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Here, we report 5-hydroxy-1,2,3,4,4a,9a-hexahydro-1,4-ethano-
9,10-anthraquinone (13), a small molecule generating reactive
oxygen species (ROS) in pH 7.4 buffer under ambient aerobic
conditions that has selective and potent Mycobacterium tuberculosis
growth inhibitory activity.

Tuberculosis (TB) remains a leading cause of morbidity and
mortality in much of the world. Mycobacterium tuberculosis
(M1b), the etiological agent of this infectious disease, is a
highly adaptive pathogen and an extremely difficult pathogen
to kill. The alarming rise in co-infection with HIV as well as
extensively drug resistant (XDR) and multi-drug resistant
(MDR) strains' necessitates new chemotherapeutic strategies.”
Maintenance of redox homeostasis is integral to the sustenance of
metabolic processes and mycobacterial persistence. Any significant
alterations in oxidative or reductive species might cause break-
down of this balance and lead to cell death.® For example, elevated
levels of reactive oxygen species (ROS) such as superoxide O, °,
hydrogen peroxide H,O, and hydroxyl radical *OH can cause
irreparable damage to biomacromolecules including DNA leading
to oxidative stress and might severely affect Mrb survival
(Scheme 1).* A growing body of evidence points to normal human
cells’ ability to better tolerate alterations in redox homeostasis in
comparison with cancer cells™® and forms the basis of an emerging
paradigm for new redox-directed cancer chemotherapeutics.’
Thus, small molecules capable of perturbing mycobacterial redox
homeostasis through generation of ROS might have selective M1bH
growth inhibitory potential.*

2,3-Dihydro-1,4-benzoquinones (A) were considered as
potential ROS generators (Scheme 2). Conversion of A to its
tautomer 1,4-dihydroxyarene (B) might occur at physiological
pH; the diol B can undergo aerobic oxidation to give C with
concomitant production of O,* and H,0,.® Variation of ring
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size “n” and functional groups X and Y could perturb keto—enol
equilibria and as a consequence, ROS yields, allowing us to study
the effects of varying ROS levels on Mtbh growth inhibitory
activity. Finally, 1,4-quinones such as C are candidates for
bioreduction to regenerate B, which is capable of generating ROS.

In order to test our hypothesis, 2,3-dihydro-1,4-benzoquinones

1-12 were synthesized (ESIt) from commercially available starting
materials by a [4+2] cycloaddition between a quinone and
appropriate equivalents of a 1,3-diene (Fig. 1).

The ability of 1-12 to generate O, * (Fig. 2a) and H,O,

(Fig. 2b) under ambient aerobic conditions in pH 7.4 buffer
was estimated using reported assays.”'° The juglone derivative
4 generated the highest levels of ROS amongst 1-12. Based on
this result, we prepared a closely related analogue 13 by
hydrogenation of 4 (Fig. 1). This compound was found to be
superior to 4 in ROS generation for 30 min (Fig. 2a and b).

Anti-microbial effects of ROS are primarily mediated

through induction of DNA damage.* Fe(i)-mediated nuclease
activity of 1-13 was estimated using a pBR322 supercoiled
plasmid cleavage assay and nick induction was observed in
nearly all compounds tested (Fig. 2c). The compound’s nuclease
activity correlated well with its ROS generating ability, indicating
that the observed DNA damaging effects were ROS-mediated
(Pearson’s correlation coefficient R = 0.9475, P-value < 0.0001,
Fig. S2, ESIY).

In order to test our hypothesis that ROS generators can inhibit

Mtb growth, a reported assay was used to determine minimum
inhibitory concentrations (MICs) for 1-13 against Mycobacterium
tuberculosis Hy;R,, (Table 1, entries 1-13)."" Amongst these, four
compounds: 3, 4, 6 and 13 were found to be good Mtb growth
inhibitors with MICs < 10 pg mL~". Compounds 5 and 12 did
not show any detectable inhibitory activity at 100 pg mL™!
(Table 1, entries 5 and 12). MIC of the best ROS generator 13
was superior to those of clinically used first-line TB drugs
ethambutol and pyrazinamide (Table 1, entries 16-17) and presents
opportunities for further development as a TB drug candidate.
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Scheme 1 Reactive oxygen species (ROS) generated through reduction
of oxygen can damage biomacromolecules including DNA.
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Scheme 2 Design of compounds that can perturb redox homeostasis
by generating ROS.

