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commercially obtained and showed similar activity against M. tuberculosis in both
screening models. Furthermore, puupehenone-like molecules were purified with po-
tent and selective activity against dormant M. tuberculosis. In conclusion, we have
identified and characterized antimycobacterial compounds from marine organisms
with novel activity profiles which appear to target M. tuberculosis pathways that are
conditionally essential for dormancy survival.
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uberculosis (TB) is one of the leading causes of death by an infectious disease

worldwide. The large pool of individuals latently infected with Mycobacterium
tuberculosis (~2 billion) and the lack of an effective vaccine hinder attempts to
eradicate this disease (1). Furthermore, a long multidrug regimen is required to treat TB,
which leads to poor patient compliance and increasing occurrence of multidrug-
resistant (MDR) M. tuberculosis strains. A prolonged treatment is required due to
dormancy-induced drug tolerance developed by M. tuberculosis during infection in
response to conditions within the host (2, 3). A considerable body of work has validated
the causality between hypoxic granuloma environments and persistent tubercle bacilli
(4-6). Also, a recent study has demonstrated that M. tuberculosis becomes drug tolerant
as a consequence of stress cues it experiences while residing in activated macrophages
(7). These issues highlight a dire need for new scaffolds with novel modes of action
effective against MDR and phenotypically drug-tolerant M. tuberculosis.

Efforts to find new effective treatment options have uncovered promising lead
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compounds; however, only two new drugs have been approved specifically for the
treatment of TB in the past 4 decades (8-12). Recent studies have shown the value of
screening compound libraries under in vivo-like conditions, since M. tuberculosis un-
dergoes profound metabolic shifts during infection, which may alter target vulnerabil-
ity. Inducing M. tuberculosis dormancy phenotypes in vitro can enrich the discovery of
compounds targeting novel and conditionally essential pathways (13-18). The Wayne
model of gradual oxygen depletion is the most well-characterized in vitro dormancy
model. However, this is difficult to translate into high-throughput screening, since it
requires 2 sequential stages of oxygen depletion in sealed tubes (19). An alternative
multistress dormancy model (MSD) described by Deb et al. produced phenotypically
dormant M. tuberculosis after 9 days of incubation under conditions of low oxygen, low
pH, and nutrient limitation. Bacilli in this model exhibited all of the classical dormancy
traits, including lipid droplet accumulation, loss of acid fastness, upregulation of the
dosR regulon, and, most importantly, tolerance to front-line drugs (20). In this study, we
have successfully adapted this method for high-throughput screening and used it to
identify marine natural products (MNPs) which kill dormant M. tuberculosis.

The search for antimycobacterials from natural sources is a historically validated
approach. This is emphasized by the fact that 9 out of 12 classes of currently available
antibiotics are natural product-derived scaffolds (21). Although screening libraries of
pure synthetic compounds may yield hits more efficiently, these libraries are often
redundant, leading to the rediscovery of similar scaffolds with known modes of action
(22). This observation has incentivized renewed efforts in recent years toward screening
of the more chemically diverse natural product libraries (23). The chemical diversity may
be amplified for marine natural products due to the vast biodiversity encountered in
marine environments (24). Also, bioactive secondary metabolites produced by marine
organisms to fight parasitic microorganisms are often very potent, since they rapidly
become diluted in the environment (25). Many antimicrobial compounds with activity
against M. tuberculosis have been isolated from marine organisms, although very few
have moved beyond initial hit identification (23, 26).

In this study, a library of MNPs was screened under replicating and dormant
conditions as our primary screening approaches. To our knowledge, this is the only
large-scale screen of MNPs against M. tuberculosis, not only under replicating condi-
tions, but also in the context of dormancy. This screen uncovered unique hits which
would have otherwise been missed in a conventional in vitro screen. Use of the dormancy
model as a primary screening approach was key to the discovery of fractions distinc-
tively active against nonreplicating M. tuberculosis. Rather than crude extracts, as is
typical for natural product screens, this MNP library contained 4,400 peak fractions
purified by medium-pressure liquid chromatography (MPLC) (~75% pure). The purity of
the samples facilitated the deconvolution and isolation of active components. Five pure
compounds were isolated from select hits, and their structures and activities were
characterized. Four out of these 5 compounds were active against dormant M. tuber-
culosis, with 2 puupehenone class metabolites being highly selective for these pheno-
typically tolerant bacteria. Further investigation of dormancy-active hits could reveal
novel druggable targets in dormant bacilli vulnerable to inhibition, ultimately leading
to novel therapeutics able to reduce treatment time for tuberculosis.

RESULTS

Screening MNPs against M. tuberculosis. (i) Replicating M. tuberculosis. The Harbor
Branch Oceanographic Institute (HBOI) at Florida Atlantic University MNP library con-
taining 4,400 peak fractions was screened at 20 wg/ml in a dual-fluorescent whole-cell
assay for inhibition of growth of replicating M. tuberculosis. Initially, 114 peak fractions
were deemed active based on an arbitrary threshold of 50% inhibition relative to 10 uM
rifampin (RIF). The close correlation between the mCherry and green fluorescent
protein (GFP) readouts ruled out the possibility of false positives due to quenching of
reporter protein fluorescence. The average Z scores and signal-to-background ratio
among all the plates were 0.82 and 63, respectively, emphasizing the robustness of the
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TABLE 1 Primary screening assay results

Total no. of Hit rate Noncytotoxic
Assay Z score S/B@ hits/4,400 hits (%) hits
Primary in vitro assay 0.82 63 95 2.1 26
Primary dormancy assay 0.81 23 35 0.77 19
Dual active NA® NA 19 0.42 7

aS/B, signal-to-background ratio.
bNA, -not applicable.

assay. During validation of hits by repeating the primary assay, 52 hits of the initial 114
hits which were near the 50% cutoff had inconsistent results and therefore were not
further characterized in this study. The 62 remaining in vitro hits were tested for
cytotoxicity against J774 macrophages at the screening concentration (20 wg/ml), and
26 fractions were noncytotoxic (<20% cytotoxic relative to dimethyl sulfoxide [DMSO]
controls) (Table 1 and Fig. 1).

