvy3768 bypothetical protein

Rv3238¢ possible antibiotic effhux proteins
Rv1998¢ conserved hypothetical protein
Rv2342 hypothetical protem
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Rv2989 trapscriptional regulator (IelR family)
Rv36l5c conserved hypothetical protein
Rv1288 sulfate adenylate transferase, subunit 2 (cysih
Rv2777c hypothetical protein
Rv2987¢/ leuD 3-isopropyhoalate dehydratase small subunit
Rv2820¢ hypothetical protein

aerobic wt vs dsdhl
Rv2624¢ conserved hypothetical protein
Rv2488c transcriptional regulator (Lux®/UhpA family)
Rv424¢ hypothetical protein

124 hypoxia wt vs Asdhl
Rv2641 conserved hypothetical protein
Rv3679 possible amon trapsporter
Rv(248¢ probable membrane anchor protein

12d hypoxia wt vs dsdh2
Rv2035 hypothetical protein
Rv2204c conserved hypothetical protein
Rv2913¢ probable D-amino acid aninobydrolase
Rv3862¢ hypothetical protein
Rv1471/ rxB thioredoxin reductase
Rv1B75 conserved hypothetical protein
Rvi331 putative dehydrogenase
Rvl3792¢ mercuric reductase/Aranscriptional regulator, fusion
Rv3223¢/ sigH ECF subfaruily sigma subumt
Rv(767¢c hypothetical protein
Rv2034 trapseriptional regulator (ArsR family)
RvileYe PE-fanmily protein
Rv3252¢ possible atkane-1 monooxygenase
RvZ2641 conserved hypothetical protein
Rv3229¢/ desAl acyl-| ACP] desaturase
Rv(991c hypothetical protein
Rv3769 siroilar to 7-alpba-hydroxysteroid dehydrogenase
RvZ26948c conserved hypothetical protein
Rv(186/ bals betal-ghicosidase
Rvi813¢c conserved hypothetical protein
Rv214¢ conserved hypothetical proteim
Rv2203 hypothetical protein
RviZlhe probable ARC transmaembrane transport profeinportein
Rv3767¢ conserved hypothetical protein
Rv(332 hypothetical protein
Rv(140 conserved hypothetical protein
Rvli791c¢ possible MONOOXYZLnasemonoxygenase
Rvll68c PPE-family protein
Rv2642 transcriptional regulator (ArsR family)
Rv18%4c some similarity to dioxygenases
Rv(847/ Ipgs lipoprotein
Rv634 putative dioxygenase
Rv3418¢/ groES 10 kD chaperone
Rv3160c putative transcriptional regulator
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{6075] M. tuberculosis strains deleted for Rv0247¢-Rv0249¢ show rapid kinetics of killing
by front-line antituberculars: To evaluate the susceptibility profile of the M. ruberculosis dsdhl
nuutant toward other antibiotics, a number of in vifro treatments were performed in both aerobic
and hypoxic conditions. Because the dsdh/ mutant showed increased rate of killing by the
combination of INH and RIF at 10x MIC, sensitivity to other tubercuosis drugs was examined by
treating cells in vitre and plating CFUs over time. For several front line antibiotics, the
dsdhImuotant was cleared more rapidly by single drugs (RIF, ETH, & OFL) at two and five days
{Figure 6A,B), but this was not true for other single drugs (INH, STR, & EMB}. Importantly,
there were no profound differences in total numbers of cells killed over the duration of
experiments and there were no consistent change in the time frame at which genetic mutations
arose for any of the single drugs (Figure 12}, Other drug combinations also did not yield
consistent differences (RIF+OFL, INH+OFL, EMB+OFL, INH+EMB, OFL+EMB; not shown).
Generally, the results of kill curves were highly dependent on the history of the inoculum used
for seeding the experimental samples.

{6076} Most antibiotics appear to lose efficacy on stationary phase cells or in cells m
anacrobic conditions; in M fuberculosis, rifaropicin, clofazimive and pyrazinamide are
exceptions. The activity of RIF on strains in hypoxic conditions was tested. In contrast to the
acrobic kill curves, mutants of etther dsdf! or 4sdh2 were lalled at a reduced rate by RIF
compared to the parental strain (Figure 6C), while INH alone had no effect, and the combination
of INH + RIF also showed a similar trend as RIF alone.

106771 Our interpretation of this data is that respiration rates in aerobic conditions closely
predict kinetics of killing for bactericidal antibiotics. In conditions where little or no oxygen is
present, antibiotics targeting growth specific processes should have no effect and drugs targeting
pathways important for maintenance bioenergetics should be effective. Because growth rate does
not appear to be enhanced by the increased respiration of the dsdh! mutant (which would
indicate amplified susceptibility due to faster division), another explanation was sought for the
rapid killing of the dsdh/ mutant 1o the potential for antibiotic-induced production of reactive
oxygen species {(ROS). Although higher basal levels of ROS were gbserved in both sdh nuutants,
no trend was detected in their production in response to the antibiotics tosted here (Figure 13)
This does not rule out the possibility that overall ROS-induced damage 1s closer to a hypothetical

iethal threshold n strains displaying altered respiratory kinetics.

22



WO 2014/176498 PCT/US2014/035448

Example 2

{B078] Bactericidal drugs such as isoniazid or rifampicin kill 99 to 99.9% of exponentially
growing Mycobacterium tuberculosis cells, yet the remaining cells inttially lack resistance alleles
before a drug-resistant population emerges. Herein it is disclosed that adding cysteine to
isontazid- or rifampicin-treated M. tuberculosis cultures stertlized these cultures. While eysteine
farled to kill genetically drug-resistant strains, the combination of cysteine and isoniazid
sterilized a rifampicin-resistant M. fuberculosis culture, This effect was not specific to cysteine,
stnee other small thiols such as dithiothreitol or penicillamive gave the same results, but was
oxygen-dependent. Increased levels of reactive oxygen species (ROS} were found in M
tuberculosis cultures treated with cysteine and isomiazid or rifampicin. This set of data along
with the lack of activity under anaecrobic conditions suggests that ROS play a role in the
combined effect of cysteine and isoniazid or nifampicin.  Administering small thiol-containing
compounds with anti-tuberculosis medications can prevent the emergence of drug resistance or
persisters during treatment of tuberculosis-infected patients.

{6079} Addition of cysieine to INH-treated M. tuberculosis results in steriization. The
addition of INH (7.3 uM, 20 times the minimum inhibitory concentration (MIC)) to M
tuberculosis H3TRv results in bactericidal killing (average 3-4 log decrease in CFUs) for the first
7 days of treatment (Fig. 14A), followed by the emergence of an INH-resistant population after
19 days consisting of various katG mutants {Table 4). Low-level INH resistance was observed in
M. tuberculosis mutants that failed to produce mycothiol, a cysteine reservoir, suggesting these
mutants might accumulate cysteine. In order to test whether an excess in intracellular cysteine
concentration might explain this resistance mechanism, increasing concentrations of cysteine
{from & uM to 4 mM)} were added to INH-treated M. tuberculosis H37Rv cultwres, Interestingly,
the INH-resistant population did not emerge faster with the addition of cysteine; instead the
growth of INH-resistant mutants was delayed with increasing concentration of cysteine and
prevented at the highest concentration of cysteine tested (4 woM}). Both INH and the combination
of INH and cysteine (INH/Cyst) treatments of M. ruberculosis followed the same kinetics of
killing for the first 7 days, but then diverged when the INH-resistant population starts emerging
in the {NH-treated M. mberculosis culture (Fig. 14A). Bacterial counts after 3 weeks of

INH/Cyst treatraent of M. tuberculosis ranged between O and 10 colony-forming units (CFUYm,
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representing a 6 log killing of the initial culture (Fig. 14A). This increased killing was not due to
a bactericidal effect of cysieine itself, since growth of M fuberculosis was not affected by the
addition of cysteine alone. This was not specific to M. twbercidosis H3T7Rv either. The same
sterilizing activity was observed when M. tubercufosis Bejing or M. tuberculosis CDCI551 was
treated with a combination of INH (7.3 uM) and cysteine (4 mM) {data not shown).

