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ABSTRACT In the quest for new antibacterial lead structures, activity screening
against Mycobacterium tuberculosis identified antitubercular effects of gallic acid de-
rivatives isolated from the Nigerian mistletoe Loranthus micranthus. Structure-activity
relationship studies indicated that 3-O-methyl-alkylgallates comprising aliphatic ester
chains with four to eight carbon atoms showed the strongest growth inhibition in
vitro against M. tuberculosis, with a MIC of 6.25 uM. Furthermore, the most active
compounds (3-O-methyl-butyl-, 3-O-methyl-hexylgallate, and 3-O-methyl-octylgallate)
were devoid of cytotoxicity against various human cell lines. Furthermore, 3-O-methyl-
butylgallate showed favorable absorption, distribution, metabolism, and excretion
(ADME) criteria, with a P, of 6.2 X 10~¢cm/s, and it did not inhibit P-glycoprotein (P-
gp), CYP1A2, CYP2B6 or CYP3A4. Whole-genome sequencing of spontaneous resis-
tant mutants indicated that the compounds target the stearoyl-coenzyme A
(stearoyl-CoA) delta-9 desaturase DesA3 and thereby inhibit oleic acid synthesis.
Supplementation assays demonstrated that oleic acid addition to the culture me-
dium antagonizes the inhibitory properties of gallic acid derivatives and that sodium
salts of saturated palmitic and stearic acid did not show compensatory effects. The
moderate bactericidal effect of 3-O-methyl-butylgallate in monotreatment was syner-
gistically enhanced in combination treatment with isoniazid, leading to sterilization
in liquid culture.

KEYWORDS 3-O-methyl-alkylgallate, DesA3, Loranthus micranthus, Mycobacterium
tuberculosis, antitubercular, fatty acid desaturation, gallic acid, natural product, oleic
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uberculosis (TB), caused by Mycobacterium tuberculosis, is the leading cause of

death by an infectious disease (1). A total of 10.4 million people were newly
infected by M. tuberculosis in 2016, and 1.7 million patients died of TB worldwide. The
main areas of endemicity are located in sub-Sahara Africa and Southeast Asia. Frequent
HIV coinfection, poverty, and decades of neglect in drug development complicate the
containment of the disease. For more than 50 years, the standard therapy of TB
has consisted of a 6-month drug regimen employing the four drugs isoniazid (INH),
rifampin (RIF), ethambutol (EMB), and pyrazinamide (PZA). Although combination
treatment reduces the likelihood of resistance development, multidrug-resistant (MDR)
and even extensively drug-resistant (XDR) strains have evolved over the years and are
seriously complicating control of the TB pandemic (2). MDR strains, which are resistant
to RIF and INH, and XDR strains, which are additionally resistant to any fluoroquinolone
and to one of the three injectable drugs capreomycin, amikacin, and kanamycin,
represent a great burden for the health care sector due to prolonged therapy durations
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of 10 to 24 months, thereby tremendously increasing costs. In recent years, two new TB
drugs, bedaquiline (BDQ) and delamanid, were conditionally approved for treatment of
MDR TB infections but are still undergoing phase Il clinical evaluations (3, 4). Never-
theless, new lead structures are still urgently needed since resistance against BDQ and
delamanid has already been reported (5, 6). Since the discovery of penicillin (7),
antibacterial compounds have been sought from natural sources such as plants and
marine or soil-dwelling microorganisms, among many others. To date, approximately
70% of all available antibiotics have been derived from nature (8). The variety of
secondary metabolites protecting plants from microbial enemies seems to be innu-
merous. The semiparasitic Nigerian mistletoe Loranthus micranthus is used in African
traditional medicine for various indications (9-11). Among other activities, antibacterial
effects of extracts from this plant have been reported also (12-15). Therefore, in this
study, we investigated the antitubercular properties of compounds isolated from L.
micranthus and characterized the anti-TB effect of identified natural alkylgallates and
synthetic derivatives thereof.

(Parts of this study were included in a Ph.D. dissertation by N. Rehberg at Heinrich
Heine University Disseldorf.)

RESULTS

Isolation, antitubercular activity, and structure-activity relationships of gallic
acid derivatives. In our screening efforts, an n-butanol extract of L. micranthus was
prepared and subjected to various chromatographic separation steps, including final
purification of natural products by semipreparative high-performance liquid chroma-
tography (HPLC) to yield several known natural gallic acid derivatives (compounds 1 to
5, 8, and 10). These compounds were readily identified by comparison of their 'H and
3C nuclear magnetic resonance (NMR) data to mass spectra reported in the literature
and were identified as gallic acid (compound 1) (16), eudesmic acid (compound 2) (17),
3,5-di-O-methyl-gallic acid (compound 3) (18), 3,4-di-O-methyl-gallic acid (compound 4)
(16), 3-O-methyl-gallic acid (compound 5) (14), butylgallate (compound 8) (19), and
3-O-methyl-butylgallate (compound 10) (20). Testing of these natural products for
whole-cell activity against M. tuberculosis H37Rv revealed that 3-O-methyl-butylgallate
(compound 10) exhibited strong antibacterial potency. Butylgallate (compound 8)
showed much weaker activity, while all other tested derivatives were not active (Table
1). To reveal more insights into the structural determinants important for antibacterial
activity, a variety of structural variants (compounds 6, 7, 9, and 11 to 19) were
synthesized based on commercially available gallic acid derivatives as precursors. Of
these synthetic compounds, 6, 7, 9, 12, 14, and 18 to 19 are known structures, which
were identified by comparison of their '"H and '3C NMR data to mass spectra in the
literature and identified as 3,4,5-tri-O-methyl-methylgallate (compound 6) (17), 3-O-
methyl-methylgallate (compound 7) (21), 3,4,5-tri-O-methyl-butylgallate (compound 9)
(22), 3-O-methyl-octylgallate (compound 12) (23), 3-O-methyl-propylgallate (compound
14) (24), N-butyl-3,4-dihydroxy-5-methoxybenzamide (compound 18) (24), and N-hexyl-
3,4-dihydroxy-5-methoxybenzamide (compound 19) (24). Compounds 11, 13, and 15 to
17 are new, and their structures have been confirmed by analysis of their "H NMR and
MS data (see Fig. ST to S10 in the supplemental material). All of the natural and
synthetic compounds were tested for their antibacterial activity against M. tuberculosis
H37Rv as well as against nosocomial pathogens, including Staphylococcus aureus,
Enterococcus faecalis, Enterococcus faecium, and Acinetobacter baumannii. The antibac-
terial activity screening revealed that compounds 10, 11, and 12 were the most active
against M. tuberculosis H37Rv, with a MIC of 6.25 uM (1.7 mg/liter). Structure-activity
relationships (SAR) showed that compounds with a free carboxyl moiety (i.e, com-
pounds 1 to 5) did not inhibit the growth of M. tuberculosis H37Rv or inhibited it only
slightly (Table 1). Comparisons of data from compounds 7, 10 to 12, and 14 showed that
esterification of the carboxyl group with medium-chain alcohols strongly enhanced
their antitubercular activity. Increasing the level of lipophilicity by elongation of the
aliphatic sidechain from propylgallate (compound 14) to butylgallate (compound 10)
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TABLE 1 Structures of gallic acid derivatives, their antibacterial activity against M.
tuberculosis H37Rv, and their cytotoxicity against the human cell lines THP-1 and MRC-59

