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ABSTRACT Polyketide synthase 13 (Pks13) is an important enzyme found in
Mycobacterium tuberculosis that condenses two fatty acyl chains to produce a-alkyl
B-ketoesters, which in turn serve as the precursors for the synthesis of mycolic
acids that are essential building blocks for maintaining the cell wall integrity of M.
tuberculosis. Coumestan derivatives have recently been identified in our group as a
new chemotype that exerts its antitubercular effects via targeting of Pks13. These
compounds were active on both drug-susceptible and drug-resistant strains of M.
tuberculosis and showed low cytotoxicity to healthy cells and a promising selectiv-
ity profile. No cross-resistance was found between the coumestan derivatives and
first-line tuberculosis (TB) drugs. Here, we report that treatment of M. tuberculosis
bacilli with 15 times the MIC of compound 1, an optimized lead coumestan com-
pound, resulted in a CFU reduction from 6.0 log,, units to below the limit of detection
(1.0 log,, units) per ml of culture, demonstrating a bactericidal mechanism of action.
Single-dose (10 mg/kg of body weight) pharmacokinetic studies revealed favorable pa-
rameters with a relative bioavailability of 19.4%. In a mouse infection and chemother-
apy model, treatment with compound 1 showed dose-dependent monotherapeutic
activity, whereas treatment with 1 in combination with rifampin showed clear syner-
gistic effects. Together, these data suggest that coumestan derivatives are promising
agents for further TB drug development.
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uberculosis (TB), as a communicable disease, continues to be a global public health

threat, with 10.0 million people falling ill in 2018. It is one of the top 10 causes of
death worldwide and—at this writing—is the leading cause of death from a single in-
fectious agent ranked above HIV/AIDS (1). Combinatorial chemotherapy remains the
major public health tool to contain TB, but the emergence of multidrug-resistant
(MDR) and extensively drug-resistant TB (XDR-TB) threaten the activity of the aging
pool of first-line drugs. Four decades after the first-line TB drugs and regimen were
established, only two new TB drugs, namely, bedaquiline and pretomanid, have been
approved by FDA for treatment of drug-resistant TB (2). Without a doubt, new TB drugs
with new targets remain an urgent need to achieve the End TB Strategy adopted by
the WHO.

The unique mycobacterial cell wall consists of a peptidoglycan layer, an arabinoga-
lactan polysaccharide layer, and the mycomembrane. The latter is mainly composed of
very long-chain fatty acids, namely, mycolic acids that are ester bonded to arabinoga-
lactan which is covalently anchored to peptidoglycan (3-5). The mycobacterial cell wall
plays an important role in mycobacterial viability. Its lipids, mainly mycolic acids, form
a permeability barrier that prevents entry of many environmental solutes and confers
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FIG 1 Chemical structures of Pks13 inhibitors compound 1 (designated 48 in reference 18), compound
2 (designated 50 in reference 18), compound 3 (designated 41 in reference 17), compound 4
(designated 42 in reference 17), compound 5 (designated 27 in reference 17), and compound 6
(designated TAM16 in in reference 15).

natural resistance to many antibiotics (6). The mycobacterial cell wall has been a rich
source of novel targets for TB drug development (3, 6, 7). There are approximately 60
potential targets in the cell wall of Mycobacterium tuberculosis (3). Indeed, multiple
antibiotics that target the M. tuberculosis cell envelope are in clinical use for TB treat-
ment, such as isoniazid (INH), ethambutol (ETB), and the recent European Medicines
Agency (EMA)-approved delamanid.