EHERH The effect of cysteine is not restricted to INH. To test whether the effect of INH/Cyst
was specific to INH, M. ruberculosis cultures were co-treated with cysteine and two other first-
line TB drags: RIF and ethambutol (EMB). Treatment of M fubercudosis with RIF (1.2 pM, 10
times the MIC) resulted in a 3 to 4 log decrease in CFU after 2 weeks followed by an increase in
CFU due to the emergence of RIF-resistant mutants (Fig. 14B). When cysteine was added to M.
tuberculosis in corabination with RIF, a 6-log decrease m CFUs was observed (Fig. 14B8).
However, a different pattern was observed for EMB (Fig. 14C). Treatment of M. fuberculosis
with EMB (0.5 miM, 20 times the MIC) and with or without cystene resulted 1n a very slow
decrease in CFU (2 logs after 3 weeks). No emergence of EMB-resistant mutants was observed.
The colonies obtained after 3 woeks of EMB treatment were all EMB-susceptible, while the
majority of colonies isolated after 3 weeks of INH or RIF treatment were INH-resistant or RIF-
resistant, respectively, This suggested a corrclation between the emergence of a drug-resistant
population and the beneficial effect of adding cysieive to a drug treatment. Since i was observed
that cysteine did not increase the killing of M fuberculosis by ETH, the colonies isolated from
ETH-treated M tubercuiosis cultures at different time points were also checked for ETH
resistance and were found to be ETH-susceptible as well.

10081} A free thiol group is required for the sterilizing activity in combination with INH.
Cysteine is a small amino acid with a mercaptomethyl group attached to the amuno acid
backbone. Therefore, it was asked which part of the chemical structure of cysteine was required
for this increased bactericidal killing of M. tubercidosis with INH or RIF. First, since cysteine
possesses a chiral center, it was exarmned if D-cysteine was as potent as L-cysteine in killing M
tuberculosis W combination with INH or RIF; and found that they had the same effect. Then,
chemically similar amino acids were tested such as seringe, in which the thiol group of cysteine is
replaced by a hydroxyl group, and methionine, in which the thiol group 1s methylated. These 2
amino acids, at the same concentration as cysteine {4 mM)}, did not increase the killing of A4

tuberculosis when combined with INH (Table 5. The growth kinetics of M. tuberculosis treated
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with a combination of serine or methionine and INH were similar 1o that of INH treatment alone,
with the emergence of a growing population after 14 days. This suggested that 1t was the free
thiol in cysteine that was crucial for the increased bactericidal activity. This hypothesis was
further validated by the testing of a variety of small thiol compounds (Table 5). The emergence
of an INH-resistant population was prevented only when M. wubercidlosis was treated with a
combination of INH and a compound having a free thiol group. There was one noticeable
exception though: N-acetvicysteine (NAC) did not prevent the emergence of a drug-resistant
population despite its free thiol group. The amino acid backbone was not required cither since
the addition of dithiothreitol (DTT) to INH- or RiF~treated M. ruberculosis cultures also resulle
in sterilization of the cultures after 3 weeks. Interestingly, DTT, at just half the concentration
used for cysteine (2 mM), sterilized M. tuberculosis cultures when combined with INH, This
confirmed the cracial role of the free thiol group, since DTT possesses two free thiol groups
whercas cysteine has only once. The remainder of this report will focus on cysteine as a
physiologically relevaunt thiol delivery agent.

16082) Table 4. katG mutations identified in 2-5 colonies isolated from M. rfuberculosis

cultares treated with INVH for 21 days.

INH-treated M. rudercuiosis Fofdy mutation

Culture A g502¢ {A168P)

g1663¢ (A555P)

Duplication of region 2457-2473%

Culture B g332a (G Dy

¢208a* (Stop codon)

gl514a (Stop codon)

Culture C deletion c1200 (frameshift/stop codon)
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£1880¢ (L627P)

t2182¢ (W728R)
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Culture D

g032¢ (521171}

g952t {Stop codon)

Culture E

c695t* (P232L)

* mutation found in more than one clone.

LHINK] Table 5. Compounds tested for activity when combined with INH.
, , Y
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with INH with INH
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{(fy-2-oxathiazohdine- PN oH
EN 3 - Dithiothretiol HEANP G

OH

4-carboxylic acid HO,C

{0084} Combining cysteine with specific TB drugs kills drug-resistant M. tuberculosis. Oue
of the challenges facing TB eradication is the rapid spread of drug-resistant TB strains. Since
one of the possible mechanisms by which cysteine or small thiols work might be by killing INH-
resistant mutants that emerge during INH treatment of M. tuberculosis, it was tested whether the
activity of cysteine against three INH-resistant M. tuberculosis strains [H37Rv mhA S94A
{(Vilcheze et al, 2006), H37Rv PmabAinhA c¢-15t {(Vilcheéze et al,, 2006), and H37Rv katQ
g371del]. The strains were grown with cysteine (4 mM), INH (7.3 uM), or INH/Cyst. Growth
was not impaired tor the INH-resistant strains in those three conditions.

{BO85] Although the combivation of cysteine and INH did not inhibit growth of INH mono-
resistant M ruberculosis strains, it was investigated whether a combination of cysteine and a TB
drug might still be beneficial in treating drug-resisiant M. ruberculosis strains. The INH-resistant
H37Rv kat(G ¢371del was treated with RIF (1.2 uM), cysteine {4 mM}, and RIF/Cyst, and a RIF-
resistant M. fuberculosis strain (H37Rv rpoB H445R, RIF MIC >15 uM), with INH (7.3 uM)},
cysteine {4 mM)}, and INH/Cyst. In both cases, the combination of cysteine with RIF or INH
prevented the growth of the respective drug-resistant mutant populations. To further assess the
gtfect of this combination, CFUs were determined for the RiF-resistant H37Rv mpoB H445R
strain treated with INH (7.3 uM), RIF (1.2 uM), cysteine (4 mM)}, and INH/Cyst combined or
not with RIF (Fig. 14D). H37Rv rpoB H445R grew well in the presence of RIF or cysteine alone
{data not shown}. The growth pattern of H37Rv rpoB H445R treated with INH was similar to
the INH-treatment of a wild-type M. fuberculosis stram. INH/Cyst with or without RIF resulted
in a 6-log killing after 3 weeks, suggesting that the addition of cysteine would be beneficial in
the treatment of M. fuberculosis strains resistant to INH or RIF.

{0086} Cysteine reduces the frequency of INH mutation. Cysteine has previously been
described as the most anti-mutagenic of all the amino acids (Roy et al., 2002}, Cysteine, with its
free sulthydryl group, can scavenge radicals or electrophilic molecules and therefore act as an
anti-oxidant or anti~mutagen. To assess if cysteine caused a reduction in the generation of

spontancous resistant mutants in INH- or RIF-treated M. rubercuiosis, the frequency of mutations
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to INH or RIF was measured in independent M. fuberculosis H37Rv cultures grown with and
without cysteine (Table 6). Growing M. fuberculosis with cysteine caused up to a 10-fold
decrease in the frequency of spontancous INH-resistant mutants, but only a 3-fold decrease in the
frequency of spontancous RIF-resistant mutants, Transeriptional profiling was used on 4-day-old
cultures of M. fuberculosis H37Rv treated with INH with and without the addition of 4 ;M
cysteine to explore the anti-mutagenic effect of cysteine combined with INH. Very few genes
were significantly up-regulated and none were down-regulated 1.4 fold or more (Table 4).
Genes that were statistically significantly up-regulated 1.4 fold or more in INH-cysteine-ireated
cultures versus those ifreated with INH alone were genes that had been reported to be up-
regulated in the presence of high levels of copper (Ward et al., 2008). The most up-regulated
gene, Ipgl, 18 located upstream of ¢ysK2, which encodes the cysieine synthase A, Provious work
has shown that cysKZ was up-regulated 20-fold in M. fuberculosis grown in media containing
high concentration (0.5 mM) of CuCly, (Ward ¢t al., 2008). The same study (Ward ot al., 2008)
also showed that Rv0967, a gene encoding a copper-sensitive repressor, and the hypothetical
protein Rv0196 were up-regulated 30- and 8.5-fold, respectively, in media containing 0.5 mM of
cupric chloride. Cupric ion can be reduced by cysteine to form cuprous ion, which can react with
hydrogen peroxide to generate hydroxyl radicals that can damage DNA. Thus, it was
hypothesized that high concentrations of cysteine trigger a divalent cation~-imduced stress which
could result in the formation of ROS.