(ii) Dormant M. tuberculosis. In the primary dormancy screen, the average Z scores
and signal-to-background ratios were 0.81 and 23, respectively. Fifty-four fractions had
activity above the defined threshold, 35% of which were also active against replicating
M. tuberculosis. Further testing of dormancy-active hits revealed that 19 out of 54 hit
fractions were noncytotoxic (<20% toxicity to J774), 7 of which were also active against
replicating M. tuberculosis (Fig. 1 and Table 1). All the noncytotoxic dormancy hits (19
peak fractions) were validated by CFU without a regrowth stage in 3 independent
experiments (see Fig. S2 in the supplemental material). Approximately 50% of the hits
had activity below the threshold by CFU; these included fractions that had shown
potent activity with the fluorescent readout (data not shown). These data indicated that
fractions which inhibited only replicating M. tuberculosis were also detected in the
primary dormancy assay. The reason for this outcome could be inhibition of replicating
bacilli during the regrowth stage due to carryover drug in the wells. Furthermore, the
MICs for control drugs obtained with the fluorescent regrowth assay were similar
between replicating and dormant M. tuberculosis (RIF dormant Mtb-Lux strain [MICy],
0.2 uM, and replicating Mtb-Lux [MICg], 0.5 wM; isoniazid [INH] MIC, 0.2 uM and MICg,
0.2 uM) (Fig. 2A and B). In contrast, complete killing of dormant bacteria was not
observed by CFU enumeration at any concentration of RIF or INH (Fig. 2C and D). Thus,
the fluorescent regrowth results significantly underrepresented the tolerant phenotype
observed for dormant M. tuberculosis in this study. To minimize this, an alternative assay
was optimized for characterization of dormancy-active hits which did not require a
regrowth step.
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FIG 1 Activities of peak fractions against dormant and active Mtb-RG. The activities of peak fractions
screened at 20 pg/ml are shown. One hundred percent inhibition is defined as the inhibition observed
in the presence of 12 ug/ml rifampin. Peak fractions were considered cytotoxic when they resulted in
>20% killing of J774 macrophages.
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FIG 2 Optimization of MSD model screening assay. All panels show dose-response curves for positive-
control drugs RIF (A, C, and E) and INH (B, D, and F) against replicating and dormant M. tuberculosis using
three distinct screening assays and readouts. (A and B) Dual-fluorescent assay. Mtb-RG cultures were
treated with serial dilutions of RIF and INH for 5 days. Then, 1 volume of buffered 2X 7H9 was added to
each well, and surviving bacilli were allowed to regrow for 7 days under normoxic conditions before
fluorescence was read. (C and D) CFU assay. Mtb-RG (replicating and dormant) was treated for 5 days with
RIF and INH before serial dilution and plating for CFU counting. (E and F) Luminescence assay. Mtb-Lux
(replicating and dormant) was treated for 2 days with RIF and INH, after which luminescence was read.
Note, there is no regrowth stage for CFU and luminescence assays (C to F). Open squares, dormant
culture; closed squares, replicating culture in complete Dubos medium; conc., concentration.

Use of Mtb-Lux in dormancy assay eliminates the need for a regrowth stage.
The secondary dormancy method was developed based on a loss of luminescent signal.
Dormant and replicating Mtb-Lux cultures were diluted to an optical density at 600 nm
(ODgqo) of 0.2 and treated for 3 defined time points (2, 4, and 6 days) before the
luminescence was read. The 2-day time point was used for all further experiments since
an optimum signal-to-background ratio was observed at that time (data not shown).
The MIC of INH against dormant Mtb-Lux (MICy; 285 uM) was >500-fold higher than
that of replicating Mtb-Lux (MICg; 0.3 wM); similarly, a >100-fold difference was shown
for RIF (MIC, 4 uM; MICg, 0.02 uM) (Fig. 2E and F). Eliminating the regrowth stage by
using luciferase shortened the assay by 10 days. Moreover, luminescent data closely
reflected the highly drug-tolerant nature of bacteria in our dormancy model (Fig. S3).

Characterization of pure compound activity. Bioactivity-guided fractionation of
primary hits and characterization of pure compound activities were carried out using
the luminescent assay described above. Three peak fractions (047.F07, 031.C02, and
050.F04) from different marine organisms out of the 26 hits obtained were investigated,
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FIG 3 The structures of active molecules as defined by NMR. Hit peak fractions had to undergo at least
2 rounds of HPLC to isolate pure active compounds. Compound 1, fistularin-3/11-epi-fistularin-3 (purified
from 047.F07); compound 2, 15-methyl-9(2)-hexadecenoic acid (purified from 047.F07); compound 3,
(hexadecyloxy)propane,1,2-diol (purified from 031.C02); compound 4, 15-a-methoxypuupehenol (puri-
fied from 050.F04); compound 5, puupehedione (purified from 050.F04).

and 5 active compounds were isolated from these samples. The compound structures
are shown in Fig. 3, and their biological activity profiles are shown in Table 2 and Fig.
4 and 5.