Polyketide synthase 13 (Pks13) is responsible for the last condensation step of the
biosynthesis of mycolic acids, which are essential for mycobacterial cellular architec-
ture and impermeability (8-10). The thioesterase domain of Pks13 also plays a role in
lipid transport, which is also an essential function in M. tuberculosis (11). Recent studies
have shown that Pks13 is a qualified drug target for M. tuberculosis (12-14); and differ-
ent structural classes of compounds, such as benzofurans (12, 15), thiophenes (13),
B-lactones (16), and coumestans (17, 18), have been found to target this druggable
protein. Mutations in pks713 indeed conferred resistance to their cognate inhibitors,
such as D1607N, D1644G, and D1644Y to benzofurans (12, 15); A1667V, D1644G,
N1640K, and N1640S to bezofurans and coumestans (17); and F79S to thiophenes (13).
Interestingly, the coumestan structural class of compounds is active on both drug-sus-
ceptible and drug-resistant M. tuberculosis, with attractive properties such as a bacteri-
cidal mode of action, low toxicity, and high bioavailability, as characterized by the se-
rum inhibition titration assay (17, 18). In this study, we set out to further explore the
pharmacokinetic parameters and in vivo efficacy of a hit-to-lead representative coume-
stan compound.

RESULTS

In vitro activity and target verification. Coumestan derivatives as Pks13 inhibitors
were shown to be active on both drug-susceptible and drug-resistant M. tuberculosis,
with a bactericidal mode of action (17, 18) (Fig. 1). Here, we confirmed that the resist-
ant mutants due to single nucleotide polymorphisms in pksi3 were also resistant to
the recently optimized lead coumestan compounds 1 and 2, with MIC shifts from 16-
fold (2 on MTB;, [A1667V]) to 8,000-fold (1 on MTB, [N1640K] or 1 on MTB; [D1644G])
(Table 1). These data verified that Pks13 is the target for both compounds 1 and 2. In
addition, these Pks13 mutants were also resistant to the benzofuran scaffold Pks13
inhibitors developed previously (compound 6) (15) (Table 1). The molecular interaction
between the Pks13 inhibitors and the thioesterase domain of Pks13 was characterized
by thermal stability analysis using the nano differential scanning fluorimetry (nanoDSF)
method. Indeed, all six inhibitors (compounds 1 to 6) significantly right-shifted the
melting temperature, with a trend observed in the DSF study in agreement with the
observed MIC values, while the noninhibitor control compound had a minimal effect
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TABLE 1 In vitro activity of selected Pks13 inhibitors and first-line TB drugs on Pks13 mutants of M. tuberculosis
MIC (ug/ml [MIC fold change])

Compound
Strain Mutation INH RIF EMB 1 2 3 4 5 6
H37Rv NA“ 0.04 0.125 1 0.0039 0.0039 0.125 0.25 0.5 0.0313
MTB,g N1640S 0.04 0.125 1 0.0625 (16) 0.0625 (16) 16 (128) 8(32) 4(8) 8—16(256-512)
MTB, N1640K 0.04 0.125 1 32 (8,000) 4 (1,000) 16 (128) 16 (64) 4(8) >64 (>2,048)
MTB, D1644G 0.04 0.125 1 32 (8,000) 4 (1,000) 32 (256) 16 (64) 4(8) >64 (>2,048)
MTB;, A1667V 0.04 0.125 1 0.5 (125) 0.0625 (16) 16 (128) 8(32) 4(8) 8 (256)

9NA, not applicable.

(see Table S1 in the supplemental material). However, no cross-resistance between the
Pks13 mutants and the first-line TB drugs (INH, rifampin [RIF], and ETB) was found
(Table 1).

Kill kinetics. In liquid media, compound 1 showed bactericidal activity in a dose-
dependent manner (Fig. 2). Treatment with 15 times the MIC (0.06 wg/ml) of com-
pound 1 demonstrated a biphasic kill curve, as follows: an initial rapid CFU reduction
phase and a subsequent slower CFU reduction phase. From day 0 to day 3, CFU in the
culture reduced rapidly, while from day 3 to day 10, the CFU reduction curve was less
steep but the CFU in the culture reached the limit of detection (10 CFU per ml) (Fig. 2).
Treatment with 5 times the MIC of compound 1 (0.02 wg/ml) achieved progressive CFU
reduction during the experimental period but at a lower reduction rate than treatment
with 15 times the MIC. From day 6 to day 10, the CFU reduction curve of 5 times the
MIC treatment was slightly leveled off, and the CFU in the culture did not reach the
limit of detection. Treatment with 2 times the MIC of isoniazid (0.08 wg/ml) achieved
similar CFU reduction kinetics as treatment of 5 times the MIC of compound 1 before
day 6. However, after day 6, significant rebound was observed for treatment with 2
times the MIC of isoniazid, which was probably associated with differential resistance
frequency (Fig. 2). Treatment with 1 times the MIC of compound 1 achieved only a flat
line from day 0 to day 3, but outgrowth was apparent afterward, possibly due to com-
pound degradation within the culture (Fig. 2).