Concentration (uM)

Compound
M. tb. THP-1 MRC-5
MICyo ICso IC9 ICso ICo0
[e]
4 Gallic HOp Ny Tom 100 100 >100 100 >100
acid HO
OH
o
2 Eudesmic A ©OH >100 >100 >100 >100 >100
acid o
T
o
3 3,5-Di-O-methyl- - OH >100 100 >100 >100 >100
gallic acid HO'
8
o
4 34Di-O-methyl- =8 oH >100 >100 >100 >100 >100
gallic acid o
Y
o
5 3-O-Methyl- e oH 100 50 100 >100 >100
gallic acid HO
o\
o
g 345 Tri-O-methyl- - o~ >100 >100 >100 >100 >100
methylgallate o
T oo
o
7 3-0-Methyl- He o’ >100 100 >100 >100 >100
methylgallate HO
O\
[e]
g Buvl Ho 0NN 25 50 >100 >100 >100
gallate HO
OH
o
g 345-Tri-O-methyl- 2 0T >100 >100 >100 >100 >100
butylgallate o
Y
o
HO. S i e W
10  3-O-Methyl-butylgallate ji;)ko o 100 190 =00 =0
HO'
O\
o]
Ho. DN
11 3-O-Methyl-hexylgallate HOI;AO 6.25 50 100 >100 >100
O\
o
HO. 0NN
12 3-O-Methyl-octylgallate o 6.2 20 100 =100 =100
O\
£
13 3-O-Methyl- HO: o >100 100 >100 >100 >100
cyclohexylgallate i
SN
o
Ho. A~
14 3-0Methyl-propylgaliate I;)% 50 100 >100 >100 >100
HO’
O\
(o]
45 3-O-Methyl- Ho o >100 >100 >100 >100 >100
isopropylgallate HO
O\
o
HO.
16 3-O-Methyl- L 50 25 >100 100 >100
isobutylgallate HO
o<
N-(2-Methyl 1)-3,4 i
-(2-Methyl-propyl)-3,4-  Ho.
17 dihydroxy-5- D)L Y 100 W = A =
methoxybenzamide e
O\
[o}
qg N-Butyl-34-dihydroxy-5- K NS >100 25 >100 100 >100
methoxybenzamide HO
0\
o
19 N-Hexyl-34-dihydroxy- ”°j©)Lu’\N\ 50 625 50 50 100
HO’

5-methoxybenzamide

aAntibacterial activity is shown as the concentration reducing bacterial growth by 90% relative to controls
(MICqq). Cytotoxicity is displayed as the concentrations reducing growth of human cells by 50% or 90% (ICsq
or ICyq [indicated in micromoles], respectively) relative to controls.
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resulted in augmented anti-TB potency, while further elongation to hexylgallate (com-
pound 11) and octylgallate (compound 12) did not further increase potency. The results
of analysis of butylgallate derivatives 8, 9 and 10 further demonstrated that methoxy-
lation of the hydroxyl group at position 3 substantially increased antitubercular po-
tency, while additional methoxylation of the hydroxyl groups at positions 4 and 5 was
detrimental for antibacterial activity. Derivatives with sterically enlarged side chains
such as 3-O-methyl-cyclohexylgallate (compound 13), 3-O-methyl-isopropylgallate
(compound 15), and 3-O-methyl-isobutylgallate (compound 16) did not show any effect
in the tested concentration range. Hence, a linear aliphatic chain seems to be essential
for activity. Replacement of ester-linked alkyl chains with amine substituents (com-
pounds 17 to 19) decreased the MIC, suggesting that the enlarged delocalized
m-electron system in the amide derivatives reduced the level of interaction with the
target. The common characteristics of the most active compounds comprise a methoxy
group in meta position and an ester-linked linear aliphatic alkyl side chain consisting of
four to eight carbon atoms.

Because previous studies had already reported on the antibacterial activity of some
other alkylgallates against B. subtilis, S. aureus, and the Gram-negative bacterium
Xanthomonas citri (25-28), we also checked the antibacterial effect of our compounds
on several nosocomial strains. However, interestingly, only 3-O-methyl-octylgallate
(compound 12) inhibited the growth of sensitive and resistant species of Staphylococ-
cus aureus and Enterococcus faecium, although the inhibitory effect was weak, with MICs
ranging from 25 to 100 uM (see Table S1 in the supplemental material). Therefore,
3-O-methyl-alkylgallates display relatively specific antitubercular activity. In addition, in
vitro cytotoxicity studies revealed that gallic acid derivatives were not cytotoxic toward
the human cell lines THP-1 and MRC-5 or were only moderately cytotoxic, yielding a
selectivity index (SI) (50% inhibitory concentration [IC,l/MIC,,) value of =16 for
compound 10 (Table 1). The most potent derivatives, compounds 10, 11, and 12, were
additionally evaluated against a broader panel of human cell lines (HEPG2, CLS-54,
HEK293, H4, HUH?7), further corroborating their lack of cytotoxicity (Table S2).