{6087} Table 6: Frequency of mutations of M. tubercufosis H37Rv grown with or without
cysteine.

Frequency of mutation for

Culture # Cysteine (4 mM} iINH RIF
i - 4% 10° nd
2 - 14x 107 nd
3 - 2x 107 7x 10°
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4 - 1.6 x 107 5x 107
Average - 9 x 147 6x 107

5 + 1x 107 nd

6 + 1% 10 nd

7 + 2% 10 2% 10

8 + 7x 107 2% 107
Average + 7% 107 2x 100

{0088} The combination INH-cysteine increases oxidative damage. Although our levels of
up-regulation were much lower than those observed by Ward ot al (Ward et al,, 2008), it was
examined whether INH/Cyst- or RIF/Cyst-treated M. nuberculosis cultares could generate
reactive oxygen specics {ROS} that would resuit in double-stranded {(dsy DNA breaks and DNA
damage. For safety purposes, these experiments were performoed with M ruberculosis wac26230,
a non-pathogenic H37Rv ARDT ApanCD laboratory strain that can safely be used in a BSL2
iaboratory. ROS levels and DNA breaks were measured in M. fuberculosis treated with cysteine,
INH, RIF, INH/Cyst and RIF/Cyst during a period of seven days post-treatment by flow
cvtometry, Although the INH and cysteine treatiment showed a clear increase in ROS formation
in the first 24 hr compared to cysteine or INH alone, these differences disappeared at longer time
points (Fig. 15A). A different pattern was observed for the combination of RIF and cysteine.
While ROS production was at its highest levels after 24-48 h in the INH/Cyst samples (four-fold
compared to uutreated), there was no change in ROS level after 24 h compared to untreated
sample in the RIF or RIF/Cyst samples (Fig. 2B). A three-fold increase in ROS concentration
compared to untreated was observed after seven days of RIF/Cyst treatment.  This increase in

ROS production correlated with a dramatic increase in the level of ds DNA breaks, especially in
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the INH/cysteine treated samples with up to 60% of cells showing signs of ds DNA breaks after
seven days (Fig. 15C),

16089 To correlate the enhanced ROS production upon combination of cysteine with INH or
RIF o bactericidal activity, M fuberculosis mc26230 was treated with cysteine, RIF and
RIF/Cyst in an anaerobic chamber. For this experiment, RIF was chosen as it retains bactericidal
activity under anacrobic conditions while INH does not (Piccaro eof al, 2013). Under total
absence of oxygen, the addition of cysteine to RiF-treated M. tmberculosis did not increase
killing of the bacterial population (Fig. 15D).

{6090] The transcriptional data suggested that copper wight be involved 1o the INH/Cyst
activity. To test whether the INH/Cyst bactericidal activity correlated with copper ton level, the
ctfect of the copper (1) chelator neocuproine was tested in the presence of cysteine and INH.
Although the lowest conceuntration of neocuproine tested (4 uM) bad no impact on the growth of
M. miberculosis H37Rv, neocuproine uncxpectedly showed activity in combination with INH
(7.3 uM) alone resulting in a 5-log decrease in CFUs after seven days of treatment. A simlar
pattern was observed for RIF (1.2 uM) and neocuproine with a 5-log decrease in CFUs after 14
days. Since neocuproine was bactericidal when combined to INH or RIF, we could not test
whether neocuproine would alleviate the effect of cysteine in INH- or RiF-treated M.
tuberculosis cultures. The data imdicate that INH/Cyst and RIF/Cyst treatments lead to ROS
production and DNA damage. This might occur via the Harber-Weiss/Fenton reactions, which
generate ROS by reducing cupric or ferric ion to produce cuprous or ferrous ion {Wardman &
Candeias, 1996). Ferrous ion {or cuprous ion) can then react with oxygen to form superoxide,
which by dismutation will produce hydrogen peroxide. Hydrogen peroxide will next reduce
ferrous ton {or cuprous ion) and form hvdroxyl radical and fervic (or cupric) ion. Since the
transcriptional data showed only a very small up-regulation of genes responding to copper level
and cysteine 18 known to reduce ferric on to ferrous 1on very rapidly in Escherichia coli leading
to oxidative DNA damage (Park & Imlay, 2003}, it was tested whether iron also plays a role in
the INH/Cyst and RIF/Cyst activities, The intracellular levels of forrous ions were measured in
M. tuberculosis treated with cysteine, INH, RIF, INH/Cyst or RIF/Cyst for 3 days and found to
be up to ten times higher in the INH/Cyst- and RIF/Cyst-treated samples than in the untreated
sample (Fig. 16A). Surprisingly, the ferrous 1on coucentration was also very high w the INH-

treated sample. This might correlate with the ROS production which at 3-day post-treatment was
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stimilar between the INH- and INH/Cyst-treated samples (Fig. 15A). To test whether this
increase in ferrous 10u concentration correlated with the bactenicidal activity of the INH/Cyst and
RIF/Cyst combination, the effect of the iron chelator deferoxamine (DFO)Y on M. twberculosis
ireated with cysteine and INH or RIF was then cxamined. It 1s also shown herein that DFO
could reverse the killing of 0 ruberculosis by a vitamin C-indoced Fenton reaction (see also
Vilchéze et al,, 2013}, The addition of DFO to INH/Cyst-or RIF/Cyst-treated M. tudberculosis
cultures resulted in killing curves similar to the ones obtained for INH- or RIF-treated M.
tuberculosis (Fig. 168). The effect of cysteine was abolished when DFO was added to the
INH/Cyst or RIF/Cyst combination.

{6091} The first step in the Harber-Weiss/Fenton reactions is the reduction of ferric ion or
cupric 1on to produce ferrous ion or cuprous ion and requires a reductant to initiate the reaction.
Here, the reductant is cysteine and during the reduction of ferric or cupric ion by cysteine,
cysteine will be oxidized to cystine. To test whether cysteine was indeed oxidized to cystine,
cell pellets extracted from M nubercuiosis treated with INH (7.3 uM), RIF (1.2 uM}, cysteine (4
mM)}, or the combination were analyzed by LU-MS to determine the levels of cystine in the
samples. The cystine concentration was 100-times higher in the cysteine-treated samples than in
the wotreated sample (Fig. 17A) and vo increase in cysteine levels were observed despiie the
addition of 4 mM of cysteine to the samples. To confirm that the levels of cysteine were not
higher i the cysteine-treated samples, the levels of free thiols were next measured in the cell
pellets of M. fuberculosis treated with INH (7.3 uM), RIF (1.2 uM), cysteine (4 mM), or the
combination for 24 h (Fig. 17B) using Ellman’s Reagent. The levels of free thiols were in fact
lower in the cysteine-treated M. tuberculosis saraples confirming that the addition of 4 mM of

cysteine did not increase the thiol level in the INH- or RiF-treated M. tuberculosis cultures.

Example 3

16092} Vitamin C {(VC) produces ROS i M fuberculosis. The ability of VC to reduce ferric
ions 1o ferrous ions is well known and is the basis of its pro-oxidant property. The production of
ferrous tons leads to the generation of ROS (superoxide, hydrogen peroxide and hydroxyt
radicals) via the Harber—Weiss and Fenton reactions, which can result in DNA damage. To test if
VC activity against M. wberculosis could be a consequence of this mechanism, ROS

accunmlation and DNA damage were measured in M fuberculosis cultures treated with VC
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using flow cytometry. Up to threefold increase in total ROS was observed in M. fuberculosis
treated with 4miM V. This increase was dependent on the concentration of VO 0.4mM VO did
not substantially alter total ROS concentration relative to the untreated sample. As a countrol, the
fat-soluble antioxidant vitamin E (VE) was also tested. In contrast to VU, VE had lowered ROS
ievel than the untreated samples after 3 days. To assess the DNA damage potentially caused by
ROS accumulation, DNA fragroentation was measured in M. fuberculosis treated with VC or VE
using the termival deoxynucleotidyliransferase-mediated dUTP-biotin nick end labelling
{(TUNEL) assay. The percentage of cells with DNA breaks in M. fuberculosis treated with 4mM
VC 1ncreased over time to reach 17-25% after 9 days, tenfold higher than wn the untreated
culture or in the culture treated with VE.