Pharmacokinetic study. We previously showed that compound 1 was bioavailable
by oral administration in a serum inhibition titration study (18). Here, we further pur-
sued a pharmacokinetic study in BALB/c mice. Compound 1 was readily bioavailable
by oral administration of 10 mg/kg of body weight and reached a maximum concentra-
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FIG 2 Kill kinetics of compound 1. INH_2x, isoniazid at 2 times the MIC as positive control; DMSO,
negative control; compound 1 at 1, 5, and 15 times the MIC was tested on M. tuberculosis H37Rv.
Data are shown as mean = SD of four replications within one experiment. Similar results were
obtained in a second independent experiment.
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TABLE 2 Pharmacokinetic parameters of compound 1 in BALB/c mice by single oral
administration of 10 mg/kg

Parameter? Unit Mean SD
ke, h! 0.166 0.06
ts h 454 15
T h 0.833 1.0
Crnax ng-ml~! 98.4 69
AUC, , h-ng-ml~" 246 125
AUC,_ h-ng-ml~! 297 109
AUMC,_, h-ng-ml~! 1,099 982
AUMC, h-ng-ml~" 2,040 1,238
MRT h 6.55 2.1
F % 19.4 7.1

ak,, elimination rate constant; t, ,, half-life; T, time to maximum concentration of drug in serum; C,

max’ max’

maximum concentration of drug in serum; AUMC, _,, area under the first moment of the concentration-time
curve from 0 to t; MRT, mean residence time.

tion of 98.4ng/ml in the plasma at 0.833 h after administration (Table 2). Area under
the concentration-time curve from 0 to t (AUC,_,) was 246 h-ng-ml~" with a half-life of
4.54 h. The mean residence time was 6.55 h, and the overall relative bioavailability was
19.4% (Table 2).

In vivo efficacy study of the lead compound in mouse infection models. To eluci-
date the in vivo efficacy of compound 1, we performed two mouse infection and chem-
otherapy modeling studies. In the acute monotherapy model, compound 1 demon-
strated dose-dependent activity, for treatment with 50, 25, and 12.5mg/kg achieved
2.21-, 1.07-, and 0.12-log,, CFU reduction in the mouse lungs, respectively (Fig. 3A).
This dose-dependent CFU reduction was also in agreement with lung gross pathology
and lung weight (see Fig. S1 in the supplemental material).

In the chronic model, compound 1 at 25 mg/kg was effective, as shown by a reduc-
tion of 0.3-log,, CFU burden in the mouse lungs (P < 0.05). When compound 1 was
combined with rifampin at 10 mg/kg, the combination achieved a significantly lower
CFU burden in the lungs than either rifampin alone (3.67 versus 4.30, P < 0.001), isonia-
zid alone (3.67 versus 4.21, P < 0.001), or compound 1 alone (3.67 versus 4.93, P < 0.0001)
(Fig. 3B). The combination of RIF and INH yielded a better CFU reduction than RIF and
compound 1. When the combination therapy data were subjected to Bliss independence
modeling, compound 1 and rifampin achieved a synergistic effect for CFU reduction in the
mouse lungs, as shown by a larger observed fraction affected by combination (fa,, ) than
predicted fraction affected by combination (fa,,s) (Fig. 3C). Similarly, synergy was also
found for the combination of INH and rifampin (Fig. 3C). It is worth mentioning that in this
chronic model, INH and RIF achieved a similar CFU reduction in the mouse lungs (1.00 ver-
sus 0.92, P> 0.05) (Fig. 3B).