Upon incubation of 13 at pH 7.4, HPLC analysis showed
complete disappearance of 13 with concomitant formation of 14
at comparable rates in a nearly quantitative HPLC yield (Fig. 3a
and b).!? A first order increase of H,O, for 12 h was observed with
a maximal H,O, yield of 72% (Fig. 3c). These results are consistent
with a tentative mechanism based on enolization of 2,3-dihydro-
1,4-naphthoquinones to produce a 1,4-diolate followed by reaction
with oxygen to sequentially produce O, * and H,O, (Scheme S1,
ESI+).'*!* The presence of a proximal hydroxyl group appeared to
diminish carbonyl n-character (IR spectroscopy, Fig. S6, ESIY);
and enhanced electronegativity on the carbonyl oxygen (computa-
tional analysis, Fig. S7, ESI¥). Together, these structural effects,
likely due to intramolecular H-bonding (Fig. S8, ESIt), could
promote enolization of C-4 carbonyl of 4 (or 13) leading to
enhanced ROS generation by these juglone derivatives in
comparison with other analogues without a proximal hydroxyl
group including the benzylated derivatives 8 and 9 (Fig. 1).

CO 0

Compound 14, the exclusive organic product during incubation
of 13 did not generate O, * or H>O; in acrobic buffer (Tables S1
and S3, ESI¥) and neither did it induce significant DNA damage
(Fig. 2¢). An increased intracellular fluorescence in the DCFH-
DA-based assay conducted in the presence of Mycobacterium
smegmatis MC?155 (Msm) was observed (Fig. S4, ESIT).
A quinone with a reduction potential in the range of —0.7 to
—1.1 V would be predicted to be a candidate for reduction by
enzymes such as NADPH:cytochrome P450 reductase'® and CV
analysis of 14 gave a reduction potential of —0.94 V (Fig. S9,
ESIf). Together, these data are consistent with a bioreductive
mode of activation of 14 to produce oxidative species
(Scheme 1). Quinone 14 inhibited Mth growth with a MIC of
1.56 uyg mL ™" (Table 1, entry 14) supporting our hypothesis that
direct generation of ROS by 13 (Fig. 1) in conjunction with
intracellular production of oxidative species by redox cycling by
14 could result in inhibition of Mth growth (Scheme 2).

The ROS generator 13 was not a significant inhibitor
(ICsp > 25 uM) of normal human kidney (HEK) cells (Fig. S10,
ESIY). This result is consistent with anti-cancer oxidative stress
inducers which have shown selective toxicity towards cancers but
spared normal cells.>® The lead compound 13 (at 100 pg mL™") did
not significantly inhibit several fast-growing Gram-positive
and Gram-negative bacterial strains tested (Table S8, ESIY).
The microbe selectivity of 13 parallels that of an artemisinin—
mycobactin drug conjugate which has shown high Mb inhibitory
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Fig. 2 (a) Superoxide (O, *) generated during incubation of 1-13 (5§ uM) in pH 7.4 buffer at 37 °C for 30 min was estimated by a luminol-based
chemiluminescence assay. Hypoxanthine/xanthine oxidase was used as a positive control in this assay. (b) H,O, generated during incubation of 1-13
(5 M) in pH 7.4 buffer at 37 °C for 30 min was estimated by a xylenol orange-based colorimetric assay; (c) nuclease activity of 1-14: reaction mixtures
(20 pL) contained 100 ng of form I DNA in pH 8.0 phosphate buffer (100 mM) and compound (50 pM) were incubated at 37 °C for 6 h: lane 1, untreated
control; lane 2, 1; lane 3, 2; lane 4, 3; lane 5, 4; lane 6, 5; lane 7, 6; lane 8, 7; lane 9, 8; lane 10, 9; lane 11, 10; lane 12, 11; lane 13, 12; lane 14, 13; lane 15, 14.
Nicked DNA is represented by II. A relative increase in nuclease activity is defined as the ratio of form II (cleaved) to form I (uncleaved) in comparison
with untreated control (lane 1); (d) comparison of MICs determined against Mycobacterium tuberculosis and extracellular H>O, yields during incubation
of that compound with Mycobacterium smegmatis for 1 h and Spearman’s correlation coefficient was found to be p = —0.91, P-value < 107,
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Table 1 Extracellular ROS generation, Mycobacterium tuberculosis
growth inhibitory activity and calculated partition coefficients (clogPs)