{6693} To further test if this increase in ROS production was one of the mechanisms for the
bactericidal activity of VC in M. wberculosis, cultures were treated with VC in an anaerobic
chamber in which the level of oxygen is kept below 0.001%. VC had no cffect on M
tuberculosis viability in this condition (Fig. 18A). Accordingly, vitamin € can be used as a
respiratory stimulator in combination with an anti-tuberculosis drug as a treatment for

tuberculosis infections and TH.

DISCUSSION

{6094] Example 11 Ao unfortunate consequence of long duration antibiotic therapy 1s patient
noncompliance, an unacceptable cutcome for individuals harboring a communicable infectious
agent, as it facilitates the emergence of drug resistance. The work presented here directly
assesses the contributions of specific genetic factors which determine kinetics of killing of
Mycobacterium tubercudosis by common front-line antibiotics. In Heu of a technology for
physical isolation of persister cells without disrupting their theoretically labile metabolic state,
negative genetic screcn (TraSH) was performed for genes whose loss would confer a survival
disadvantage under combination antibiotic pressure. The use of multiple antibiotics would
decrease the noise contributed by genetically resistant mutants, and that the choice of INH and
RIF would provide a relevant sclective pressure as these are the drugs used m the continuation
phase of standard antitubercular chemotherapy. Any gene which contributes to longevity during
a short course in vitro chemotherapy regimen could shed light on the physiological state of M.

tuberculosis persisters and guide rescarch efforts in rapid elimination of this population from
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infected hosts. These two drugs were chosen for their proven efficacy in sterilization of TB as
well as theiwr non-overlapping mechanisms and pharmacodynarmics profiles which indicate
concentration and exposure~dependent killing respectively (Jayaram et al,, 2003; Jayaram and
Shandil, 2004; Vilchéze and Jacobs, 2007). Resulis suggested that a number of non-cssential
components of the electron transport chain could contribute to this resistance to primary killing,
thus emphasizing the bioenergetic underpinnings of drug tolerance. The appearance of one of the
annotated succinate dehydrogenase enzymes - but not the other — 1n the resulting data suggested
a way to examine the link between central carbon metabolism and electron transport. {sogenic
strains containing a deletion of this operon were found to be cleared more rapidly by
combination chemotherapy.

{6095] The highly flexible nature of the acrobic and anacrobic respiratory enzymes of this
organism has been reviewed elsewhere (Bavesh D.Kana et al., 2009}, but genome annotation
includes two predicted succinate dehydrogenase and one predicted fumarate reductase operon.
Genetic manipulation of M ruberculosis followed by an intracellular metabolomic approach
allowed us to probe the functions of the two annotated Sdh enzymes in a physiclogically relevant
context, using extracis from bviog organisms. These studies supported the predicied vole of
Rv0249¢c-Rv0247¢ as a succinate dehydrogenase during acrobiosis, and indicated fumarate
reductase capacity by the operon encoded by sdhCDARB. These enzymes were found to strongly
influence acrobic respiration, and deletion of sdhl resulted in a consistent increase in the rate of
oxygen consumption, but did not result in more rapid growth. Conversely, deletion of the operon
containing sdh? led to a diminished respiratory capacity, a patters which precisely matched death
curves plotted for these strans for the combination therapy.

{3096] The oxygen consumption profiles of the two sdh nnutants revealed another interesting
aspect of mycobacterial physiology, a downshift of respiratory activity was engaged by the
parcutal sirain i the range of 30-40% dO.. Current understanding of the mechanics of the
decline in respiratory activity exhibited by M ruberculosis upon adaptation to anacrobic
conditions has been guided by avalysis of the transcriptome of cells as they pass into hypoxia in
various models (Voskuil, 2004; Shi et al,, 2005; Bemey and Cook, 2018). M. nmuberculosis
accomplishes gross control of respiration by depriving the cytochrome oxidoreductase of
menaquinol and demonstrate how carbon fhix through the TCA cycle integrates into this signal

to couple growth and clectron transport, Importantly, this modulation in the of rate of oxygen
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consumption occurs long before O, becomes limiting for growth {Cox and Cook, 2007). The data
suggests that this does not reflect a strategy for diversion of carbon o storage molecules in
preparation for a resource limited state , but rather a tuning of redox homeostasis to maintain an
optimal growth rate (Table 1)

{60971 A simple mechanistic explanation for this phenomenon is favored and is consistent
with the structural studies of the eytochrome oxidase complex (Zhang et al., 1998; Hunte ot al,,
2003) and the progression of the Q-cycle (Mitchell, 1975). Organisms will respire at optimal
rates with a balanced quinone pool in which quinol is present in sufficient concentration to
immediately occupy the ceunter P of the cytochrome oxidase complex; but when quinol s Hirailing
in an oxidatively skewed pool, respiration will proceed at a less-than optimal rate. (Figure 4B)
shows that whereas the wt strain has a largely oxidized guinone pool at 1% DO, the dsdh/
muitant maintaing 2 balanced pool, resulting in unchecked oxygen consumption. These data
support a mechanism for respiratory downshift in wt MTB that works as follows: as oxygen
concentration decreases, succinate oxidation also decreases leading to a buildup of succinate
{hypoxic cells accunulate a sevenfold increase in intraceliuiar concentration) This ‘unrespired’
succinate does not contribute to the reduction of mewbrane quinones and as the ratio of
quinolguinone increases from the activity of other electron donors, the cytochrome
oxidoreductase is deprived of its substrate, thus decreasing the rate of oxygen consunption. This
mechanism would be highly dependent on quinone content and would benefit from a method to
rapidly analyze quinone redox status with minimal fnvasion and with no potential for unintended
experimentally indnced oxidation. Nonetheless, published measurements of ubiquinone in £. coli
show a similar trend (Bekker et al., 2007} in quinone poise as oxygen decreases,

{6098] In the related saprophyte Mycobacterium smegmatis, the cytochrome bee complex
and the aa3-type cytochrome ¢ oxidase are physically associated by hydrogen bonds; and O,
reduction by isolated mewbraves could be disrupted using Antirayein (a known (i-site inhubitor)
{Megchee et al., 2006). There was no cidal activity by Antimycin on M. fuberculosis at >180mM,
but stroug bactericidal activity of sodium azide at 10miM (not shown), confirmung that the
cytochrome oxtdase complex is plays an essential role in aerobiosis. This supports the hypothesis
of direct modulation of O, reduction via the redox poise of the guinone pool, which might be
rate-linniting in a niche in which soluble cytochrome ¢ {or indeed, menaquinone} could be ecasily

oxidized by phagocytic reactive species (Sttth et al, 1974; Roos et al,, 1984). Tt romains o be
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seen if oxygen consumption can be controlled by skewing redox balance in organisms which are
known 1o use soluble cytochrowes ¢, or have physically separated reductase and oxidase
conplexes.

{6099] An interesting implication of the respiratory phenotype 1s that fumarate reduction
occurs throughout the growth curve to some degree and offsets succinate oxidation to a
stgnificant degree even during acrobiosis. The necessity for members of the mycobacteria to
mautain two fonctioning copies of the frd enzyme (sdhCDARB & {rdABCD) may be an
indication of a metabolic plasticity which enables them to simultaneously utilize multiple carbon
sources with different oxidation states (De Carvalho et al, 2018) and divert this carbon either
into biomass production or storage molecules during growth phases (Borisov et al,, 2011}, or into
euncrgy production for mamtenance of proton motive force (PMF) and repair during non-growth
states. The rerouting of a portion of carbon flux into the reductive arm of the TCA cycle
{Watanabe ef al,, 2011} indicates the involvernent of fumarate reductase activity in hypoxia; no
hypoxic survival defect was reported in that work and here there are long term survival defects
only after fifty days in culture alluding to the contribution of other pathways in anacrobic
respiration, Compensation of Frd catalysis by the remaining enzyme remains a possible
explanation, and further genetic analysis will need to be performed to establish this, but thus far
it has not been possible to 1solate transductants for double kuockouts of sdh] & 2.

