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The rapid rise of antibiotic resistance causes an urgent need for new antimicrobial
agents with unique and different mechanisms of action. The respiratory chain is one
such target involved in the redox balance and energy metabolism. As a natural quinone
compound isolated from the root of Salvia miltiorrhiza Bunge, cryptotanshinone (CT) has
been previously demonstrated against a wide range of Gram-positive bacteria including
multidrug-resistant pathogens. Although superoxide radicals induced by CT are
proposed to play an important role in the antibacterial effect of this agent, its mechanism
of action is still unclear. In this study, we have shown that CT is a bacteriostatic agent
rather than a bactericidal agent. Metabolome analysis suggested that CT might act as
an antibacterial agent targeting the cell membrane. CT did not cause severe damage
to the bacterial membrane but rapidly dissipated membrane potential, implying that
this compound could be a respiratory chain inhibitor. Oxygen consumption analysis in
staphylococcal membrane vesicles implied that CT acted as respiratory chain inhibitor
probably by targeting type Il NADH:quinone dehydrogenase (NDH-2). Molecular docking
study suggested that the compound would competitively inhibit the binding of quinone
to NDH-2. Consistent with the hypothesis, the antimicrobial activity of CT was blocked
by menaquinone, and the combination of CT with thioridazine but not 2-n-heptyl-4-
hydroxyquinoline-N-oxide exerted synergistic activity against Staphylococcus aureus.
Additionally, combinations of CT with other inhibitors targeting different components
of the bacterial respiratory chain exhibit potent synergistic activities against S. aureus,
suggesting a promising role in combination therapies.

Keywords: cryptotanshinone, respiratory chain inhibitor, menaquinone, type Il NADH:quinone dehydrogenase,
metabolome analysis

INTRODUCTION

Infectious diseases remain a major threat to global health due to widespread antibiotic resistance
among pathogens. Although improved preventive measures have reduced resistance in some
bacteria, the discovery and development of new antimicrobial agents with a unique mechanism
of action has been and will continue to be necessary for the treatment of infections caused by novel
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drug-resistant pathogens. For a long time, the clinically used
antibiotics mainly affect five major targets or biosynthetic
pathways: the biosynthesis of DNA, RNA, proteins,
peptidoglycan, and folic acid (Hurdle et al., 2011). Recently,
the respiratory system has emerged as an attractive target
for the development of new antibiotics, especially against
multidrug-resistant tuberculosis (Hards and Cook, 2018; Igbal
et al., 2018). The mitochondrial respiratory systems of mammal
usually consist of type I NADH dehydrogenase (NDH-1),
succinate dehydrogenase, cytochrome bc; complex, cytochrome
c oxidase, and ATP synthase. However, for adaption to different
environments, the respiratory system of bacteria is far more
diverse than that of mitochondria (Anraku, 1988). For instance,
Mycobacterium tuberculosis can encode two distinct terminal
oxidases as well as two types of NADH dehydrogenases, NDH-1
and type II NADH dehydrogenase (NDH-2) (Hards and Cook,
2018), while Bacillus subtilis possesses one NDH-2 and four types
of terminal oxidases (Azarkina et al., 1999; Melo et al., 2004).

Numerous antimicrobial molecules targeting different
components of the respiratory chain have been discovered.
Thioridazine targets NDH-2 to block the electron transfer chain
of bacteria and is effective against Staphylococcus aureus and
M. tuberculosis (Weinstein et al., 2005; Schurig-Briccio et al.,
2014). Bedaquiline and its analog TBAJ-876 kill M. tuberculosis
by specifically inhibiting F; Fo-ATP synthase (Andries, 2005; Koul
etal,, 2007; Sarathy et al., 2019). Lysocin E exerts its antimicrobial
activity through a direct interaction with menaquinone (MK),
which is the sole quinone in most of the Gram-positive bacteria,
including M. tuberculosis, S. aureus, and B. subtilis (Hamamoto
et al., 2015; Paudel et al., 2016; Boersch et al., 2018). Moreover,
many compounds that target MK biosynthesis (Paudel et al.,
2016; Boersch et al., 2018) and QcrB, a component of the
cytochrome bc; complex (Foo et al., 2018; Igbal et al., 2018; Lu
et al., 2019), have been described. It is worth mentioning that
bedaquiline was approved by the FDA in 2012 for the treatment
of pulmonary multidrug-resistant tuberculosis in adults, and
Q203, an imidazopyridine amide compound targeting the
respiratory cytochrome bc; complex of M. tuberculosis, has
recently entered clinical trials (Igbal et al., 2018).