MIC“ MIC Extracellular
Entry Compd (ug mL™Y  (uM) H,0,” (%) clogP¢
1 1 25 111.0 3.6 243
2 2 12.5 524 4.2 2.99
3 3 3.13 13.0 5.8 2.76
4 4 0.76 3.0 6.8 3.32
5 5 >100 >350 1.9 2.72
6 6 6.25 23.1 43 3.28
7 7 25 75.6 2.5 4.29
8 8 25 72.5 4.2 4.85
9 9 25 143.5 2.6 0.43
10 10 50 208.0 1.04 1.93
11 11 12.5 66.4 2.6 0.99
2 12 >100 >350 2.24 3.04
13 13 0.76 3.0 11.0 3.81
14 14 1.56 6.1 3.8 4.52
15 Isoniazid 0.05 0.37 — —0.67
16 Ethambutol  1.56 7.64 — 0.12
17 Pyrazinamide 6.25 50.8 — —0.68

¢ Minimum inhibitory concentration (MIC) is the minimum concen-
tration of the compound required to inhibit 99% of bacterial growth
and was found against Mycobacterium tuberculosis Hz;R, strain.
b Extracellular H,O, measured during incubation of 1-14 (50 pM)
in the presence of Msm at 37 °C for 1 h estimated by an Amplex red-
based fluorescence assay. “ Calculated values using Chembiodraw
Ultra. ¢ Calculated based on 2 mol H,O, from 1 mol of compound.

At the outset our goal was two-fold: one, to design, synthe-
size and study compounds that were capable of generating
ROS; and two, to identify compounds with a range of ROS
generation profiles by structural modifications to study the
effects of varying ROS on M1th growth. Having established
that compounds 1-13 were ROS generators in buffer, we
estimated ROS generated by 1-13 in the presence of cultured
Mycobacterium smegmatis MC?155 (Msm) and extracellular
H»0, was estimated using an Amplex Red-based fluorescence
assay (Table 1). A good range of ROS in the presence of
mycobacteria (1-11%) was observed with 13 being the best
H,0, generator (Table 1, entry 13). Statistical analysis
between the compound’s extracellular H,O, yield in the
aforementioned assay and the compound’s measurable MIC
against M1tb revealed a strong negative correlation (Fig. 2d)
between these variables (Spearman’s rank correlation
coefficient p = —0.91, P-value < 107>). This result is indicative
of ROS generating ability of the compound being important for
inhibitory effects but without detailed mechanistic investiga-
tions, a conclusive connection cannot be established. However,
previous studies show that the exquisite susceptibility of Mtb to
isoniazid, a clinically used TB drug that in part acts through
induction of oxidative stress, is attributable to inactivation of
oxyR, a regulatory system that activates >20 anti-oxidant
genes in response to ROS;'® while oxyR is present in most
actinobacteria, paradoxically, it is an inactive pseudogene in
Mtbh suggesting that a coherent response to induction of
oxidative stress might be impaired.!® Precursors of reactive
species such as nitric oxide and sulfur dioxide have shown
M b inhibitory activity.!"'® Here, we demonstrate the feasibility
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Fig. 3 (a) HPLC traces of incubation of 13 in pH 7.4 buffer for 12 h show
complete conversion of 13 to 14; (b) time courses of disappearance of 13
(ki3 = 024 + 0.01 h™") and appearance of 14 (k4 was 0.28 + 0.04 h™")
based on HPLC analysis; (c) time course of H,O, generated during
incubation of 13 (kyp = 0.7 h™') in pH 7.4 buffer.

of a tuberculosis drug design strategy based on compounds
generating reactive oxygen species in order to perturb redox
homeostasis.
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