The peak fraction (047.F07) isolated from a sponge in the family Aplysinidae
inhibited replicating Mtb-RG and moderately inhibited dormant Mtb-RG in the primary
screens. The original active fraction was small, and therefore, an additional organism
was extracted and chromatographed to yield a series of 20 fractions which were tested
against dormant and replicating Mtb-Lux to determine the active compound(s). Out of
the 20 subfractions obtained, subfraction 047.F07-B8 had potent activity against rep-
licating M. tuberculosis. Compound 1 was purified from this subfraction and was
inactive against dormant Mtb-Lux, which is consistent with previous results obtained
for the 047.F07-B8 subfraction (data not shown). The MICg (8.5 ng/ml) of compound 1
was determined by luminescent assays described above (Table 2 and Fig. S4). The
structure of compound 1 (determined by nuclear magnetic resonance [NMR], detailed
in the supplemental methods in File S1 in the supplemental material, as well as
chemical database searches) was found to be an inseparable mixture of fistularin-3 and
11-epi-fistularin 3 (27) (Fig. 3). Since antitumor activity of fistularin-3 was previously
reported (28), we tested its cytotoxicity against HepG2 in addition to J774 cells, and the

TABLE 2 Activity profile of MNP-derived pure compounds®

Molecular MIC, MIC, 1C5o
Compound Formula mass (kDa) (mg/ml)e (pmg/ml)e MICR/MIC, (pg/ml) Slge Sl Source
1 C54H30BrgN,O44 1,114.02 8.5 Inactive NA >200 >23.5 NA HBOI.047.F07
2 CyoHa005 316.53 60.8 225 2.7 >200 >33 >85 HBOI.047.F07
3 Ci6H300, 254.41 285 7.9 36 >200 >7.0 >31.1  HBOL.031.C02
4 CyoH350, 360.49 1.3 0.5 21.8 8 0.7 155 HBOI.050.F04
5 Cy1Ho605 326.44 87.6 15.4 56 50.4 0.6 6.2 HBOI.050.F04

aMICg, MIC against replicating Mtb-Lux.
bMICp, MIC against dormant Mtb-Lux.
<Slg, S| for replicating Mtb-Lux.

aSlp, SI for dormant Mtb-Lux.
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FIG 4 Dose-dependent activity of select pure MNP compounds against dormant and replicating Mtb-Lux.
Cultures adapted under multiple-stress conditions for 9 days or grown in 7H9 were used in the 16-point
dose-response curves (200 ug/ml to 0.006 wg/ml). Dormant (open squares) and replicating (closed
squares) Mtb-Lux were treated for 2 days with compounds 2 (A), 3 (B), 4 (C), and 5 (D), after which the
luminescence was read.

50% inhibitory concentration (ICs5,) was >200 wg/ml. Another subfraction (047.F07-
B10) from the same Aplysinidae-derived peak fraction (047.F07) maintained potent
inhibitory activity against dormant Mtb-Lux by luminescence and CFU readouts at 20
ng/ml (data not shown). Moreover, this subfraction was less inhibitory against repli-
cating M. tuberculosis. The dormancy-active subfraction was a mixture of lipids and
required two rounds of preparative high-pressure liquid chromatography (HPLC) before
defining the structure of the major bioactive component as 15-methyl-9(2)-
hexadecenoic acid (compound 2; see File S1 for details) (Fig. 3) (29). The MIC; and MIC,
for this compound were 60.8 wg/ml and 22.5 ug/ml, respectively. Cytotoxicity against
J774 macrophages was not observed at the highest concentration tested (200 wg/ml),
yielding a selectivity index (SI) of >8.5, relative to its MIC,, (Table 2 and Fig. 4A).

The peak fraction 031.C02, isolated from the soft coral Pterogorgia citrina, was active
against dormant Mtb-RG in the primary screen and had low activity against growing
bacteria. Further investigation of this peak fraction suggested it contained a single
compound identified as 3-(hexadecyloxy)propane,1,2-diol (compound 3; see File S1 for
details) (Fig. 3) (30, 31). This compound was tested in the secondary luminescent assays.
The MIC; and MIC,, of compound 3 were 28.5 ug/ml and 7.9 ug/ml, respectively, with
an Sl (Sl = IC5o/MICy,) of at least 31 (Table 2 and Fig. 4B). Moreover, the activity of
commercially acquired compound 3 correlated with that of the marine-derived nature
product (data not shown).