Over the past few decades, much attention has been
directed to the study of plant-derived compounds due to their
antibacterial activities, especially against multidrug-resistant
pathogenic bacteria (Cha et al., 2014; Barbieri et al., 2017; Teng
etal., 2018). Cryptotanshinone (CT), a representative diterpenoid
quinone isolated from the root of Salvia miltiorrhiza Bunge
(Dan Shen), is one of such compounds. It is the major active
constituents of Danshentong capsules and Kecuoyintone gel,
which are Chinese patent medicines used for the treatment of
disorders such as acne vulgaris and other skin infections (Zhang
et al., 2003; Zhao et al., 2007). CT exhibits antibacterial activity
against a wide range of Gram-positive pathogenic bacteria (Lee
et al., 1999; Lu, 2020). Clinically isolated methicillin-resistant
S. aureus and vancomycin-resistant S. aureus were also reported
to be sensitive to CT (Cha et al., 2014), making it an attractive
new antibiotic candidate. However, little information has been
obtained about the mode of action (MoA) of CT. It has only
been speculated that superoxide radicals induced by CT might

be important in the antibacterial activity of the agent (Lee et al.,
1999; Feng et al., 2009).

To gain novel insight into the MoA of this compound,
we conducted a comprehensive study using a model organism
B. subtilis and an opportunistic pathogen S. aureus, the latter
of which causes a wide range of hospital- and community-
acquired infections (Al-Mebairik et al., 2016). We found that CT
was a respiratory chain inhibitor probably by targeting NDH-
2. Furthermore, we demonstrated that the phytochemical was
strongly synergistic with several respiratory chain inhibitors.

MATERIALS AND METHODS

Chemicals and Bacterial Strains
Cryptotanshinone (>98%, HPLC), menaquinone-4 (MK4), and
NADH were purchased from Sigma-Aldrich (St. Louis, MO,
United States). Reagents used in metabolomics: methanol, formic
acid, and acetonitrile were purchased from CNW Technologies
GmbH (Germany). Unless otherwise stated, all agents were
dissolved in DMSO and then diluted to ensure a final DMSO
concentration of <3.2% (vol/vol). S. aureus ATCC 25923,
S. aureus ATCC 29213, S. aureus ATCC 43300, and B. subtilis 168
(Chen et al., 2018) were used in this study.

Antimicrobial Testing

The minimum inhibitory concentration (MIC)/minimum
bactericidal concentration (MBC) was determined as described
previously (Chen et al, 2018). Time-kill experiments were
performed to evaluate the bactericidal/bacteriostasis activity of
CT against S. aureus ATCC 43300 and B. subtilis 168 (Chen et al.,
2018). Vancomycin was used as a positive control of bactericidal
antibiotic, and DMSO (3.2%) was used as a negative control.