In vitro killing kinetics. Due to the fact that derivatives 10, 11, and 12 showed
virtually equal levels of potency, we focused on 3-O-methyl-butylgallate (derivative 10)
for all further characterizations of the antitubercular effect since it possessed the
highest solubility of the three compounds. First, an assay of killing kinetics was performed.
3-O-Methyl-butylgallate, in monotherapy, showed a moderate bactericidal effect, with an
~99% reduction of viability after 10 days (Fig. 1A). After that time point, however,
bacterial growth resumed. Individual clones isolated after 3 weeks of incubation were
still fully sensitive toward the compound. This specifically contrasts with the tested
first-line drug INH, which exhibited strong bactericidal killing effects after 4 days but
was associated with outgrowth of resistant mutants after 3 weeks (Fig. 1E). This
indicated that regrowth in the 3-O-methyl-butylgallate-treated culture was caused by
compound depletion or degradation and not by development of resistances. Because
TB chemotherapy relies on a combination treatment that includes the use of several
drugs, the effects of combining 3-O-methyl-butylgallate (10) with the first-line drugs
EMB, RIF, and INH or the new conditionally approved second-line agents BDQ and
delamanid were investigated (Fig. 1B to F). In combination with EMB or BDQ, com-
pound 10 caused an additive effect and delayed or prevented the outgrowth of
mutants that was observable in monotherapy with EMB or BDQ, respectively (Fig. 1B
and D). Combination of RIF or INH or delamanid with 3-O-methyl-butylgallate caused a
synergistic killing effect (Fig. 1C, E, and F, respectively). In case of delamanid, the
combination first reduced the number of bacteria to the detection limit of 10" CFU/ml.
However, after 3 weeks, bacterial regrowth was observable (Fig. 1F). Interestingly, these
clones exhibited resistance only against delamanid and not against 3-O-methyl-
butylgallate, indicating that repeated addition of compound 10 to the culture might be
able to prolong and increase this synergistic killing effect.
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FIG 1 Time-killing curves of M. tuberculosis H37Rv in 3-O-methyl-butylgallate- drug combination treatments. (A) 3-O-Methyl-butylgallate
(31.25 uM) (square) and solvent control 3.1% DMSO (triangle). (B) Ethambutol (EMB) (10 uM) (square) and combination of 10 M EMB and
31.25 uM 3-O-methyl-butylgallate (triangle). (C) Rifampin (RIF) (1 wM) (square) and combination of 1 uM RIF and 31.25 uM 3-O-methyl-
butylgallate (triangle). (D) Bedaquiline (BDQ) (0.5 uM) (square) and combination of 0.5 uM BDQ and 31.25 uM 3-O-methyl-butylgallate
(triangle). (E) Isoniazid (INH) (10 uM) (square) and combination of 10 uM INH and 31.25 uM 3-O-methyl-butylgallate (triangle). (F)
Delamanid (0.5 uM) (square) and combination of 0.5 uM delamanid and 31.25 uM 3-O-methyl-butylgallate (triangle). The limit of detection
(indicated by the dotted line) was 10 CFU/ml in all experiments. Data represent means of duplicate measurements. Experiments were
repeated once with similar results.

INH combined with 3-O-methyl-butylgallate revealed a strong synergistic killing
effect leading to complete sterilization of the culture after 1 week (Fig. 1E). This interaction
was also investigated in a checkerboard assay by determination of the fractional inhibitory
concentration indices (FICI) for combination of 3-O-methyl-butylgallate with RIF or dela-
manid or INH. The presence of RIF at 0.25X MIC (0.078 uM) revealed a partial synergistic
effect (FICI = 0.562), resulting in increased sensitivity to 3-O-methyl-butylgallate (16-fold
reduction in MIC). In contrast, combination with delamanid (0.146 uM) or INH (0.156 uM),
with each at 0.25X MIC, resulted in synergism (FICI < 0.5) and strongly increased sensitivity
to 3-O-methyl-butylgallate (Table S3).

Several M. tuberculosis clinical isolates (CDC1551, Erdman, and HN878) as well as
XDR strains originating from South Africa were tested for susceptibility to 3-O-methyl-
butylgallate. While M. tuberculosis strain Erdman showed sensitivity equal to that seen
with H37Rv, strain CDC1551 was even more susceptible. In contrast, Beijing strain
HN878 exhibited 8-fold-lower sensitivity, whereas all tested XDR strain isolates exhib-
ited high-level resistance (see Fig. S11), indicating that this compound might have
limited clinical application only for treatment of infections with drug-sensitive strains.