{6100} The bioenergetic adaptation which sustains M. ruberciiosis during latency has been
of great interest to researchers for decades. The putative site in which latent tuberculosis
organisms persist, avoiding mmune surveillance and maintaining undetectable cell numbers is
presently unknown. Several hypotheses have been suggested including the necrotic centers of
granulomas {(Gomez and McKinney, 2004; Barry et al., 2009}, adipocytes (Neyrolles et al., 2006},
and recently mesenchymal stem cells {(Das et al., 2013). This latter work is especially interesting
as new data suggests that wodulation of the witracellular redox 1o stem cells and cancerous cells
which result in an oxidative environment may serve to inhibit mitochondrial respiration, thus
livaiting ROS damage to progenitor mitochondrial DNA (Noble and Smith, 2003; Ogasawara and
Zhang, 2009). This ratses the possibility that that same oxidized environment would serve to
inhibit respiration by intracellular M. fuberculosis leading to a persistent state. Since cells
NRP-2 maintain an energized membrane, and are notably tolerant to single antibiotics but retain

seusitivity to some combinations (Filippini ot al., 2010), it 1s plausible that both persistence and
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phenotypic drug tolerance are a function of the oxidative state of the milicu, and both phenotypes
are the result of reduced respiratory thux. The presence of adequate oxygen alone 18 not sufficient
to stimntlate respiration; redox homeostasts must be restored before it can reach optimal levels
and the ccll can take advantage of the energetic benefit of oxygen as its terminal clectron
acceptor.

10101} Finally, bacierial persisters appear to be present in all acrobic specics, and screens
have thas {ar been voable to unearth a common wmechanism. It 1s becoming 1ucreasingly apparent
that this phenotype is not the result of a single gene but the result of a program cncompassing
metabolic responses to conditions which alter cellular bioenergetics. A muuber of genes have
been found in screens for strains producing proportionally altered numbers of persisters. Among
those implicated are: glpD (which reduces quinones in its catalysis of glycerol 3-phosphate to
glycerone phosphate), TA systems such as tisAB (a toxin which when overexpressed may lead to
decreased membrane potential), tnaA (which cleaves L-tryptophan to indole, pyruvate and
NH4+}, phoU {(a negative metabolic regulator}, sucB {catalyzes the conversion of 2-oxoglutarate
to succinyl-CoA and COy, producing NADH), and ubiF (which hydroxylates the benzene ring in
biosynthesis of ubiquinol- with its boroolog visC, X Spoering et al., 2006; Li and Zhang, 2007,
Unoson and Wagner, 2008; Dorr et al., 2010; Ma et al, 2010; Kint et al, 2012; Vega et al,,
2012y, The underlying roechanistic basis for the mfluence of these genes wn increasing persisier
fractions s through their influence on respiratory rate. Additionally, it was found that
metabolites feeding nto glycolysis eliminate the persister fraction by stimulating PMF (Allison
et al,, 2011), but that this killing could occur anaerobically by the addition of nitrate to
fermentable carbon sources, and abolished by addition of CCCP. In short, persisient fractions
represent non-respiring cells, which are eliminated more slowly because carbon utilization is
being directed more toward maintenance functions and less toward anabolic processes important
in growth (which would reuder those target enzymes esseutial).

16102] There is now widespread acknowledgement of the fact that reduction in the duration
of TB chemotherapy could be achieved by {inding ways to target dormant or persisient cells,
Toward that goal, recent drug library screens have focused on finding compounds which target
essential functions in non-replicating M. fuberculosis, An exeiting example of the success of this
approach has been borne out recently with FDA approval of the diarylquinolone Bedaquiline, an

ATP-synthase inhibitor which is effective against dormant bacilli (Andries ot al., 2005; Koul ¢t
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al., 2008; Diacon and Pym, 2009), lending credence to the idea that non-rephicating cells still
rernain susceptible to inhibitors of the respiratory chawn. The rapidity of killing by some frount-
line antitubercuals can be mmproved by removing a metabolic block on TB respiration imposed
by the contending action of the acrobic succinate dehydrogenase and fumarate roduciase
activities. Thus, progress toward the goal of shortening chemotherapy can be served by searching
for enhancers of respiration, which would likely make cells more susceptible to existing
treatruents and reduce the nunbers of organisms which are shifted to a persistent state,

{0163} Example 2: With regard to the results showing a synergistic effect of cysteine
observed wn corubivation with the fivst-line TB drugs INH or RIF, an fraportant effect observed is
the gencration of ROS. it was shown that ROS concentrations are higher in the INH/Cyst- or
RIF/Cyst-treated M. tuberculosis leading to DNA damage. It was also also shown that vitamin C
generates ROS production in 3 fuberculosis leading to redox alteration, membrane disruption
and ultimately cell death (also see Viicheze ot al, 2013). Hydrogen peroxide in the presence of
metal ions such as Fe'™ or Cu” can form hydroxyl radicals, which can fragment DNA, The
microarray experiment suggested that the addition of cysteme to INH in M ruberculosis cultures
correlate with wmereased expression of copper-responsive genes.  Although copper levels were
not measured in the samples, an increase in intracellular iron concentration was seen in the
samples treated with INH, INH/Cyst or RIF/Cyst as well as a loss of synergistic activity when
the iron chelator deferoxamine was added to a culture. When the levels of ROS in M
tuberculosis were measured, up to a five-fold increase in ROS production was observed within
24 hours in the INH/Cyst samples while RIF/Cyst treatment required a longer exposure to
generate higher levels of ROS, In contrast, the increase in DNA breaks was remarkable in M
tuberculosis treated with INH and cysteine after 7 days, when the kinetics of killing between A
tuberculosis treated with INH and M. suberculosis treated with INH and cysteine start to diverge.
Furthermore, the synergistic activity of cysteine was not observed in cultures grown under
anacrobic conditions. All these obscrvations suggest that combining INH and cysteine in M.
tuberculosis results in an oxidative burst leading to killing of M. fuberculosis.

{3184} The increased killing of INH associated with cysteine was not due to the amino acid
structure of cysteine but to the presence of a thiol group, The notion that a free thiol could boost
the activity of bactericidal drugs in M fubercilosis via increased ROS production is otherwise

uzzling since thiols are known radical guenchers and therefore might be considered as
4 =2
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antioxidant compounds. In mammalian cells, the combination of vitamin C and vitamin B12
induces an oxidative burst leading to DNA damage (Solovieva ef al., 2007). Interestingly, 1o that
work, N-acetylcysteine and reduced glutathione (but not DTT) protected mammalian cells
against the cytotoxic offects of the oxidative burst due to the combination of vitarmnins B12b and
(. The authors also noted that DTT had no effect on hydrogen peroxide levels on its own but the
combination of vitamins B12b and C and DTT doubled the lovel of hydrogen peroxide
mammalian cells, This correlates with our observation that NAC was the only free thiol we
tested that showed no activity in combination with INH. In this case, the thiol might act as an
antioxidant and prevent the necessary oxidative burst. Thus stivaulating vespivation using the
thiol-containing compounds or vitamin C had an important anti-M. tuberculosis synergistic effect
when INH or RIF are being used to kill the M. fuberculosis.

10105] The rapid emergence of resistance to INH or RIF in an in vitre culture of M
tuberculosis is rather surprising, since the frequency of spontancous mutation is about 107 for
INH and 107™ for RIF. A 5 ml starting culture of 5 x 10° CFU/ml should contain no pre-existing
RiF-resistant pwtants and few pre-existing INH-resistant mutants. It the drug-resistant
population’s growth was due to pre-existing mutants, then it would require about 21 days of
doubling to get 10" INH-resistant mutants and no RIF-resistant nmutant should arise, but this is
not what 1s observed. Thus, it is possible that the mechanista by which an antibiotic would
increase mutational rates via the formation of single-stranded DNA (Rosenberg, 2001} could also
happen 1n M. tuberculosis. The diversity of the kG mutants wsolated during chmical INH
treatment of M. fubercilosis could indicate that drug treatment accelerates the formation of drug-
resistant mutants through increased mutagenesis, as reported in Safmonella, Pseudomonas,
Staphylococci, and Mycobacteria. In our study, the increase in ROS production and double-
stranded DNA breaks were at their highest in M. fuberculosis treated with INH/Cyst and
RIF/Cyst. Therefore, it could be concluded that the INH/Cyst and RIF/Cyst samples might
produce mwore resistant mutants, vet, just the opposite was observed: sterilization of M
tuberculosis coltures as well as a small reduction n frequency of wtation in M. tuberculosis
when cysteine was present.