The Petrosia (Strongylophora) sp.-derived peak fraction (050.F04) potently inhibited
dormant Mtb-RG in the primary screen as well as by CFU enumeration (Fig. S2). Further
deconvolution yielded 11 subfractions, 5 of which maintained activity against dormant
Mtb-Lux. Further analysis of these subfractions suggested they contained mixtures of
related hydroquinone-like structures. Compounds 4 and 5, isolated from 050.F04, were
identified as 15-a-methoxypuupehenol and puupehedione, respectively (see File S1 for
details) (Fig. 3) (32, 33). We have demonstrated their potent and selective activity
against dormant M. tuberculosis using the described luminescent assay. Table 2 and
Fig. 4C show that the MIC, of compound 4 (0.5 ng/ml) is 21-fold lower than its MICg
(11.3 wg/ml). Even though the SI of this compound was low in a comparison of the IC,,
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FIG 5 Activity of pure MNP compounds against dormant and replicating Mtb-Lux validated by CFU.
Dormant (white bars) and replicating (black bars) Mtb-Lux were treated for 5 days with compounds 2 (A),
3 (B), 4 (C), and 5 (D), after which samples were taken for plating on 7H10 agar medium. Colonies were
counted after a 3-week incubation. UNT day 0, untreated culture inoculum; UNT day 5, untreated culture
plated after 5 days of incubation under the same conditions as treated cultures. One-way ANOVA was used
to compare data points. Asterisks denote data points which are significantly different (P < 0.05) from the

control (UNT DO for replicating M. tuberculosis; UNT D5 for dormant M. tuberculosis).

to MICg, the SI was 15 in comparison to MIC,, which highlights its potential as a
scaffold-targeting dormant M. tuberculosis. Interestingly, compound 5 maintained the
dormant selectivity; however, it was less potent in all the assays, including the cyto-
toxicity assay (Table 2 and Fig. 4D). Compounds 4 and 5 are very similar but differ in the
oxidation state of the ortho-quinol ring and in the addition of methanol across the
C-11=C-15 double bond found in compound 5 (Fig. 3). This results in a molecule that
is less planar than others in the puupehenone class of terpene quinones and may
contribute to its activity against the dormant form of M. tuberculosis versus that of
others in the class.

Pure compounds show bactericidal activity against M. tuberculosis. To investi-
gate the mode of action of each compound, samples were taken from duplicate wells
in the luminescent assays after 5 days of treatment and plated on 7H10 oleic acid-
albumin-dextrose-catalase (OADC). Four concentrations were chosen for plating (50,
12.5,3.1, and 0.8 wg/ml) covering a broad portion of the 16-point dose-response curves.
Untreated controls were plated on day 0 (inoculum) and after 5 days of incubation. A
decrease in CFU per milliliter (<1 log) was observed after 5 days for the untreated
dormant Mtb-Lux. Therefore, the day 5 untreated control was considered a fairer
comparison with treated dormant samples. However, replicating treated bacteria were
compared to day 0 controls. These data are shown in Fig. 5. Compound 1 was inactive
in the primary dormancy assay and showed no activity by CFU in this assay. Further-
more, it was bacteriostatic against replicating Mtb-Lux at all four concentrations tested
(Fig. S5). As expected, compound 2 was bactericidal against dormant but not replicat-
ing Mtb-Lux at 50 wg/ml (>2-fold MIC,), given that no colonies were recovered for
dormant samples treated at this concentration (Fig. 5A). Although complete killing was
not observed for dormant bacteria treated with compound 3, a 5-log decrease in CFU
per milliliter relative to untreated controls was noticed for dormant Mtb-Lux at 50 and
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12 png/ml (8- and 2-fold the MIC,, respectively). Compound 3 showed only moderate
bactericidal activity (2-log less than the untreated control) against replicating Mtb-Lux
at 50 pg/ml (Fig. 5B). No colonies were recovered from dormant Mtb-Lux samples
treated with 50 and 12 ug/ml of compound 4. Furthermore, a 3-log decrease in CFU per
milliliter was observed for dormant samples treated with 3.1 ug/ml (6-fold the MICy)
relative to untreated controls and a 1-log decrease for those treated with 0.8 pg/ml
(<2-fold the MIC,). Replicating Mtb-Lux treated with this same compound was only
killed (2-log difference) at 50 wg/ml (5-fold the MICg), suggesting that this compound
is mostly bacteriostatic against replicating M. tuberculosis but bactericidal against
dormant M. tuberculosis (Fig. 5C). These results validate the selectivity of compounds 2,
3, 4, and 5 against dormant M. tuberculosis, suggesting a unique mode of action in
which bacterial killing by these compounds, especially compound 4, is observed only
for dormant but not metabolically active bacteria.

DISCUSSION

In the current TB treatment regimen, bactericidal drugs are effective at rapidly
reducing the bacterial burden in sputum (8), as evidenced by sputum culture conver-
sion within the first 3 months of treatment (34). Nonetheless, patients will face at least
3 to 4 more months of antibiotics to achieve a relapse-free cure. This severely delayed
clearance of TB is thought to be due to subpopulations of dormant or persister M.
tuberculosis that arise during infection (2). Dormancy renders the bacteria phenotypi-
cally tolerant to front-line drugs, such as RIF and INH (20, 35). However, in contrast to
its poor activity in vitro, pyrazinamide (PZA) provides potent sterilizing activity in vivo
without relapse. As a result, it is credited with shortening TB treatment from 12 to 6
months (36). The discovery of PZA’s unique activity was serendipitous rather than
through intentional screening for compounds active against dormant bacilli (36).
Recent studies have used more focused approaches designed to uncover lead com-
pounds which distinctively inhibit nonreplicating M. tuberculosis (14, 37). With heritable
resistance to PZA on the rise (38), novel molecules that are bactericidal against dormant
M. tuberculosis will be important components of much-needed new cocktails for shorter
treatment without relapse.