DISCUSSION

Pks13 is comprised of the following five domains: an N-terminal acyl carrier protein
(ACP) domain, a ketosynthase (KS) domain, an acyltransferase (AT) domain, an C-termi-
nal ACP domain, and an C-terminal thioesterase (TE) domain (10). It was evident that a
critical site for coumestan action against Pks13 resides in the TE domain (15). Indeed,
all of our Pks13 mutants harbor single nucleotide polymorphisms in the TE domain
(Table 1). It was recently shown that D1644, F1670, Y1674, and G1644 constitute a
binding pocket (18) wherein Pks13 inhibitors may block the active site (15). However,
there was a clear mutation- and compound-specific molecular interaction pattern.
When the polar asparagine (N) at 1640 was mutated to polar serine (S), the MIC shift
for both compounds 1 and 2 was only 16 times. However, when N at 1640 was
mutated to the positively charged lysine (K), the MIC shift increased to 8,000 times for
compound 1 and 1,000 times for compound 2 (Table 1). This result may be explained
by molecular docking modeling using the solved crystal structures of Pks13-TE (PDB ID

May 2021 Volume 65 Issue 5 e02190-20

Antimicrobial Agents and Chemotherapy

aac.asm.org 4


https://aac.asm.org

In Vivo Efficacy of a Pks13 Inhibitor Antimicrobial Agents and Chemotherapy

A10' |_E§L — !

|

//

6+

7
7
//

4+

Log,,CFU per lung

2

2+

7/

R R NN
LR A AR,
PESSSLTTHTSATATHATEATHHATEITATETALISALISAVIS AN SIS

7
%

0+

o

Iog10

CFU per lung

C o.18, 2

0.15-
0.124 p=0.0293 (*) p=0.0061 (**)
[ ] m 6
> 0.00- 5
w0 [ ] Hgm “>)~
< 0.064 ®oe
0.03-
0.00
-0.03 ' r
& &
N
Ve \é% Ve

FIG 3 In vivo activity of compound 1, as shown in an acute monotherapy model (A) and a chronic
combination therapy model (B, C). For the acute model, mice were infected with 3.2 log,, CFU by the
aerosol route and treatment was initiated on day 1 after infection. For the chronic model, mice were
infected with 2.0 log,, CFU by the aerosol route and treatment was initiated 28 days after infection.

(Continued on next page)
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5V3Y) for compound 1. Protonated N in the piperidine ring of compound 1 has an
intermolecular hydrogen bond with the side chain oxygen of N1640. When N at 1640
was mutated into S or K, both of them lose the effect. At the same time, the longer
side chain of hydrophilic K may prevent compound 1 from inserting into the hydro-
phobic pocket of Pks13-TE (see Fig. S3 in the supplemental material). Nevertheless, the
drastic difference between S and K at 1640 was not observed with compounds 3 and
5, as no difference was seen in terms of MIC shift (Table 1). We speculate that the
hydroxyl group at the benzene played an important role for the drastic MIC shift, as
compounds 3 and 5 did not have the hydroxyl group at that position.

The coumestan class compound 1 worked by a bactericidal mode of action, with
the minimum bactericidal concentration (MBC) at 0.0039 to 0.0078 ug/ml (18). In this
study, we showed that at 5 or 15 times the MIC, compound 1 progressively killed M. tu-
berculosis in liquid culture and reached the limit of detection after 10 days for 15 times
the MIC treatment (Fig. 2). Bactericidal killing was also reported for the benzofuran
class of Pks13 inhibitors (15), most likely due to the essentiality of mycolic acid biosyn-
thetic pathway (8-10, 19, 20).