Untargeted Metabolomics Analysis

Overnight culture of B. subtilis was inoculated in Mueller-Hinton
(MH) broth and incubated to early logarithmic phase. Bacterial
cells were then diluted to ODggg = 0.2 with fresh MH broth, and
treated with 16 wg/mL CT or 1.6% DMSO for 2 h. The cells
were harvested by centrifugation, washed, and resuspended with
ice-cold saline. The suspended cells were divided, pelleted, and
then frozen rapidly in liquid nitrogen for 5 min, followed by
storage at —80°C until analysis. An accurately weighed sample
was resuspended in 1mL methanol:water (4:1 = v:v), added to
20 pL of 2-chloro-lI-phenylalanine (0.3 mg/mL) dissolved in
methanol as internal standard, and transferred to a 2.0-mL glass
vial. A total of 200 WL of chloroform was added to each vial.
The cells were then broken by sonication on an ice bath for
6 min at 500 W and centrifuged (16,000 x g, 4 °C) for 10 min.
Quality control samples were prepared by mixing aliquots of all
samples that served as a pooled sample. One milliliter of the
supernatant was transferred to a 1.5-mL Eppendorf tube and
dried in a freeze-concentration centrifugal dryer. The sample
was then resuspended in 400 pL methanol: water (7:3 = v:v).
After centrifugation, 150 pL of the supernatant was filtered
through a 0.22 pm filter, followed by LC-MS analysis. ACQUITY
UPLC I-Class system coupled with VION IMS QTOF mass
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spectrometer (Waters Corporation, Milford, CT, United States)
was used to analyze the metabolic profiling in both ESI positive
and ESI negative ion modes. The acquired LC-MS raw data were
analyzed by the progenesis QI software (Waters Corporation,
Milford, CT, United States). Principal component analysis
(PCA), partial least squares-discriminant analysis (PLS-DA), and
orthogonal partial least-squares-discriminant analysis (OPLS-
DA) were carried out to visualize the metabolic alterations among
experimental groups, after mean centering and Pareto variance
scaling, respectively. Variable importance in the projection (VIP)
ranked the overall contribution of each variable to the OPLS-
DA model, and those variables with VIP > 1 were considered
relevant for group discrimination. Student’s ¢-test and fold change
analyses were used to compare the difference of metabolites
between the two groups.

Analysis of CT-Induced Release of
Cytoplasmic Components

The intracellular concentration of potassium/magnesium in
bacteria was determined as previously reported (Miiller et al.,
2016). Element concentrations were determined by iCAP 6300
Spectrometer (Thermo Fisher Scientific, United States) and
normalized to the DMSO control. For analysis of ATP release,
cells of B. subtilis 168 (~10® CFU/mL) were resuspended in PBS
and incubated with antibiotics at 37°C for 30 min. The samples
were then centrifuged at 8,000 x g at 4°C for 10 min. A total
of 100 nL of supernatant was mixed with an equal amount
of working reagent from the BacTiter glow ATP detection Kit
(Promega, United States) and incubated for 2 min. Luminescence
was measured subsequently with a FLUOStar Omega (BMG
LABTECH GmbH, Germany).

Propidium lodide Stain

The cells of bacteria were grown to logarithmic phase and washed
twice with PBS. The cell suspensions were then incubated with
CT at 37°C for 2 h before centrifuging at 6,000 x g for 10 min.
The acquired cells were resuspended in PBS and incubated with
30 M propidium iodide (PI) at 37°C for 30 min. Fluorescence
intensity was measured by an Accuri C6 flow cytometry with
excitation at 490 nm and emission at 635 nm.

Determination of Membrane Potential
The effects of CT on bacterial membrane potential were
determined first with a flow cytometer using fluorescent
dye 3,3'-diethyloxacarbocyanine iodide [DiOC;(3)] (Molecular
Probes, Fisher Scientific). Bacteria grown to logarithmic growth
phase were harvested and resuspended in PBS, and treated
with drug and DiOC,(3) (10 pM) for 10 min at room
temperature. Stained bacteria were assayed in a CytoFlex
S flow cytometer (Beckman Coulter, United States) with a
laser emitting at 485 nm. Fluorescence was observed in the
green and red channels according to the instructions of the
BacLight™ Bacterial Membrane Potential Kit (Thermo Fisher
Scientific, United States).

In investigating whether the effect of CT on bacterial
membrane potential was time-dependent, the resuspended

cells of bacteria in PBS were added into 96-well plates,
incubated with 10 pM DiOC;,(3) for 10 min in the dark, and
the baseline recorded for 2 min using a FLUOstar Omega.
Fluorescence intensity was measured at an excitation wavelength
of 485 nm and two emission wavelengths, 530 nm (green) and
630 nm (red) (Saising et al., 2018). Subsequently, drugs were
added, and fluorescence was measured for a specified time at
room temperature.