{6106} It was also shown that combining cysteine with INH or RIF did not result in the
emergence of drug-resistant mutants and ultimately led to sterilization of the cultures. This

implies that the persister population which is often associated with treatment failure and
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emergence of a drug-resistant population in TB-infected patients can alse be kilied by the
combination of cysteine and one or both of INH and RIF. In this study, and the vitamin C study,
addition of a single compound (vitamin C} or a combination of compounds (cysteine and INH or
RIF} results in sterilization of M tuberculosis culiures via increased ROS production. In both
instances, this phenomenon could be reversed by oxygen deprivation or iron scavenging to
prevent a Fenton reaction. The persister population, which can be observed i INH-treated M.
tuberculosis cultures, was totally eradicated by these two conditions. Generating higher ROS
levels would lead to persister depletion and ultimately sterilization of M. muberculosis cultures.
Counsidering the increasing incidence of MDR-and XDR-TB, the addition of nontoxic small
molecules to TB chemotherapy that could prevent the emergence of primary dmg-resistant TB

and eliminate persister population may be of considerable 1nterest and 1s worthy of further study.

MATERIALS AND METHODS

Example 1

{6167} Mycobacterial strains and growth conditions: Attenuated strains of M fubercufosis
were constructed by allelic exchange via specialized transduction from the parental strain H37Rv.
Null mutanis i M ruberculosis strans H37Rv, me27000 / me26230 (ApanCD, ARD-
DY Sambandamurthy et al,, 2002), and show identical growth characteristics 1 standard
atmosphere as the parental strain®* (unpublished results}, For a full list of strains used in this
work, see Table 2.

16108] For metabolomic experiments, cells were grown in Middicbrook 7H9 and 7HI10
media (Difco, Sparks, M) supplemented with Middlebrook OADC Growth Supplement (Difeo,
Sparks, MDD} , and glycerol (5 mg/ml} and tyloxapol (0.5 mg/ml). For antibictic treatment,
OADC was omitted and replaced with NaCl (0.85 mg/mi) dextrose (2 mg/ml), and bovine
albumin-fraction V (5 mg/ml). Media was carbon balanced for single carbon source growth
curves (see text), For auxotrophic strains, pantothenic acid (100 pg/mi) was added. All cultures
wete grown in 490cm’ roller bottles (HSR =26}, (Corning, NY) with agitation at 100rpm and
37°C or in 30ml inkwell bottles (Naigene Rochester, NY'} for routine culture.

{3109} For experiments requiring growth conditions imvolving low oxygen, cells were

incubated in a controlied atmosphere chamber (Coy Laboratory Products, Grass Lake, M1), fitted
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with an AC100 CO, controller {Coy Laboratory Products). The internal atmosphere was
composed of 4.96% CO,, 5.99% H,, and the balance Nitrogen as reported previously {Baughn et
al., 2009).

{0110} Antibiotics, authentic standards for mass spectroscopy, and uncoupling agents were
purchased from Sigma Aldrich, 8t. Louis, MO. Fluorescent ROS dyes were purchased from
Molecular Probes, Grand Island, NY.

0111 For controlled batch colture experimeunts, DasGip roint bioreactors were employed
{DasGip, Hilich, Germany). A 24hr calibration of oxygen probes and pH probes was performed
in vessels containing 200ml of sterile media prior to moculation for cach experiment.

{6112} For membrane potential measurements, the method of Zilberstein (Zilberstein et al,,
1984} was used. Briefly, hypoxic and acrobically growing cultures were harvested in log phase
(OD=0.6-0.7} or after 12 days of incubation in a controlled atmosphere chamber. For the
deterruination of AW, In these experniments, cells (I mi)} are taken duwectly from the
fermenter/chemostat and added (quickly} to S ml polystyrene (or glass) test-tubes containing
[3HITPP+ (2.4 nM final concentration). After incubation for 5-10 min at 37°C, the reactions
were stopped by the adding 2 mi cold 8.1 M LiCl and rapid filtration through 0.45-uM cellulose-~
acetate filter (Sartorius). Filters were dried and resuspended in scintitiation fluid and counts were
recorded on a MicroBeta Liguid Scintiliation Counter (Perkin Elmer, Waltham, Massachusetts).
{6113} For MKH2/MK HPLC analysis, samples from batch cultures were taken by use of a
sampling device to ensure reproducible and quantitative aliquots within 0.5 s. Sarmples from
batch cultures were taken by pipetting within 2 s. Samples (2 ml} were quenched with 6 ml ice~
cold 0.2 M HCIO, in mothanol. Petroleum ether (6 ml; 40-60°C) was then added rapidly to the
mixture, and vortexed for T min. After the mixture was centrifuged (900 g, 2 min), the upper
petroleum cther phase was removed, transferred to a test tube, and evaporated to dryness under a
flow of nitrogen. Another 6 mil petroleum ether was added to the lower phase, and the vortexing
and centrifugation steps were repeated. The upper phases were combined. After evaporation to
dryness, extracts could be stored for at least 7 days under nitrogen at -20°C without any
detectable auto-oxidation. Immediately before use, the extracted Uy ubiguinol was resuspended
with a glass rod in 80l ethanol and analysed in a HPLC system (Pharmacia LKB gradient pump
2249 gsystem, with an LKB 2151 variable-wavelength monitor) containing a reverse-phase

Lichrosorb (Chrompack) 10 RP 18 colurmn (4.6 mm 1.d., 250 mm length). The column was
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equilibrated with cthanol : methanol (1 : 1, v/v), and this mixture was used as the mobile phase.
The flow rate was set at 1 ml min—1. Detection of the quinones was performed at 290 nm for
Us, at 248 nm for MKs, and at 270 nm to record all quinones simultaneously. The amounts of
all quinones were calculated from the peak arcas using UQL0 and MK4 as standards, according
to the method applied by Shestopalov et al. (1997}, Methanol, ethanol and petroleum ether were
of analytical grade.

{0114} Metabolomics: For aqueous roelabolite pools, bypoxic and aerobically growing
cultures were harvested in log phase (OD=0.6-0.7) or after 12 days of incubation in a controlled
atruosphere chamber (Coy Laboratory Products, Grass Lake, MI) with 8% Oz, 5% COs, 10% Ha,
balance nitrogen. Briefly, Smli cell cultures were rapidly quenched in 10mi 100% MeOH at -
20°C and centrituged at 4000rpm for 10min at -9°C. Cell pellets were resuspended in Extraction
solvent containing 40% ACN, 40% MeOH, 20% HoO and transferred to tubes containing silica
beads then agitated 2x 1n a FastPrep-24 (MP Bio, Solon, OH) with 5min on ice between beatings.
Samiples were briefly spun and 750l of extract was filtered through a sterile 0.22uM filter, and
then frozen at -80°C until time of analysis. Extracts were made in triplicate. For organic cxtracts,
a method modified from (Layre et. al. 2011) was used. 3wl cells were centrifuged at 4000 rpm
for 10min. at 0°C, Cell pellets were washed once inn 10 mi PBS, resuspended in 1 mi of CH;0H,
transferred to a 13x100mm glass tube, and added to 2mi chloroform, rotating overmight. The
CHCL/CHROH suspensions were centrifuged 10min at 3000 rpm and supernatants were removed
using a sterile Pasteur pipette into a clean pre-weighed glass vial and dried under nitrogen for 1h
Vials were weighed after drying to deternine dry weight of lipid extracts. Dried lipids were then
resuspended in 750p! of sopropanol/ACN/water (2:1:1, v/v) and frozen until analysis. Extracts
were made in triplicate.