Despite continuous efforts to improve TB treatment, the core drug regimen has not
changed in the past 4 decades (39). The focus on screening drugs against replicating
M. tuberculosis in rich media has proved unsuccessful at filling the need for compounds
that can shorten treatment time. Alternatively, research into the physiology of M.
tuberculosis during in vivo infection has revealed subpopulations of bacilli in distinct
metabolic states and microenvironments within a single host (40). This knowledge is
being exploited to uncover essential processes critical to the survival of nonreplicating
persisters which are vulnerable to inhibition (41). These recent realizations in the field
are also transforming the way we approach drug discovery. Some groups are conduct-
ing chemical screens against conditionally essential targets of M. tuberculosis. Whole-
cell screening under dormancy-inducing conditions provides a more direct path to
discovering novel scaffolds with bactericidal activity against phenotypically tolerant M.
tuberculosis. Considering this, the main goal of our study was to identify compounds
which could effectively kill dormant bacteria. A two-pronged approach was utilized,
which combined the chemical diversity of MNPs with physiologically relevant in vitro
screening conditions.

Some dormancy screening models involve exposure of M. tuberculosis to a single
environmental cue, such as starvation or hypoxia (42). A streptomycin-dependent M.
tuberculosis strain has also been employed for detecting inhibition of persister bacteria
(43). Large-scale screens have been performed combining in vivo-like stresses to induce
M. tuberculosis dormancy (15, 17, 37). Interestingly, one study showed that using
different individual stress conditions to generate nonreplicating dormant M. tubercu-
losis yielded different hit compounds (14). These data demonstrate the importance of
combining the key stresses that trigger persistence to maximize the hits obtained in a
dormant screen. Our use of a screening model which mimics several host-like condi-
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tions to induce a dormant phenotype enabled the discovery of compounds which may
have otherwise gone undetected in a typical in vitro screen. In our screen, 12 out of 19
noncytotoxic dormant hits were selectively active against nonreplicating M. tuberculosis
at 20 ug/ml (Fig. 1). This unique hit list allowed us to find pure compounds that were
bactericidal against dormant bacteria (Fig. 5). We will pursue hit-to-lead development
of the scaffolds for TB treatment. Perhaps more importantly, they may serve as chemical
biology tools for the discovery of new druggable targets essential for the viability of
dormant M. tuberculosis.

Even though our primary dormancy screen has proven effective at finding dormancy-
active hits, we also noted false-positive hits, which further validation revealed were only
inhibitory against replicating bacteria (Fig. S2). We speculated this was due to the
regrowth stage required for this assay, during which carryover compounds could be
inhibiting M. tuberculosis replication. This was evident in the discordant results for RIF
and INH seen in the fluorescent readout, which showed minimal differences between
replicating and dormant bacilli versus the dramatic drug tolerance of dormant M.
tuberculosis measured by CFU enumeration. Similar assay artifacts have been noted by
others. A previously reported solution included using activated charcoal in agar to
sequester drugs from the medium, which may not be optimal for high-throughput
screening (16). In this study, luciferase was selected as a reporter because it is highly
sensitive, ATP dependent, and more amenable to high-throughput screening. This
readout provides results more rapidly since it does not require a regrowth stage or
bacterial growth on agar (44). The modified luminescent dormancy assay could rely on
a loss of signal due to cell death after 2 days instead of a signal increase due to growth
of uninhibited bacteria during 5 days, which is required for fluorescent assays. Due to
the lack of bacterial replication under MSD conditions, by design, this assay will
preferentially detect bactericidal drugs. Here, we describe a robust method in which
luminescent M. tuberculosis CDC1551 bacteria are exposed to 3 of the more relevant
dormancy-inducing conditions, resulting in a severe drug tolerance phenotype.

Screening of natural products has a long and successful history of yielding effective
antimicrobial compounds (21). However, the limitations of this strategy, such as labo-
rious deconvolution of complex mixtures, discourages high-throughput screens. More-
over, the use of host-like conditions to test natural products is rarely observed,
especially in large primary screens. Due to attrition of drugs during the development
pipeline, large-scale screening is necessary to allow prioritization of scaffolds with
properties amenable to synthesis and medicinal chemistry optimization. A few recent
studies have used nonreplicating M. tuberculosis to test small numbers of samples (45,
46). These small-scale reports illustrate the potential of naturally derived compounds
against nonreplicating M. tuberculosis and highlight the need for larger-scale screens of
natural products under these conditions. In our study, the use of both replicating and
dormant M. tuberculosis to test a library of MNPs enabled the identification of 38
noncytotoxic active peak fractions, half with activity against phenotypically tolerant
bacteria. Three of the hits were deconvoluted, leading to the isolation and activity
profiling of 5 molecules.

The chemical diversity of MNPs was evidenced in our study upon purifying multiple
active compounds from single-hit peak fractions. Unexpectedly, the activity of the
Aplysinidae-derived fraction (047.F07) against dormant and replicating M. tuberculosis
was a consequence of 2 different scaffolds as opposed to a single dual-active com-
pound. Interestingly, 2 compounds (compounds 1 and 2) had a significantly different
activity profile (Table 2). Although the parent fraction (047.F07) had only moderate
dormancy activity, the dormancy-active component (compound 2) was more potent
than previously thought, suggesting its enrichment upon deconvolution. Compound 2
was active against both replicating and dormant M. tuberculosis, although it was slightly
more inhibitory toward dormant M. tuberculosis (2.7-fold) (Fig. 4). Conversely, fistularin-
3/11-epi-fistularin (compound 1) was inhibitory against replicating but not dormant M.
tuberculosis. The activity of this compound was previously described in a small screen
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of marine sponge extracts, with a reported MIC of 7.1 uM against replicating M.
tuberculosis H37Rv, which is similar to the findings in this study (26, 47).