Preparation of Inverted Membrane

Vesicles

Membrane vesicles were isolated from the overnight cultures of
S. aureus ATCC 43,300 (Lamontagne Boulet et al., 2018). The
cells were suspended in KPN (20 mM potassium phosphate,
140 mM NacCl, pH 7.2), disrupted in a French press at 16,000 psi,
and centrifuged at 6,000 x g for 30 min. The supernatant was
centrifuged at 150,000 x g for 40 min using an ultracentrifuge
(Optima XPN-100, Beckman, United States). The pellets were
resuspended and centrifuged at 12,000 x g for 30 min. The
supernatant containing membrane vesicles was stored at —80 °C.
Protein concentration was estimated by a BCA protein assay kit
(Beyotime Biotechnology, Shanghai, China) using bovine serum
albumin as a standard.

ATP Synthesis Assay

Bacteria (~10° CFU/mL) were preincubated with CT under
stirring conditions for 10 min. Subsequently, 10 mM glucose
(final concentration) was added, and the mixture further
incubated for 30 min. Bacterial suspensions (100 L) were then
transferred into 96-well plates and mixed with an equal amount
of working reagent from the BacTiter glow ATP detection Kit.
Luminescence was finally measured with a FLUOStar Omega
after incubation for 5 min. The effect of CT on ATP synthesis
by membrane vesicles isolated from S. aureus was determined as
previously described (Lamontagne Boulet et al., 2018).

Oxygen Consumption Assay

Oxygen consumption by membrane vesicles of S. aureus was
measured polarographically with a clark-type polarographic
electrode  (Strathkelvin 782  dissolved oxygen meter,
United Kingdom) (Weinstein et al., 2005). Membrane vesicles
(0.2 mg/mL) were suspended in KPN buffer at 37°C, and 1 mM
NADH was added to initiate respiration. Subsequently, CT
was added to the reaction mixture, followed by the addition of
dithiothreitol and ubiquinone-10. The result was expressed as
the relative oxygen content, and the initial oxygen concentration
was set as 100%.

Bacterial NADH/NAD™ Ratios Assay

NADH/NAD™ ratios were determined using an Amplite
fluorimetric NAD/NADH ratio assay kit (AAT Bioquest, Inc.,
United States). Bacteria were grown to the early logarithmic
phase and collected by centrifugation. The cell pellets were
resuspended and treated with drug for 30 min at 37°C.
The cells were pelleted at 6,000 x g for 5 min, washed,
and resuspended with lysis buffer. Measurement of the

Frontiers in Microbiology | www.frontiersin.org

February 2021 | Volume 12 | Article 647289


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Chen et al.

Bacterial Respiratory Chain Inhibitor Cryptotanshinone

NADH/NAD™ ratios in the supernatant was performed
according to the manufacturer’s instructions.

Molecular Docking Simulation

Molecular docking using Autodock 4.2 was employed to explore
the mode of binding of CT with NDH-2. The X-ray crystal
structure of NDH-2 from S. aureus (PDB ID: 4XDB) was
retrieved from the Protein Data Bank'. All crystallographic water
molecules and ions were removed from the protein structure. The
3-D structures of CT and ubiquinone-5 were retrieved from the
PubChem database. The conformations were generated using the
best conformational analysis method with CHARMM force field
parameters. The obtained conformations were then docked into
the binding site of NDH-2. The docked conformation with the
lowest energy was used for the analysis of binding mode.

RESULTS

CT Is a Bacteriostatic Agent

To evaluate the bactericidal/bacteriostatic behavior of the agent,
the MIC and MBC were determined for four strains (Table 1).
The MICs of CT against tested bacteria ranged from 4 to
16 pg/mL. The MBC of CT for each strain was >64 pg/mL,
and the MBC/MIC ratios were all higher than 4, indicating
that CT is a bacteriostatic agent rather than a bactericidal agent
(Clinical and Laboratory Standards Institute, 2009). To further
examine the bacteriostatic activities of CT, time-kill assays against
S. aureus ATCC 43300 and B. subtilis 168 were performed. As
shown in Figure 1, less than one logarithmic unit of killing was
observed at 4 x MIC of CT against two stains for 24 h, which
was consistent with the bacteriostatic behavior revealed by the
MBC/MIC analysis described above.