Mode of action and resistance mechanism. To get insights into the mode of
action, the molecular target(s), and the possible mechanisms of resistance of 3-O-
methyl-alkylgallates, spontaneous resistant mutants of M. tuberculosis H37Rv were
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FIG 2 Characterization of spontaneously 3-O-methyl-butylgallate-resistant mutants of M. tuberculosis
H37Rv (C1 to C5). (A) Dose-response curves of 3-O-methyl-butylgallate-resistant mutants in comparison
to the sensitive WT strain. Growth levels were quantified using the resazurin dye reduction assay and
calculated relative to controls. Data represent single measurements. (B) Expression of desA3 and Rv3230c
in spontaneously resistant clones C2, C3, and C4 in comparison to the WT strain. The transcription level
was quantified using GoTaq qPCR Master Mix and a CFX96 real-time system and calculated relative to the
WT control and normalized to 16S rRNA. For all calculations, the Livak method was used.

isolated on solid medium containing 3-O-methyl-butylgallate at 5X MIC, which oc-
curred at a frequency of 3.3 X 10~7. Five independent mutants were randomly selected
for further characterization. All clones exhibited an 8-fold to 16-fold shift in MIC for
3-O-methyl-butylgallate and were also cross-resistant to 3-O-methyl-hexylgallate and
3-O-methyl-octylgallate (Fig. 2A; see also Fig. S12). Subsequently, the resistance-
mediating mutations were mapped by employing whole-genome sequencing. Three of
the mutants (C1, C2, and C5) harbored duplications of a common region spanning
genes Rv3208 to Rv3324. Two clones (C3 and C4) exhibited a single nucleotide
polymorphism (SNP) in the putative promoter region of gene Rv3230c, which is part of
the duplicated regions found in the aforementioned mutants (Table 2). Three of these
mutants harbored additional SNPs in other loci such as genes involved in phthiocerol
dimycocerosate (PDIM) biosynthesis (ppsC or mas). Mutations in PDIM biosynthesis are
known to occur frequently during in vitro culture (29) and were thus estimated to be
unrelated to resistance (Table 2).

In light of these findings, the possible resistance mechanism in the studied mutants
might be overexpression of gene Rv3230c and/or downstream gene Rv3229c¢, which
forms a two-gene operon with Rv3230c. This overexpression might have occurred
either by gene duplication or as a consequence of the presence of a SNP in the promoter
region upstream of Rv3230c. In fact, quantitative PCR (qPCR) analyses of resistant
mutants C2, C3, and C4 confirmed that genes Rv3229c and Rv3230c were both
overexpressed compared to the wild-type (WT) strain results (Fig. 2B). Rv3229c¢ (desA3)
encodes one of the three aerobic desaturases (DesA1, DesA2, and DesA3) present in the
genome of M. tuberculosis H37Rv (30). The integral membrane stearoyl-coenzyme A
(stearoyl-CoA) desaturase DesA3 and the corresponding oxidoreductase Rv3230c con-

TABLE 2 Mutations in 3-O-methyl-butylgallate-resistant M. tuberculosis H37Rv mutants
identified by whole-genome sequencing

3-0-Methyl-butylgallate-

resistant mutant Gene mutation(s): SNP or length of duplication®
1 306-kb duplication (Rv3208-Rv3473c)
c2 146-kb duplication (Rv3188-Rv3324); G — A 154-bp upstream of mas
c3 T— G 61 bp upstream of Rv2576¢; for ppsC, +C in aa 897, G—T
23 bp upstream of Rv3230c
C4 T— G 61 bp upstream of Rv2576c; for ppsC, +C in aa 897, G—T
23 bp upstream of Rv3230c; C—T 10 bp upstream of Rv2652c
c5 146-kb duplication (Rv3188-Rv3324)

aNucleotides listed are based on the positive strand.
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FIG 3 Effect of fatty acid supplementation on drug sensitivity of M. tuberculosis H37Rv. (A) Dose-response curves of 3-O-methyl-
butylgallate during supplementation with sodium palmitate (triangle), sodium stearate (square), palmitoleic acid (circle), or oleic acid
(reversed triangle) (each at a final concentration of 0.05 g/liter) or without supplementation (rhombus). Growth levels were quantified
using the resazurin dye reduction assay. Data represent means of results from experiments performed in triplicate = standard deviations
(SD). (B) Control experiment with antitubercular drugs delamanid (DEL; triangle) and rifampin (RIF; rhombus) as well as compound 11
(circle). Medium was supplemented with oleic acid (open symbols) or left without supplementation (filled symbols).

vert saturated stearic acid to unsaturated oleic acid using molecular oxygen and NADPH for
synthesis (30, 31).

To investigate a possible role of altered fatty acid desaturation in resistance, the
influence of various fatty acids on the sensitivity of M. tuberculosis to 3-O-methyl-
alkylgallates during supplementation to the medium was tested. The supplementation
with the unsaturated fatty acids palmitoleic acid and oleic acid completely abolished
the inhibitory activity of the tested 3-O-methyl-alkylgallates in the tested concentration
range. In contrast, supplementation with the corresponding saturated derivatives
palmitate and stearate did not decrease the sensitivity of the cells or decreased it only
slightly. In control experiments, oleic acid did not affect the sensitivity of M. tuberculosis
H37Rv to RIF or delamanid. These findings support the conclusion that 3-O-methyl-
alkylgallates specifically inhibit the fatty acid desaturation pathway without causing
relevant off-target effects (Fig. 3; see also Fig. S13A and B).

A previous study suggested that the antibiotic isoxyl (ISO), which had been clinically
used in the treatment of TB in the past, also inhibits DesA3 activity (32). Supporting this
assumption, similarly to our observations, addition of oleic acid to the medium partially
restored growth of ISO-treated M. tuberculosis cells on solid medium (32). However, a
direct physically interaction of I1SO with purified DesA3 has not been demonstrated. In
contrast, a more recent study suggested that inhibition of the (3R)-hydroxyacyl-acyl
carrier protein dehydratases encoded by hadABC, thereby targeting FAS-Il-mediated
mycolic acid rather than fatty acid desaturation, is more relevant than DesA3 inhibition
for the antitubercular activity of I1SO (33). Supporting the latter hypothesis, our own
investigations confirmed that supplementation with fatty acids did not antagonize the
inhibitory effect of ISO against M. tuberculosis H37Rv in liquid culture in vitro (Fig. S13C).
Additionally, the lack of cross-resistance of spontaneous 3-O-methyl-butylgallate-resistant
mutants to ISO indicates that similarities between the putative targets of gallic acid
derivatives and ISO are unlikely (data not shown).