An advantage of screening semipure peak fractions instead of crude lysates is the
facilitated deconvolution of pure compounds which follows the screening process. The
finding of a hit peak fraction (031.C02) containing a single compound in our library
illustrated this very well. This hit fraction yielded a dormancy-active lipid molecule
(compound 3), known as 3-(hexadecyloxy)propane,1,2-diol. Compound 3 was almost
4-fold more inhibitory against dormant than replicating M. tuberculosis (Fig. 4). To our
knowledge, this is the first report of this compound having inhibitory activity against M.
tuberculosis. This compound and the lipid isolated from peak fraction 047.F07 are both
polar lipids and might act as detergents. However, their cytotoxicity against J774 cells
was above 200 ng/ml, suggesting a specific mechanism of action for these lipids rather
than detergent activity.

In this study, we isolated two terpene quinones with high selectivity against
dormant M. tuberculosis from a sponge in the Petrosia (formerly Strongylophora) genus.
Terpene quinones, including puupehenone metabolites, have been extensively studied
for their antimicrobial and cytotoxic properties (32, 48-52). Nonetheless, this is the first
report demonstrating that they selectively inhibit dormant drug-tolerant M. tuberculo-
sis. The puupehenone derivatives identified here showed antituberculosis activity
similar to that previously reported for puupehenone itself (26). The MICy of 15-a-
methoxypuupehenol, 0.5 ug/ml, was more than 20-fold lower than its MIC; of 11.5
ng/ml (Fig. 4 and Table 2). Furthermore, bactericidal activity was observed for this
compound against dormant, but not replicating, M. tuberculosis at only 2-fold the MIC,
(Fig. 5). The methanol adduct of puupehenone had been previously isolated from the
sponge Hyrtios sp. (32). Another analog, puupehedione, was isolated from the same
organism. Consistent with previous studies, this compound had minor activity against
replicating M. tuberculosis (26). However, a 6-fold selectivity for dormant M. tuberculosis
was still observed with puupehedione (Table 2).

Target-based studies with puupehenone metabolites have shown that they inhibit
NADH oxidase activity in submitochondrial particles and human 5-lipoxigenase (53, 54).
Weinstein et al. observed a bactericidal effect for M. tuberculosis’s type Il NADH oxidase
(NDH-2) inhibitors in a murine model (55). The essentiality of an NDH-2 has been
demonstrated in replicating bacteria (56). More importantly, however, inhibitors of
NDH-2 proteins, such as thioridazine, have increased bactericidal activity toward qui-
escent M. tuberculosis compared to replicating M. tuberculosis (57). Considering this, we
are currently investigating NADH oxidases as possible mycobacterial targets of these
dormancy-selective puupehenone metabolites. Obtaining sufficient quantities of nat-
ural product (NP) compounds to execute follow-up studies is often a limiting factor
with natural product-derived scaffolds. However, the synthesis of puupehenone and its
analogs has been shown, enabling a path forward for these molecules (50, 58, 59).

Characterization of the molecular targets for these antimycobacterial MNPs with
intriguingly selective activity against dormant M. tuberculosis will help elucidate essen-
tial mechanisms underlying the survival of dormant M. tuberculosis during latent
infections. The use of alternate in vitro dormancy models to confirm the activity of
compounds detected in our assay under a variety of other dormancy-inducing condi-
tions will also provide further evidence that they are likely to work in vivo. Animal
models of persistent infection, such as the Kramnik mouse model, will further validate
their unique activity profile and determine whether these compounds are capable of
shortening treatment time (60, 61).

In conclusion, our findings underscore the significance of screening under in vivo-
like conditions, not only to discover novel drugs but also chemical tools to understand
the physiologically relevant pathways required to initiate and sustain M. tuberculosis
persistence. Future efforts will uncover the mode of action of compounds isolated in
this study. Deconvolution of all the dormant-active hit peak fractions is under way and
will continue to provide molecules with unique activities against tubercle bacilli under
various host-like conditions.
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TABLE 3 Strains and plasmids used in this study

Name Description? Source
Plasmids
pVV16-smyc:mCherry Episomal plasmid, mCherry driven by smyc promoter, Hyg" Kan" This study
pVVRG Episomal plasmid expressing constitutively GFP and mCherry, Hyg" Kan" This study
pMV306hsp+LuxG13 Integration vector constitutively expressing luxCDABE operon, Kan" Addgene plasmid 26161
Strains
M. tuberculosis CDC1551 Wild-type M. tuberculosis This study
Mtb-RG M. tuberculosis strain expressing mCherry and GFP This study
Mtb-Lux M. tuberculosis strain expressing lux operon This study

aHyg", hygromycin resistance; Kanr, kanamycin resistance.