{6115] For isotope labeling cxperiments the method of Watanabe et. al. was followed.
Hypoxic and aerobically growing cultures were labeled with [1, 4-13C2] L-aspartic acid or [U-
13CT L-aspartic acid. 187.5 pl of 20 mg/mi “C-sources* were added into 1.5 ml of culture in
iriphcate and incubated for 20 or 24 h at 37°C. Post-incubation, cultures were rapidly quenched
in methanol and aquecus metabolites were extracted using the method detailed above. Extracts
were frozen at —80°C until tirne of analysis,

{6116} Analysis was performed using an Acquity UPLC system {Waters, Manchester, UK)

coupled with a Synapt G2 quadrupole—time of flight hybrid mass spectrometer, Column eluents
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were delivered via Electrospray lIonization, UPLC was performed in HILIC mode gradient
clution using an Acquity amide columm 1.7 pm (2.1 #1530 mim) using a method previously
described (Paglia et al., 2012). The flow rate 1s 0.5 mbi/min with mobile phase A (100%
acctonttrile) and mobtile phase B (100% water) both containing 0.1% formic acid. The gradient in
both positive and negative mode 1s § min, 99% B; 1 min,99% B; 16 min, 30% B; 17 min, 30% B;
19 min 99% B; 20 mun 99% B. The mass spectrometer was operated i V mode for high
sensitivity using a capillary voltage of 2 kV and a cone voltage of 17 V. The desolvation gas
flow rate ts 500L/h, and the source and desolvation gas temperature are 120 and 325°C. MS
spectra were acquired 1o centroid mode from m/z 50 to 1,000 using a scan time of 0.5 s. Leucine
enkephalin (2 ng/pl) was used as lock mass {(m/z 556.2771 and 554.2615 in positive and

negative cxperiments, respectively).

Example 2

{61171 Bacterial strains, plasmids, phages, and media. The M rubercidosis strains used in
this study were obtained from laboratory stocks. The strains were grown in Middlebrook 7H9
raedium (Difco, Sparks, MD) supplerented with 10% (v/v) OADC entichment (Difco), 0.2%
{(v/iv) glycerol, and 0.05% (v/v) tyloxapol. The solid media used was Middicbrook 7H10
medium (Difco) supplemented with 10% (v/v) OADC cuorichment (Difcoy and 0.2% (v/iv)
glycerol. For experiments involving M fuberculosis H3TRv ARD1 ApanCD, D-Pantothenic acid
hemicalcium salt (25 mg/ly was added to hguid and solid media. All other chemicals were
obtained trom Sigma (5t Louis, MO),

{6118} Growth curves., M nbercuiosis cultires were grown at 37°C 10 an ODsoonm of 0.7-
1.0, The cultures were diluted 1/50, treated with the appropriate chemicals, and incubated at
37°C with shaking for the duration of the experiment. ODggonm was recorded and colony-
forming units (CFUS) were obtained by plating serial dilutions (see media above} and incubating
the plates at 37°C for 4 wecks.

10119} Viability under anacrobic conditions. M fuberculosis H37Rv ARDY ApanCD was
grown under a normal acrobic atmosphere to ODgge 0.5-0.8 and diluted 1/50 before being shifted
o an anaerobic chamber (<0.0001% O, 5% CO;, 10% Ha, 83% No). After 24 h of anacrobic

incubation, the culture was divided and treated with RIF, cysteine and the combination. At each
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time point, aliquots were taken and removed from the chamber to be serial-diluted and plated.
The plates were incubated at 37°C under acrobic conditions for 4 weeks.

{6120] Flow cytometry analysis of ROS. M. suberculosis H37Rv ARDY Apan(C'D was grown
to O.D. 1 and diluted to &1 0.2 in fresh media containing antibiotic. Aliquots were taken at the
indicated {ime pownts and cclls were washed twice m MP Buffer and stained with
dibydroethidium for 30 min at 37°C. Cells were immediately analyzed on a BD FACS Calibur
(BD Biosciences, San Jose, CA}Y with the following instrument scttings: forward scatter, EO1 log
gain; side scatter, 474V log; fluorescence (FL1), 674V log; fluorescence (FL.2), 613V log; and
threshold value, 52. For each sample, 100,000 events were acquired, and analysis was donc by
gating jutact cells using log phase controls.

{0121 TUNEL staining for DNA breaks. Terminal deoxymucleotidyltransferase-mediated
dUTP-biotin nick end labeling was used to detect DNA breaks in mycobacteria undergoing
antibiotic treatment. Aliquots of mycobacterial cells, coming from the same cells as the ones
used for ROS analyss, were removed at mdicated time points and washed once i PBS, then
fixed in 2% paratormaldehyde (in PBS) for 30 min at room temperature, whereupon cells were
centrifuged and the fixing solution was removed. The peliets were permeabilized for 2 min on
ice, rewashed m PBS, theo resuspended in 100ul of TUNEL reaction vaix from the in situ cell
death detection kit {(Roche Molecular Biochemicals, Indianapolis, IN), and incubated at 37°C in
the dark for 1 hr. The reaction mixture was then washed m PBS ounce and saved at 4°C until
analysis. Analysis was done by flow cytometry using the instrument scttings described above.
100,000 cvents were acquired per sample. Analysis was done by gating intact cells using celis
were incubated with label schution only (no terminal transferase) as pegative control, Cells
positive for TUNEL staining were quantified as percentages of total gated cells.

{0122} Microarray Analysis. Triplicate samples were prepared by adjusting an exponentially
growing culture of M. ruberculosis H37Rv to an ODgoonn of 0.2 in a 50 mi volume in a 500 ml
roller bottle and treating with INH (7.3 uM), both with and without cysteine (4 aM). After 4
days of incabation rolling at 37°C, cultures were harvested. Extraction of RNA, preparation of
cDINA, and microarray analysis were performed, as described previously (Vilcheze er af., 2010},
The array data have been deposited in the Gene Expression Ommibus at NCBI

rg . . I .
{www.nchi.nlmnih.gov/geo).
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16123] Quantification of ferrous ion concentrations. M. mberculosis H37TRv ARDT ApanCD
was grown to an ODgonn =~ 0.8, diluted 1/10, and incubated with INH, cysteine, RIF or the
combination at the wndicated concentrations at 37°C while shaking for three days. Exiraction and
quantification of iron was done as previcusly described (Riemer er af, 2004}, Briefly, the
cultures were centrifuged and the cell pellets were washed twice with ice cold PBS, resuspended
in 1 ml 50 mM NaOH with glass beads and lysed using a Fast Prep machine. To guantify
ferrous ion concentrations, the lysate (0.1 mbl) was mixed with 10 mM HCI (0.1 ml} and
incubated at 60°C for two hours. The samples were retarned to room temperature before adding
the iron detection reagent (6.5 mM ferrozine + 6.5 mM neocuproine + 2.5 M ammonium acetate;
0.03 ml). The sample absorbance was read at 550 vm. The wron concentrations were determined
based on a standard curve obtained with increasing concentrations of ferric chioride and
normalized to protein countent.

16124} Determination of total thiol concentration. M. fuberculosis H37TRv ARD Apan(CD
was grown 1o an ODaonm ~ 0.3, treated with the appropriate chemicals, and incubated for 24 h at
37°C while shaking. The cultures (10 ml) were spun down and the cell pellets were washed once
with PBS and resuspended in 6.5 ml PBS. Glass beads were added and the cell pellets were
lysed using the Thermo Scientific FastPrep machine (45 sec, speed 6, 3 times).  After cooling,
the samples were cenirifuged and the supernatauts were filter-sterilized before avalysis. The total
thiol concentration was obtained using Eilman’s reagent. Briefly, a 1 ml solution containing 50
M Tris (pH 8.0}, S mM 5,57 -dithiobis{Z-nitrobenzoic acid) (10 pl), and the lysate to quantify
was measured spectrophotometrically at 412 nm using the following extinction coefficient: g4
om 2-nitro-S-thiobenzoate anion 14,1560 Mt em