In vitro drug-like properties of 3-O-methyl-butyl-gallate. In order to perform a
first assessment of drug-like properties of 3-O-methylbutylgallate, levels of interaction
with P-glycoprotein (P-gp) and CYP enzymes was estimated, logP values were calculated,
and permeability (P,,,) was determined in the Caco2 model. 3-O-Methylbutylgallate did
not inhibit P-gp in the calcein assay, whereas verapamil as a positive control, with an ICs,
of 13.3 uM, showed inhibition (Fig. 4A). Furthermore, 100 uM 3-O-methyl-butylgallate
inhibited CYP3A4 by 47% (Fig. 4B) but did not significantly inhibit CYP1A2 and CYP2B6
(not shown). The logP value was calculated as 2.84 according to a method described
previously by Daina et al. (34). Finally, the permeability of 3-O-methyl-butylgallate was
estimated in the Caco2 monolayer system. 3-O-Methyl-butylgallate gave a P, value of

app

6.2 X 10~¢cm/s, suggesting mediocre absorption. As a positive control, the P, value

for diclofenac, a well-absorbed drug, was estimated as 43 X 10~°cm/s. Based on these
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FIG 4 In vitro drug-like properties of 3-O-methyl-butyl-gallate. (A) Effect of 3-O-methyl-butylgallate on P-gp-
mediated efflux of calcein-AM compared to verapamil. Increasing concentrations of 3-O-methyl-butylgallate were
incubated with P-gp-expressing CaCo2 cells followed by analysis of intracellular calcein fluorescence. Verapamil
was used as a positive control. 3-O-Methyl-butylgallate did not show any interaction with calcein fluorescence,
indicating that there was no interaction with P-gp. Data shown represent means = standard errors of the means
(SEM); n = 3. (B) Effect of 3-O-methyl-butylgallate (30MBG) on inhibition of CYP3A4. CYP3A4 specific substrates
have been used and ketoconazole was used as selective control inhibitor. Data shown represent means * SEM of
results from 3 experiments. AU, arbitrary units.

collective preliminary results, 3-O-methyl-butylgallate has favorable absorption, distri-
bution, metabolism, and excretion (ADME) parameters, qualifying this compound for
further evaluation as an antitubercular compound.

DISCUSSION

The results of this study strongly indicate that the plant natural product 3-O-methyl-
butylgallate specifically inhibits growth of M. tuberculosis H37Rv by targeting the
stearoyl desaturase DesA3. DesA3 is one of the three aerobic desaturases present in the
genome of M. tuberculosis H37Rv (30). The two homologs DesA1 and DesA2 are
predicted to have a specific role in mycolic acid biosynthesis, as they encode putative
acyl-ACP desaturases that might introduce double bonds into the mero chain of
mycolic acids after those have been formed by the FAS-Il enzyme complex (35, 36). In
contrast, the integral membrane stearoyl-CoA desaturase DesA3, forming a functional
complex with the corresponding oxidoreductase Rv3230c, converts saturated stearic
acid to unsaturated oleic acid by the use of molecular oxygen and NADPH for synthesis
(30, 31). Oleic acid plays a crucial role in membrane composition for maintenance of
physiological functions. Incorporation of unsaturated fatty acid into membrane lipids
regulates membrane fluidity (32). In addition, mycolic acid synthesis is believed to
require oleic acid as a precursor for introduction of double bonds into certain mycolic
acid structures (37). This implies that DesA3 and Rv3230c might be essentially involved
in lipid metabolism for both cell membrane and cell wall formation in M. tuberculosis.
Due to the strong compensation of the inhibitory effect of 3-O-methyl-alkylgallates by
oleic acid supplementation, specific targeting of DesA3 and/or Rv3230c seems very
likely, although more studies are required to confirm and characterize the postulated
compound-target interaction. Paradoxically, desA3 has been described previously in M.
tuberculosis H37Rv as a nonessential gene in genome-wide saturated transposon
mutant screens (38). However, the medium used for selection of mutants in that study
was supplemented with OADC (oleic acid-albumin-dextrose-catalase) enrichment,
yielding a final oleic acid concentration of 0.05 g/liter, which was sufficient to chemi-
cally complement the genetic defect. No reports are available on the viability of defined
desA3 deletion mutants in animal infection models. However, genome-wide saturated
transposon mutant screens revealed that desA3 is essential for growth of M. tuberculosis
H37Rv in C57BL/6J mouse spleen (39). This indicates that M. tuberculosis cannot acquire
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sufficient amounts of oleic acid or other suitable unsaturated fatty acids from the host,
thus corroborating identification of DesA3 as a vulnerable target during infection.

In general, stearoyl desaturases have been described as the molecular targets of
structurally unrelated compounds that inhibit growth of Toxoplasma gondii or cancer
progression, for instance (40, 41). None of these compounds have been reported to
exhibit antitubercular activity. The synthetic compound isoxyl, which had been clini-
cally used in the treatment of TB in the past, was initially believed to inhibit DesA3
activity (32). A more recent study, however, indicated that inhibition of the (3R)-
hydroxyacyl-acyl carrier protein dehydratases encoded by hadABC is more relevant for
the antitubercular activity of isoxyl, thereby targeting FAS-ll-mediated mycolic acid
rather than fatty acid desaturation (33). Therefore, 3-O-methyl-butylgallate might rep-
resent the first specific inhibitor of M. tuberculosis DesA3.