MATERIALS AND METHODS

MNP collection. The marine natural product (MNP) library from the Harbor Branch Oceanographic
Institute (HBOI) at Florida Atlantic University used in this study was generated by extraction of frozen
specimens (either exhaustive extraction with ethanol or using an accelerated solvent extractor [Dionex]).
Extracts were analyzed by HPLC, and appropriate chromatographic stationary phases were selected for
large-scale chromatography. The majority of the fractionations were conducted by medium-pressure
liquid chromatography on either the Teledyne Isco CombiFlash Companion or CombiFlash RF+ purifi-
cation system. Some samples were fractionated using vacuum column chromatography. The library was
supplied in 96-well plates for assay. The MNP library was resuspended in 100% dimethyl sulfoxide
(DMSO) at 2 mg/ml. Working solutions were prepared at 100 ug/ml in a 2.5% DMSO solution and
screened at final concentrations of 20 ng/ml in 0.5% DMSO. Pure compounds were resuspended at 10
mg/ml in 100% DMSO. Refer to File S1 for a detailed description of source materials, purification, and
identification of compounds.

Plasmid and reporter strain construction. Plasmid pVVRG was constructed by utilizing a PCR-based
FastCloning method (62) in which a 1,084-bp hsp60-GFP cassette was inserted into the pVV16 smyc:
mCherry plasmid (63). Vector primers pVV_FC_F (5'-TTCAGGCCTGGTATGAGTCAGC-3") and pVV_FC_R
(5'-GCTGGATGATGGGGCGA-3') and insert primers hspGFP_FC_F (5'-GCTGGATGATGGGGCGAGGTGACC
ACAACGACGC-3") and hspGFP_FC_R (5'-GCTGACTCATACCAGGCCTGAACTATAGTTCATCCATGCCATGTG
TAA-3') were used. The resulting pVVRG plasmid was confirmed by sequencing and introduced into M.
tuberculosis CDC1551 by electroporation. The transformants were selected on 7H10 plates supplemented
with 10% oleic acid-albumin-dextrose-catalase (OADC) and 50 wg/ml kanamycin. The resulting Mtb-RG
expresses mCherry and GFP constitutively from the smyc promoter and hsp60 promoter, respectively.

Bacterial strains and growth conditions. M. tuberculosis CDC1551-derived strains containing reporter
plasmids were used in this study (Table 3). Screening assays were performed using fluorescent and
luminescent reporter strains: (i) the Mtb-RG strain harbors plasmid pVVRG, as described above; and (ii)
the Mtb-Lux strain contains pMV306hsp+LuxG13 (a gift from Brian Robertson & Siouxsie Wiles; Addgene
plasmid 26161), which was constructed for constitutive expression of the entire lux operon (44) (Table 3).
All strains were routinely cultured in Middlebrook 7H9 broth medium supplemented with 0.05% Tween
80 and 10% OADC. Either 50 wg/ml kanamycin or hygromycin was added for maintenance of the reporter
plasmids. For experiments requiring a CFU readout, serially diluted bacteria were plated on quad plates
containing Middlebrook 7H10 agar supplemented with 10% OADC and 100 ug/ml cycloheximide. For the
dormancy screening assays, complete Dubos broth (Difco) medium was prepared according to the
manufacturer’s instructions, including 10% Dubos medium with albumin supplement (20).

MNP library screening. (i) Overview of screening scheme. The HBOI MNP library containing 4,400
peak fractions was initially screened in both primary screening assays (7H9 replicating and multistress
dormancy) using the Mtb-RG fluorescent readout. All hit fractions from both screens were tested against
mammalian cells to filter out cytotoxic fractions. Peak fractions were prioritized for deconvolution based
on their activity against dormant M. tuberculosis, quantity of source sample available, and apparent
chemical novelty of extract constituents. Bioactivity-guided fractionation of select hits allowed the
isolation of pure compounds. Finally, the compound structures were defined, and the activities of pure
compounds were characterized using secondary in vitro replicating and dormancy assays (luminescent
readout with Mtb-Lux) (Fig. S1).

(ii) Primary in vitro screening assay. Bacterial cultures at mid-log phase were diluted in Middle-
brook 7H9 OADC broth to an optical density at 600 nm (ODg,,) of 0.05. The culture and drugs were
transferred to solid black 384-well plates (Corning) using a Precision robotic liquid handler (BioTek). All
4,400 peak fractions were screened at 20 pg/ml in a final volume of 30 ul. GFP and mCherry fluorescence
was read after a 6-day incubation at 37°C using a Synergy H4 plate reader (BioTek) at wavelengths of
excitation (Ex) 480 nm/emission (Em) 528 nm and Ex 580 nm/Em 620 nm, respectively. Each 384-well
screening plate contained three control columns: (i) 0.5% DMSO, (ii) 10 uM rifampin (RIF), and (i) 10 uM
isoniazid (INH).

(iii) Secondary in vitro screening assay. Hit validation and MIC experiments were carried out using
luminescence as an alternative readout. Luminescent assays with Mtb-Lux differed only in the starting
ODg,, (0.01) and use of white instead of black 384-well plates.

August 2017 Volume 61 Issue 8 e00743-17 aacasm.org 11


http://aac.asm.org

Rodrigues Felix et al.

To determine the MIC against replicating M. tuberculosis (MICg), 16-point dose-response curves were
carried out in triplicate using 200 ug/ml as the initial concentration in a 2-fold dilution series. The
controls and serial dilution curves were all prepared to contain a final DMSO concentration of 2%.