CT Induces Significant Changes in the
Membrane Phospholipids

To obtain a first hint as to the antibacterial mechanism
of CT, we conducted an untargeted metabolomics study.

http://www.rcsb.org/

TABLE 1 | The MICs and MBCs of CT against reference strains.

Strains and compounds MIC (rg/mL) MBC (ng/mL) MBC/MIC
S. aureus ATCC 29213

CT 16 >64 >4
Vancomycin 1 2 2
S. aureus ATCC 43300

CT 8 >64 >8
Vancomycin 2 2 1
S. aureus ATCC 25923

CT 8 >64 >8
Vancomycin 1 1 1
B. subtilis 168

CT 4 >64 >16
Vancomycin 0.5 >1 >2

S. aureus ATCC 43300

=O- no drug control
——- 32 ug/mL CT
-# 8 ng/mL VAN

Log,o (cfu/mL)

0 4 8§ 12 16 20 24
Time (h)
B. subtilis 168
14 -
12
2 10
éo 8 -0- no drug control
:2) 6 —— 16 pg/mL CT
3 ‘2‘ -+ 2 pg/mL VAN
0

0 4 8 12 16 20 24
Time (h)

FIGURE 1 | Time-kill curves for Bacillus subtilis and Staphylococcus aureus
treated with CT. The curves are viable cell concentrations plotted against time.
MIC, minimum inhibitory concentration; VAN, vancomycin. DMSO (3.2%) is as
a no drug control. Data represent the mean + SD (n = 3).

PCA and heatmaps showed that the pooled biological quality
control samples were tightly clustered together, indicating
minimal technical variation. Under two treatment conditions,
a total of 4,444 putative metabolites were identified. The
PCA (Supplementary Figure 1A) and PLS-DA (Supplementary
Figure 1B) showed that the untreated control and CT-treated
samples were significantly separated. OPLS-DA (Supplementary
Figures 1C,D) and two-tailed Student’s t-test further revealed
that 406 metabolites were significantly altered (VIP > 1, p < 0.05)
following treatment with CT (Supplementary Data Set 1).

The most prominent changes associated with a specific
metabolic pathway were mapped to KEGG pathways.
Metabolites in purine metabolism, arginine biosynthesis,
glycerophospholipid metabolism, sphingolipid metabolism,
ABC transporters, biosynthesis of amino acids, and D-glutamine
and D-glutamate metabolism were found to significantly differ
between control and CT treatment (p < 0.01; Supplementary
Figure 2). In general, CT dramatically decreased metabolites
related to purine, pyrimidine, and amino acid metabolism. The
relative abundance of nicotinamide adenine dinucleotide (NAD)
was also significantly decreased in CT group (log;FC = —6.5;
p < 0.01). Interestingly, CT induced significant changes in a
wide range of the major membrane phospholipids in B. subtilis,
including phosphatidylglycerol (PG), phosphatidylethanolamine
(PE), and phospholipid acid (PA). More concretely, CT enriched
a number of phospholipids {PE (15:0/15:0), PE (16:0/0:0), PE
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[18:1(9Z)/0:0], Lyso PE (15:0/0:0), PA (10:0/17:0), PA (8:0/19:0),
PA (P-16:0/13:0), and PA (P-16:0/12:0)} but decreased the levels
of PG (15:0/0:0), PG (16:0/0:0)[U], and PG (17:0/0:0) (Figure 2
and Supplementary Data Set 2). Many of metabolites affected
by CT were related to glycerophospholipid, suggesting that CT
might act as an antibacterial agent targeting the cell membrane.