Nonmethylated alkylgallates were described previously in the literature as antibac-
terial compounds which inhibit growth of Bacillus subtilis, S. aureus, and the Gram-
negative plant pathogen Xanthomonas citri (25, 27, 28). Also, the inhibitory effect of
ethyl gallate on M. tuberculosis had already been described previously (42). However,
the reported activities of these nonmethylated derivatives were rather low. In fact, a
study investigating 3-O-acetylated alkylgallates was published recently, demonstrating
that acetylation increases potency against Xanthomonas citri (43). The published data
indicate that filamentation temperature-sensitive protein Z (FtsZ) and permeabilization
of bacterial membranes represent potential drug targets of alkylgallates in these
bacteria. FtsZ is a self-activating GTPase that polymerizes at the future site of divisions,
forming a ring, and is essential for cell division in bacteria. It was postulated that the
effect of alkylgallates on FtsZ in X. citri might be indirect and might be mediated by
disturbing membrane integrity due to the surfactant properties of the gallic acid
derivatives, thereby dislocating FtsZ from the membrane (26, 44). In addition to
membrane permeabilization, a direct interaction of alkylgallates with FtsZ was dem-
onstrated for B. subtilis also (28). However, 3-O-methyl-alkylgallates have a rather
specific effect on M. tuberculosis and not on other bacteria. Also, targeting of FtsZ in M.
tuberculosis would not easily explain the compensatory effect of oleic acid on the
antitubercular activity of 3-O-methyl-alkylgallates. Therefore, the possible involvement
of FtsZ in the processes that explain the antibacterial effect of 3-O-methyl-alkylgallates
on M. tuberculosis has to be assessed in further studies.

Several tested M. tuberculosis XDR strains as well as a strain from the Beijing lineage
were resistant to 3-O-methyl-butylgallate, indicating that this compound might have
limited clinical application for treatment of infections with drug-sensitive strains only.
Nevertheless, the observed pronounced synergistic killing effects with RIF and INH
suggest a promising alternative to TB standard therapy which might shorten treatment
durations for infections by drug-susceptible M. tuberculosis strains. Further studies are
required to evaluate the in vivo efficacy of 3-O-methyl-alkylgallates and their clinical
applicability and usefulness.

MATERIALS AND METHODS

Isolation and structure elucidation of gallic acid derivatives from loranthus micranthus. The
leaves of Nigerian mistletoe (Loranthus micranthus), which is parasitic on the host tree Kola acuminata,
were collected from Orba Nsukka in Enugu State, Nigeria, in February 2015 and authenticated by a plant
taxonomist, Alfred Ozioko of the Bio-resource Development and Conservation Program (BDCP), Nsukka,
Nigeria. A voucher specimen of the sample is stored at the center with number BDC-1021-015B. The
leaves were dried in the shade for 8 days and then pulverized to a fine powder using a laboratory grinder.
A total of 3.0 kg of the powdered plant material was macerated repeatedly with distilled water (total
volume, 12 liters). The resulting aqueous extract was lyophilized under vacuum, affording a dry pow-
dered extract with a total yield of 723 g. The dry extract was then partitioned between water and
n-hexane followed by partitioning between water and EtOAc and finally between water and n-butanol.
The n-butanol fraction (total yield, 150 g), which turned out to be the most active fraction in the
bioassays with M. tuberculosis, was then subjected to separation by vacuum liquid chromatography (VLC)
on a silica gel (200 to 400 mesh) using a gradient of hexane/EtOAc (100:0 [1.5 liters], 90:10 [1.0 liters],
80:20 [1.0 liters], 60:40 [1.0 liters], 40:60 [1.0 liters], 20:80 [500 ml], and 0:100 [500 ml]) to afford VLC
fractions BUO1 to BUO7 and a gradient of CH,Cl,/MeOH (100: 0 [500 ml], 80:20 [1.0 liters], 60: 40 [1.0 liters],
40: 60 [1.0 liters], 20: 80 [1.0 liters], and 0:100 [1.0 liters]) to afford VLC fractions BUO8 to BU13. All VLC
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fractions were screened for antimicrobial and cytotoxicity activities, and fraction BUO5 (71.9 mg) showed
the highest activity. That fraction was subsequently subjected to semipreparative HPLC using a Merck
Hitachi L-7100 pump (Merck/Hitachi, Germany) coupled to a UV detector (L-7400). A linear gradient of
HPLC-grade methanol and nanopure water was used for separation, affording gallic acid (compound 1),
eudesmic acid (compound 2), 3,5-di-O-methyl-gallic acid (compound 3), 3,4-di-O-methyl-gallic acid
(compound 4), 3-O-methyl-gallic acid (compound 5), butylgallate (compound 8), and 3-O-methyl-
butylgallate (compound 10) as pure constituents. The structural identity of the compounds was con-
firmed by one-dimensional and two-dimensional NMR and by mass spectroscopy.

Synthesis of gallic acid esters 6, 7, 9, and 11 to 16. For the preparation of compounds 7 and 11
to 16, eight aliquots of 3-O-methyl-gallic acid (Sigma-Aldrich, Germany) (36.8 mg, 0.2 mmol) were
dissolved in 5ml of respective alcohol reaction mixtures, followed by dropwise addition of three
equivalents of SOCL, (40 ul, 0.6 mmol). The resulting solution was heated under reflux conditions for 8 h
and then concentrated in vacuo. EtOAc was added, and the solution was dried over anhydrous MgSO,.
After removing the solvent, the respective 3-O-methyl-gallic acid ester was obtained. To prepare
compounds 6 and 9, 3,4,5-tri-O-methyl-gallic acid (Sigma-Aldrich, Germany) was used instead of 3-O-
methyl-gallic acid (45).

Synthesis of gallic acid amides 17 to 19. 3-O-Methyl-gallic acid (36.8 mg, 0.2 mmol) was dissolved
in 5 ml of SOCI, at room temperature and stirred for 5 min. Then the reaction solution was heated under
reflux conditions for 2 h. The solvent was removed, and the residue was dissolved in 0.1 ml of tetrahy-
drofuran (THF). The resulting solution was then added to 1 ml of respective amine and stirred for 20 min
at room temperature. The solvent was removed under reduced pressure to give amides 17 to 19 (45).