(iv) Primary dormancy screening assay. In order to detect compounds active against dormant M.
tuberculosis, the multistress dormancy (MSD) model was used in this study to screen the entire MNP
library (4,400 peak fractions) (20). Mtb-RG cultures in log phase were pelleted and resuspended in MSD
medium (10% complete Dubos [pH 5.0] containing 0.018% tyloxapol and no glycerol) and incubated in
a hypoxia chamber (37°C, 5% O,, 10% CO,) for 9 days prior to the dormancy screening assay.

MSD-adapted Mtb-RG was diluted in the same medium to an ODy,, of 0.1 and added to 384-well
plates with compounds at 20 pg/ml in a 30-ul final volume. Eight-point dose-response curves for RIF (0.5
M to 0.003 M) and INH (1 wM to 0.015 wM) were included in the assay as controls to confirm bacterial
tolerance to front-line drugs. These positive controls, as well as the 0.5% DMSO negative control, were
done under both MSD and replicating conditions (complete Dubos medium, normoxic atmosphere) to
compare drug susceptibilities. The plates were incubated with drugs for 5 days in the hypoxia chamber,
after which 30 ul of 2X 7H9 OADC buffered with 100 mM morpholinepropanesulfonic (MOPS) (RPI Intl.)
was added for regrowth of the surviving dormant bacteria under normoxic conditions. In addition,
controls were plated in duplicate on quad plates for CFU counting. Fluorescence was read following a
7-day regrowth period using a Synergy H4 plate reader (BioTek). RIF and INH at 10 uM and 0.5% DMSO
controls were also included in the screening plates for Z score calculation. Hit peak fractions were
validated with a CFU readout by plating samples immediately after treatment phase.

(v) Secondary dormancy assay. Mtb-Lux was used for screening of deconvoluted fractions, valida-
tion, and dose-response curves. Cultures were grown and adapted in the dormancy model for 9 days, as
described above. Dormant cultures at an ODg, of 0.2 were treated with compounds in white 384-well
plates (30 ul total volume per well). The luminescent signal was read after 2, 4, and 6 days of treatment
using a Synergy H4 plate reader (BioTek). The MICs of compounds against dormant M. tuberculosis (MICy)
were determined using the same dilution series described for the in vitro assay. Sixteen-point dose-
response curves were prepared for RIF and INH starting at 12 uM and 500 wM, respectively. These control
drugs were used against dormant bacteria and replicating Mtb-Lux in complete Dubos medium for
comparison of MICs. Appropriate DMSO-free untreated controls were also included.

(vi) Cytotoxicity counterscreening assay. J774A.1 macrophages and HepG2 cells were cultured
from a freezer stock in Dulbecco’s modified Eagle medium (DMEM; Gibco) supplemented with 10%
heat-inactivated fetal calf serum (Atlanta Biologicals), 1 mM sodium pyruvate (Mediatech, Inc.), 2 mM
L-glutamine (Mediatech, Inc.), and 1% PenStrep (100 U/ml penicillin, 100 ng/ml streptomycin; Gibco). On
the day prior to performing the assay, 2.5 X 10* cells/well were seeded in black 384-well plates in a final
volume of 30 ul per well. Six hours later, the compounds (20 ng/ml) and the control drugs (0.5% DMSO
and 2% Triton X) were added to each well. Cell survival was determined 24 h later based on the reduction
of resazurin (64). A stock solution of resazurin was prepared in water at 140 ng/ml and added to each
well at a final concentration of 20 wg/ml. Fluorescence was measured following a 4-h incubation at 37°C
by excitation at 560 nm and emission at 590 nm using a Synergy H4 plate reader (BioTek). Fractions
exhibiting greater than 20% inhibition of J774 cells were considered cytotoxic and eliminated from the
study. After deconvolution of noncytotoxic fractions, compounds isolated with lower than 20% cytotox-
icity against J774 cells were used for dose-response curves. To determine the IC;, of pure compounds,
12-point dose-response curves were prepared starting at 200 ug/ml. The untreated controls for these
experiments were all prepared using a final 2% DMSO solution.

Data analysis. Z factors and percent inhibition were calculated using the respective formulas. “X” is
the drug sample value, up and un are the averages of positive (10 uM RIF) and negative (0.5% DMSO)
controls, respectively, and op and on are standard deviations of the same controls.

Z'=1-3 (M> AND % Inhibition = [(M) X 100] + Ll
[wp — pn| wn 100

The dose-response curves were analyzed using normalized data considering the highest and lowest
output values in the curve to be 100% and 0% growth, respectively. A Gompertz model and a nonlinear
regression-normalized response curve fit were used to determine the MIC and IC,,, respectively, in
GraphPad Prism 5 (65), considering the MIC to be 99% killing. The selectivity index (SI) was calculated as
1C5o/MIC.

Statistical analysis of the CFU results obtained for the pure compounds and control drugs was also
done using GraphPad Prism 5. One-way analysis of variance (ANOVA) and Tukey’s multiple comparisons
posttest were performed to compare treatment groups with each other and with the respective
untreated controls. Differences were considered significant at a P value of <0.05.

All the data from hit validation and characterization of pure compounds were averaged from at least
2 independent experiments, with the standard error of the mean (SEM) shown in the figures.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AAC
.00743-17.

SUPPLEMENTAL FILE 1, PDF file, 0.4 MB.
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