Compounds 1 and 2 were orally bioavailable, as shown in our previous serum inhi-
bition titration assay (18) and the pharmacokinetic study presented in this work (com-
pound 1, Table 2). The relative bioavailability of compound 1 (19.4%) was not as high
as we hoped. One possible reason could be that the propylene glycol (PG):Tween 80
(4:1) formulation might not be optimal for compound 1, even though it was suitable
for an indole-2-carboxamide (21). However, the in vivo activity of compound 1 was
verified by lung CFU reduction in both the acute monotherapy and the chronic combi-
nation therapy mouse modeling, and a favorable synergistic effect was observed for
compound 1 combined with rifampin in the chronic model (Fig. 3; Fig. S1; see Fig. S2
in the supplemental material). We noticed that in the chronic model, 8 weeks of mono-
therapy with compound 1 resulted in higher lung weight but lower CFU load in the
lungs (Fig. 3B; Fig. S2). More studies are needed to find out the reason behind this dis-
cordance, but we think the CFU data are a more important parameter for TB therapeu-
tic efficacy. Worth mentioning is that when compound 1 was combined with rifampin,
the lung weight increase disappeared completely (Fig. S2). While no Pks13 inhibitors
have been clinically evaluated or licensed, the target is considered druggable because
it is known to be essential for bacterial survival in vitro. The essentiality of Pks13
(mycolic acid biosynthesis pathway of M. tuberculosis) and the activities of the coume-
stan class Pks13 inhibitors on MDR- and XDR-TB and their in vivo efficacy justify further
development of this interesting chemical entity.

MATERIALS AND METHODS

Mycobacterial strain and culture conditions. M. tuberculosis H37Rv wild-type and congenic Pks13
mutant strains were cultured in 7H9 broth supplemented with 0.2% glycerol, 10% oleic acid-albumin-
dextrose-catalase (OADC) (Becton, Dickinson, USA), and 0.05% Tween 80. CFUs were determined by plat-
ing diluted mouse lung homogenates on 7H11 agar containing 50 ng/ml cycloheximide, 25 wg/ml poly-
mixin B, 50 ug/ml carbenicillin, and 20 wg/ml trimethoprim. Incubation was carried out at 37°C.

Target verification and cross-resistance characterization. Four Pks13 mutants harboring N1640S
(MTBsg, clone 2 from compound 27), N1640K (MTB,, clone 1 from compound 42), D1644G (MTB,, clone 2
from compound 41), and A1667V (MTB,,, clone 1 from compound 27) (17), respectively, were tested to
characterize cross-resistance among previously reported Pks13 inhibitors, including both benzofurans
(15, 17) and coumestans (17, 18). The recently optimized coumestan lead compounds 1 and 2 were
tested against this panel of mutants to verify Pks13 as their target. Those mutants were also tested for
susceptibility to the first-line TB drugs isoniazid, rifampin, and ethambutol. Microplate alamarBlue Assay
(MABA) was used to determine the MIC as reported previously (18).

FIG 3 Legend (Continued)

CFU in the lungs were determined after 4 weeks (A) or 8 weeks (B) of treatment. UT, untreated; E,
ethambutol (100 mg/kg); RIF, rifampin (10 mg/kg); INH, isoniazid (10 mg/kg); 1_50, compound 1 at
50mg/kg. All treatment was daily, 5 days a week. Data are shown as mean *= SD (*, P<0.05; **,
P<0.01; ***, P<0.001; ****, P<<0.0001 by one-way ANOVA and Tukey’s multiple-comparison test). (C)
Bliss independence model demonstrated synergistic effects of the combination of 1 and rifampin and
INH and rifampin (unpaired t test applied).

May 2021 Volume 65 Issue 5 e02190-20

Antimicrobial Agents and Chemotherapy

aac.asm.org 6


https://doi.org/10.2210/pdb5V3Y/pdb
https://aac.asm.org

In Vivo Efficacy of a Pks13 Inhibitor Antimicrobial Agents and Chemotherapy

Kill kinetics. Mid-log-phase (optical density at 600 nm [ODy,,l, 0.9) M. tuberculosis H37Rv culture
was diluted 100 times. Diluted culture was aliquoted to 10 ml into 50-ml conical tubes. Compound 1
was added to corresponding tubes to achieve a final concentration of 1, 5, and 15 times the MIC. The
first-line TB drug isoniazid at 2 times the MIC (0.08 n.g/ml) was used as a positive control. Dimethyl sulf-
oxide (DMSO) with an equivalent dilution factor at 1 times the MIC of compound 1 was the negative
control. All tubes were incubated at 37°C in a shaker incubator (200 rpm). At days 0, 3, 6, and 10, all cul-
tures were diluted and plated onto 7H11 plates for CFU enumeration.