Bacterial strains and growth conditions. Cells of M. tuberculosis strains H37Rv, CDC1551, Erdman,
and HN878 and of several XDR-TB clinical isolates from South Africa (29) were grown aerobically in
Middlebrook 7H9 medium containing 10% (vol/vol) ADS enrichment solution (5% [wt/vol] bovine serum
albumin [fraction V], 2% [wt/vol] glucose, 0.85% [wt/vol] sodium chloride), 0.5% (vol/vol) glycerol, and
0.05% (vol/vol) tyloxapol at 37°C. XDR-TB clinical strains originating from South Africa were obtained
from William R. Jacobs, Jr, (Albert Einstein College of Medicine, Bronx, USA), and exhibited the following
resistance levels: 1 mg/liter isoniazid, 1 mg/liter rifampin, 10 mg/liter ethambutol, 2 mg/liter streptomy-
cin, 100 mg/liter pyrazinamide, 5 mg/liter ethionamid, 5 mg/liter kanamycin, 4 mg/liter amikacin, 10 mg/
liter capreomycin, and 2 mg/liter ofloxacin.

Nosocomial bacterial strains were cultivated in Mueller-Hinton (MH) medium at 37°C and included
methicillin-susceptible S. aureus (MSSA) strain ATCC 25923 and methicillin-resistant S. aureus/vancomycin-
intermediate S. aureus (MRSA/VISA) strain ATCC 700699; E. faecalis strains ATCC 29212 and ATCC 51299
(vancomycin resistant); Enterococcus faecium strains ATCC 35667 and ATCC 700221 (vancomycin resistant);
and Acinetobacter baumannii strain ATCC BAA 1605 (MDR).

Determination of MIC against M. tuberculosis via resazurin dye reduction method. For the
determination of drug MICs against M. tuberculosis, bacteria were precultured until the log phase (optical
density at 600 nm [ODg,,] = 0.5 to 1) and were then seeded at 1 X 10° cells per well in a total volume
of 100 wl in 96-well round-bottom microtiter plates and incubated with 2-fold serially diluted compounds
at a concentration range of 100 to 0.78 uM. Microplates were incubated at 37°C for 5 days essentially as
described previously (46). Afterward, 10 ul/well of a 100 uwg/ml resazurin solution was added and
incubated at ambient temperature for further 16 h. Then cells were fixed for 30 min after formalin
addition (5% [vol/vol] final concentration). For viability determinations, fluorescence was quantified using
a microplate reader (excitation, 540 nm; emission, 590 nm). Percentages of growth were calculated
relative to rifampin-treated (0% growth) and dimethyl sulfoxide (DMSO)-treated (100% growth) controls.

For chemical complementation experiments, the medium was individually supplemented with a fatty
acid (sodium palmitate or sodium stearate or palmitoleic acid or oleic acid, each at a final concentration
of 0.05 g/liter), while all other parameters of the assay remained the same.

Determination of MIC against nosocomial strains. MICs of gallates for various typical nosocomial
bacterial pathogens (Staphylococcus aureus, Enterococcus faecalis, Enterococcus faecium, Acinetobacter
baumannii) were determined by the broth microdilution method according to the recommendations of
the Clinical and Laboratory Standards Institute (CLSI) (47). For preparation of the inoculum, the growth
method was used. Bacterial cells were grown aerobically in MH medium at 37°C and 180 rpm. A
preculture was grown until the log phase was reached (ODg,, of ~0.5) and then seeded at 5 X 104
bacteria/well in a total volume of 100 ul in 96-well round-bottom microtiter plates and incubated with
2-fold serially diluted compound at a concentration range of 100 to 0.78 wM. Microplates were incubated
aerobically at 37°C for 24h. MICs were determined macroscopically by identifying the minimum
concentration of the compound that led to complete inhibition of visual growth of the bacteria.

Determination of cytotoxicity and therapeutic index. The cytotoxicity of the compounds was
determined in vitro using human monocyte cell line THP-1 (Deutsche Sammlung von Mikroorganismen
und Zellkulturen GmbH), human fetal lung fibroblast cell line MRC-5 (American Type Culture Collection),
human hepatoblastoma cell lines HepG2 and HuH7, human brain neuroglioma cell line H4, human lung
carcinoma epithelial cell line CLS-54, and human embryonic kidney epithelial cell line HEK293 (all from
CLS Cell Lines Service GmbH, Eppelheim, Germany). THP-1, CLS-54, and HuH7 cells were cultured in RPMI
1640 medium containing 10% (vol/vol) heat-inactivated fetal bovine serum (FBS). H4 cells were incu-
bated in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% (vol/vol) FBS. HepG2 cells were
cultivated in Ham’s F12 medium supplemented with 2 mM L-glutamine and 10% (vol/vol) FBS. MRC-5
cells were cultivated in Eagle’s minimum essential medium (EMEM) supplemented with 1 mM sodium
pyruvate and 10% (vol/vol) FBS. HEK293 cells were cultivated in EMEM supplemented with 2 mM
L-glutamine, 1% (vol/vol) nonessential amino acids, 1 mM sodium pyruvate, and 10% (vol/vol) FBS. All cell
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lines were incubated at 37°C in a humidified atmosphere of 5% CO,. Cells were seeded at approximately
5 X 10* cells/well in a total volume of 100 ul in 96-well flat-bottom microtiter plates containing 2-fold
serially diluted compound at a maximum final concentration of 100 uM. Cells treated with DMSO at a
final concentration of 1% (vol/vol) served as solvent controls. After an incubation time of 48 h, 10 ul
resazurin solution (100 ug/ml) was added per well, and the contents of the wells were incubated for a
further 3h at 37°C in a humidified atmosphere of 5% CO,. Fluorescence was quantified using a
microplate reader (excitation, 540 nm; emission, 590 nm). Growth was calculated relative to noninocu-
lated (i.e., cell-free) (0% growth) and untreated (100% growth) controls in triplicate experiments,
respectively. For determination of the therapeutic index of the substance, the selectivity index (SI) was
determined by the quotient of cytotoxic concentration and MIC.