16125] Determination of cystine level by UPLC-MS. M tuberculosis H37Rv ARDI
ApanCD was grown to an ODgon, ~ 0.3, treated with the appropriate chemicals, and incubated
for 24 b at 37°C while shaking. The cultures (5 mil) were guenched with 10 mli of cold methanol
and spun down at 0°C for 10 min.  The cell pellets were resuspended 1o Imld
acetonitrile/methanol/water (40/40/20; v/v/v). Glass beads (0.1 ml} were added and lysed using
the Thermo Scientific FastPrep machine {45 see, speed 6, 3 times). After cooling, the samples
were centrifuged for T min and the supernatants were filter-sterilized. The samples were
analyzed on an Acquity UPLC (Waters, Manchester, UK) coupled with a quadrupole-time of

flight mass spectrometer (Synapt G2, Waters). The UPLC column was Acquity amide columm
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1.7 ym. The flow rate was 0.5 mL/min, the column temperature was set at 55 °C. The mobile
phases were: A, acetomirile with 0.1% formic acid; B, water with 6.1% formic acid. The
conditions used for the UPLC were: 0 nun, 99% A 1 min, 99% A; 14 min, 65% A; 17 min, 40%
A 18 min, 40% A; 19 min, 99% A; 20 min, 99 % A. The MS conditions were: acquisition mode,
MS": ionization mode, BSI (+/~}; capillary voltage, 2 kV (positive}, 3 kv (negative); cone voltage,
30 V; desolvation gas flow, 800 L/h; desolvation temperature, 550 °C; source temperature,
120 °C, acquisition range, 50 to 1200 m/z with a scan time of 0.5 s. Leucine enkephalin (2
ng/pl} was used as lock mass. Data generated from the experiment were processed and
analyzed with Waters MatkerLyux software, which integrates, normalizes, aligns MS data points
and converts them into exact mass retention time pairs to build a matrix composed of retention
time, exact mass #v/z, and intensity pairs. Cysteine and cystine standards were run to determine

retention time and m/z.
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What is claimed;

1. A wethod for identifying an agent as an evhancer of an anti-tuberculosis
medication, or as a combination agent for freating resistant and/or dormant Mvcobaciteria
tuberculosis infection in a subject, comprising:
guantitying activity of an amount of Mycobacteria tuberculosis succinate dehydrogenase T under
conditions permitting succinate dehydrogenase T activity,
contacting the Mycobacteria tuberculosis succinate dehydrogenase [ with the agent and
quantifying activity of the amount of Mycobacteria tuberculosis succinate dehydrogenase Tiu the
presence of the agent,
comparing the quantified amounts,
and identifying the agent as an eshaucer, or not, of an anti-tuberculosis medication, or as a
combination agent, or not, for ireating resistant and/or dormant Myeobacteria rberculosis
infection,

whercin a decreased activity of Mvcobacteria tuberculosis succinate dehydrogenase [ in
the presence of the agent as compared 1o in the absence of the agent indicates that the agent is an
enhancer of an anti-tuberculosis medication, or 1S a combination agent for treating rosistant

and/or dormant Mycobacteria ruberculosis miection.

2. A method for dentifying an agent as an cnhancer of an anti-tuberculosis
medication, or as a combination agent for treating resistant and/or dormant Mycebaciteria
tuberculosis infection in a subject, cormprising:
quantifying respiration of a Mycobacteria tuberculosis,
contacting the AMycobacteria tuberculosis with the agent and quantifying respiration of
Mycobacteria tubercudosis in the presence of the agent,
comparing the quantified amounts,
and identifying the agent as an enhancer, or not, of an anti-tuberculosis medication, or as a
combination agent, or not, for ireating resistant and/or dormant Myeobacteria tuberculosis
infection,

wherein an increased respiration rate of Mycobacteria tuberculosis in the presence of the

agent as compared to n the absence of the agent mdicates that the agent 18 an enhancer of an
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anti-tuberculosis medication, or 1S a combination agent for treating resistant and/or dormant

Mycobacteria tuberculosis infection,

3. A method of enhancing cfficacy of an anti-tuberculosis medication in treating
tuberculosis in a subject or in treating resistant and/or dormant Myveobacteria tuberculosis
infection 1 a subject, comprising:
adonistering to the subject who has, s or will be receiving the anti-tuberculosis medication an
amount of an enhancer of Mycobacteria tuberculosis respiration effective to enhance the efficacy
of an anti~tuberculosis medication in treating tuberculosis or resistant and/or dormant

Mycobacteria tuberculosis infection.

4. A method of treating tuberculosis in a subject, or of treating resistant and/or
dormant Mvcobacteria ruberculosis infoction n g subject, comprising admunistering to the
subject an amount of an anti-tuberculosis antibiotic medication and an amount of an enhancer of
Mycobacteria tuberculosis respiration effective to treat tuberculosis in a subject, or effective to

treat resistant and/or dormant Mycobacteria tubercudosis infection in a sabject,

5. The method of any of Clairus 1-4, wherein the anti-tuberculosis medication
comprises one or more of isoniazid, rifampicin, pyrazinamide, ethambutol, a flucroquinolone,

amikacin, capreomycin or kanamycin.

6. The method of any of Clairus 1-5, wherein the anti-tuberculosis medication

comprises rifampicin and isoniazid.

7. The method of any of Claimns 2-6, wherein the agent or enhancer of respiration i

an inhibitor of Mycobacteria tuberculosis succinate dehydrogenase L.

8. The method of any of Claims 1-7, wherein the agent or enhancer of respiration is
a small organic molecule of 2000 dalions or less, an aptamer, an RNAI molocule, a peptide, a

fusion protein, an antibody, or a fragment of an antibody.
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8. The method of any of Claims 1-8, wherein the enhancer of respiration inhibits
expression of Myveobacteria tuberculosis succinate dehydrogenase 1 or whbus activity of

Myvcobacteria tuberculosis succinate dehydrogenase L

10, The method of any of Claims 1-9, wherein the Mycobacteria tuberculosis
succinate dehiydrogenasce 1 is encoded by an operon comprising Mycobacreria tubercufosis genes

Rv(247¢, Rv248¢, and Rv(249¢,

It The method of any of Claims 1-10, wherem the agent or enhancer of respiration

comprises a free thiol group or 1s vitamin C.

12, The method of Claim 11, wherein the agent or enhancer of respiration comprises a

free thiol group and is a cysteine, dithiothreitol or penicillamine,

13, The method of Claim 11 or 12, wherein the anti-tuberculosis medication

comprises wsoniazid.

14. The method of Claim 11 or 12, wherein the anli-tuberculosis medication

comprises rifampicin,

15, The method of any of Claims 1-14, wherein the tubercalosis 1s multidrug-resistant
{(MDR).
1o. The method of any of Claims 1-14, wherein the tuberculosis is extensively drug-

resistant (XDR),

i7. The method of any of Claims 2 or 5-108, wherein the Mycobacteria niberculosis
are maintained in a bioreactor system tn which one or more of O» teusion, optical density, redox

midpoint potential and pH are measured stmultaneously.

LA



WO 2014/176498 PCT/US2014/035448

18 The method of any of Claims 2 or 5-11, wherein a growth curve of the

Mycobacteria tubercudosis is quantified as oxygen is depleted by the Mycobacteria tuberculosis.

19, A composition comprising an anti-tuberculosis medication and an enhancer of

Mycobacteria tuberculosis respiration.

20.  The composition of Claim 19, comprising a pharmaceutically acceptable carrier.

21, The composition of Claim 19 or 20, wheren the anti-tuberculosis medication

comprises one or more of isoniazid, rifampicin, pyrazinamide, and ethambutol.

22, The composition of Claim 19, 20 or 21, wherein the enhancer of respiration
inhibits expression of Mycobacreria rubercuiosis succinate dehydrogenase T or inhibits activity

of Mycobacteria tuberculosis succinate dehydrogenase L

23.  The composition of any of Claims 19-21, wheren the enbancer of respiration
compriscs a free thiol or vitanun C.
24.  The composition of any of Claims [9-21, wherein the cnhancer of respiration

comprises a free thiol and 1s a cysteine, dithiothreitol or penicillamine.

25. The composttion of any of Claimus 19-21, wherein the enhancer of respiration

comprises vitamin C.

26.  The method of any of Claims 19 or 25, wherein the anti-tuberculosis medication

comprises isoniazid.

27.  The method of any of Claims 19 or 25, wherein the anti-tuberculosis medication

comprises rifampicin,
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