Pharmacokinetic study. To study the bioavailability of compound 1, 6-week-old female BALB/c
mice were assigned to either the intravenous (i.v.) injection or oral (p.o.) administration treatment
group. Three mice were used for each treatment. For the i.v. group, the dose was 3 mg/kg and the
vehicle contained 75% normal saline, 5% DMSO, 10% Solutol, and 10% ethanol. For the p.o. group,
the dose was 10 mg/kg, and the vehicle was a miscible mixture of propylene glycol and Tween 80 at
4:1 (vol/vol). After dosing, retro-orbital blood was collected at 5min, 15min, 30min, 1 h, 2 h, 4 h, 6
h, 8 h, and 24 h. Plasma was separated and stored at —80°C for further analysis using the Sciex 4000
QTRAP liquid chromatography-tandem mass spectrometry (LC-MS/MS) system. Estimation of phar-
macokinetic parameters was conducted using noncompartmental analysis with WinNonlin software
(Phoenix 6.3).

In vivo efficacy evaluation. Four-to-6-week-old female BALB/c mice were obtained from Charles
River Laboratories. Mice were aerosol infected with M. tuberculosis H37Rv using an inhalation system
(Glas-Col Inc., Terre Haute, IN). In order to study the in vivo efficacy of compound 1, two mouse infection
and chemotherapy models were carried out. For the acute monotherapy modeling, mice were infected
to have a day 1 implantation of 3.2 log,, CFU per lung and treatment initiated at day 1. Groups of five
mice were assigned to compound 1 treatment (dosed at 6.25, 12.5, 25, and 50 mg/kg), positive-control
(ethambutol at 100 mg/kg), or untreated negative-control groups. After 4 weeks of treatment, mice
were sacrificed and lungs were removed, homogenized, and plated onto 7H11 selective agar for CFU
enumeration. For the chronic combination therapy modeling, mice were infected to have day 1 implan-
tation of 2.0 log,, CFU per lung. Treatment was initiated on day 28 when CFU reached 7.0 log,, CFU per
lung. Mice were randomly grouped to six treatment arms: untreated, compound 1 at 25 mg/kg, rifampin
at 10 mg/kg, isoniazid at 10 mg/kg, INH combined with RIF, or compound 1 combined with RIF, with
group size of five. After 8 weeks of treatment, mice were sacrificed and lungs were removed, homoge-
nized, and plated onto 7H11 selective agar for CFU enumeration.

Compound 1 was prepared in PG:Tween 80 (4:1), and control compounds were prepared in water.
Group size was five mice for all treatments, and all treatments were carried out by oral gavage, once a
day and 5 days a week. The Institutional Animal Care and Use Committee of the Johns Hopkins
University School of Medicine approved all animal procedures performed in this study.

Data analysis and statistics. Lung CFU counts (x) were log-transformed (as x + 1) before analysis.
Group mean CFU counts were compared using one-way analysis of variance (ANOVA) with Dunnett’s
posttest to adjust for multiple comparisons. We used Bliss independence model to examine the syn-
ergy of drug combinations. The model is defined by the equation faxy',, =fa, + fay — (fax)(fay), where
fa,,e is the predicted fraction affected by a combination of drug x and drug y given the experimen-
tally observed fraction affected for drug x (fa,) and drug y (fa) individually. The experimentally
observed fraction affected by a combination of drug x and drug y (fa, ;) can be compared with the
predicted fraction affected. If fa, , > fa, , (or fa, , — fa, , > 0), the synergy was fulfilled (22). In vivo
synergy was tested by using an unpaired t test. All analyses were performed with Prism version 6
(GraphPad, San Diego, CA).
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