Determination of time-kill curves in vitro. Bacterial cells were grown aerobically at 37°C in 10 ml
Middlebrook 7H9 liquid media supplemented with 0.5% (vol/vol) glycerol, 0.05% (vol/vol) tyloxapol, and
10% (vol/vol) ADS enrichment as shaking cultures. Exponentially growing cultures were diluted to a titer
of ca. 1 X 10% CFU/ml as estimated from optical density measurements performed on the basis of the
calculation that an ODy, of 1 translates to 3 X 108 CFU/ml. Compound 10 was added at a concentration
of 31.25 uM (5X MIC,,,) either alone or in combinations with individual clinical drugs (1 uM rifampin,
10 uM isoniazid, 10 uM ethambutol, 0.5 uM bedaquiline, and 0.5 uM delamanid). Culture aliquots were
taken at different time points, and 10-fold serial dilutions were plated on Middlebrook 7H10 agar plates
to count viable cells after 3 weeks of incubation at 37°C. To check the outgrowth of spontaneous resistant
mutants after 3 weeks, aliquots were plated out on compound-containing agar.

Checkerboard synergy assay. The fractional inhibitory concentration index (FICI) values for com-
pound 10 with isoniazid, delamanid, or rifampin were determined in a 96-well plate format employing
2-dimensional dilutions of compounds. M. tuberculosis strain H37Rv was seeded at 10° CFU/well in a total
volume of 100 wl and incubated at 37°C for 5 days. For quantification, the resazurin assay was used as
described above. The FICI value was calculated as the sum of the quotients of the lowest inhibitory
concentration in a row (A and B, respectively) and the MIC of the compound (MIC, and MIC;, respectively) as
follows:

A B
+
MIC, = MIC,

Total synergism (FICI = 0.5), partial synergism (0.5 < FICI = 0.75), no effect (0.75 <FICI = 2), or
antagonism (FICI > 2) between chlorflavonin and the tested antibiotics was deduced from the observed
FICI values (48).

Determination of single-step resistance frequency. Spontaneous resistant mutants were isolated
by plating approximately 1 X 108 CFU on agar (1 ml per well in a 6-well microtiter plate) containing
compound 10 at 5X MIC. Spontaneous resistant colonies were obtained at a frequency of ca. 1 X 107
after 3 weeks of incubation at 37°C. Five independent clones were selected, and all five exhibited
moderate resistance against compounds 10, 11, and 12 in liquid culture.

Whole-genome sequencing. To identify the resistance-mediating mutations, genomic DNA was
isolated from five independent mutants as described previously (49). Libraries were prepared for
sequencing using a standard paired-end genomic DNA sample preparation kit from Illumina. Genomes
were sequenced using an lllumina HiSeq 2500 next-generation sequencer (San Diego, CA, USA) and
compared with the parent M. tuberculosis H37RvMA genome (GenBank accession no. GCA_000751615.1).
Paired-end sequence data were collected with a read length of 106 bp. Base-calling was performed using
Casava software, v1.8. The reads were assembled using a comparative genome assembly method and M.
tuberculosis H37RvMA as a reference sequence (29). The mean depth of coverage ranged from 277X to
770X.

qPCR analysis. For reverse transcription-quantitative PCR (qRT-PCR), DNA-free total RNA samples
were prepared from wild-type cells and spontaneously resistant clones C2, C3, and C4. An RNeasy minikit
(Qiagen, Hilden, Germany) was used for RNA preparation, and a SuperScript Il first-strand synthesis
system (Invitrogen, Carlsbad, CA, USA) was used to for reverse transcription of RNA to cDNA. From each
primer, 250 nM and 10 ul of template reaction (1:10 dilution) were utilized in 50-ul reaction mixtures with
GoTaq gPCR Master Mix (Promega, Mannheim, Germany). Triplicate samples were run on a CFX96
real-time system (Bio-Rad, Dusseldorf, Germany). Thresholds were normalized to 16S rRNA.

Calcein-AM assay for determination of pgp activity. Caco-2 cells (Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH) were grown in MEM supplemented with 20% fetal bovine
serum at 37°C in a humidified atmosphere of 5% CO,. Approximately 20,000 cells were seeded into wells
of a 96-well plate and grown overnight. Compounds were then added in 3.6-fold dilutions from 1 nM to
100 uM and incubated for 30 min. Then, 0.3 uM calcein acetoxymethyl (calcein-AM) was added to each
well, and fluorescence (excitation, 485 nm; emission, 520 nm) was monitored for 40 min. Fluorescence at
40 min was used as a readout to construct concentration-effect curves. Verapamil served as a positive-
control inhibitor of Pgp.

Permeability assay in Caco-2 cells. Caco-2 cells were used to estimate P, , values for test
compounds according to a detailed protocol described previously by Hubatsch et al. (50). Briefly,
approximately 300,000 cells were seeded per well of a Corning Costar insertion transwell. After 22 to
24 days, a monolayer has been formed, and the apical to basolateral permeability experiment was
performed. Compounds (diclofenac or 3-O-methyl-butylgallate) (5 uM) were added to the apical com-
partment of the transwell chamber. After 30, 60, and 90 min, samples of the basolateral compartment
were drawn and analyzed by HPLC. The Papp values were calculated as Papp = (dQ/sdt) X [1/(A X G,

FICI =
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where dQ/dt represents the steady-state flux in micromoles per second, A is the surface area of the filter,
and C, is the initial concentration of the apical donor chamber.

Cytochrome P450 inhibition assays. CYP1A2, CYP2B6, and CYP3A4 inhibition assay kits were
bought from Promega (Mannheim, Germany). The respective CYP enzymes were incubated with 20, 50,
and 100 uM test compounds. Then, subtype-specific derivatives of beetle luciferin were added according
to the protocol of the manufacturer and luminescence was estimated using a BMG Lumistar reader.
Positive controls were as follows: ciprofloxacin for CYP1A2, clopidogrel for CYP2B6, and ketoconazole for
CYP3A4.
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