CT Does Not Cause Severe Bacterial
Membrane Damage but Dissipates

Membrane Potential

Antimicrobial agents targeting cell membranes usually include
membrane structure disruptors and respiratory chain inhibitors
(Hurdle et al., 2011). To distinguish the type of action of CT, the
effects of this compound on bacterial membrane integrity were
investigated. We first investigated whether it causes the release of
cytoplasmic components. As shown in Figure 3A, partial leakage
of potassium and magnesium was observed when B. subtilis was
treated with CT for 30 min. However, CT did not cause the
release of ATP even after 120 min treatment with 32 pg/mL
(Figure 3B), implying that CT does not cause severe membrane
disruption. To confirm this finding, S. aureus and B. subtilis

were stained with a fluorescent dye PI, an indicator of severe
membrane disruption. When two strains were treated with nisin,
marked increases in fluorescence were observed compared to
the untreated cultures (Figure 3C). In contrast, incubation of
cultures with 8 x MIC of CT for 120 min did not result in the
uptake of PI (Figure 3C), indicating that CT did not cause serious
damage to the bacterial membrane.

We then investigated the effect of CT on bacterial membrane
potential. First, we evaluated the ability of CT to induce
membrane depolarization using DiOC,(3). The green,
fluorescent dye formed red fluorescent aggregates with increasing
membrane potential. When the membrane potential is disrupted
with a small molecule, the dye is released into the medium
resulting in an increase in green fiuorescence (Novo et al,
2000). As expected, the addition of CCCP to the suspensions
of B. subtilis or S. aureus caused a marked increase in green
fluorescence, while incubation of both strains with nigericin
decreased the green fluorescence intensity (Figures 4A,B).
Similar to CCCP, CT dissipated the membrane potential
and led to a drastic increase in green fiuorescence in two
strains (Figures 4A,B). Further experiments showed that CT
caused a dose-dependent and rapid dissipation of bacterial

S N S Y Y I 0 ot I . class

class

PE-NMe(15:0/14:0) .

PG(15:0/0:0) 2 cT
PG(0-20:0/20:5(5Z,8Z,11Z,14Z,17Z))
PG(16:0/0:0)[U] 1
LysoPA(0:0/18:2(9Z.122))
PE(17:0/0:0) 0
LysoPE(15:0/0:0)
PG(17:0/0:0) -1
PG(12:0/17:0)

| PG(20:5(5Z,8Z,11Z,14Z,17Z)/0:0) 2
PG(13:0/14:0)

PG(12:0/17:1(9Z))

PE(15:0/15:0)
PA(21:4(62,9Z,12Z,152)/0:0)
PG(21:0/0:0)
PA(P-16:0120:5(52.8Z,11Z,14Z,172))
PA(20:0/8:0)

PA(10:0/i-14:0)

PG(12:0/12:0)[U]

PA(P-16:0/12:0)

I PC(15:0/16:0)

PE-Cer(d15:1(4E)/20:0(20H))

FIGURE 2 | CT significantly affects the glycerophospholipid metabolism of Bacillus subtilis. DMSQ is as a control without drug (Con). Deep red represents the
highest level, and deep blue represents the lowest level, with white representing equal levels. Each group is identified by green (CT) and red (DMSO) bars at the top

of each column. Six biological replicates were tested for each sample.

PE(22:2(13Z,16Z)/P-18:1(11Z))
PE-NMe2(20:0/20:3(8Z,11Z,14Z))
LysoPC(22:1(13Z))
LysoPE(18:0/0:0)

PE(12:0/15:0)

PE(14:0/P-18:0)
PE(14:0/20:3(5Z.8Z.11Z))
PC(16:0/3:1(2E))

PA(8:0/19:0)

PA(10:0/17:0)

LysoPA(0:0/18:0)
PG(17:0/14:1(9Z))
LysoPE(0:0/24:1(15Z))
PC(0-22:0/20:4(8Z,11Z,14Z,17Z))
PC(20:2(11Z,14Z)/24:1(15Z))
PA(P-16:0/13:0)
PC(22:2(13Z,162)/24:1(15Z))
PC(22:2(13Z,162)/22:6(4Z.7Z,10Z,13Z,16Z,19Z))
PS(14:1(92)/20:4(5Z,8Z,11Z,14Z))
PE(16:0/0:0)

PE(18:1(9Z)/0:0)
LysoPE(18:2(9Z,12Z)/0:0)
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308
=
3
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&
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1.6% DMSO M 8 ug/mL VAN M 16 pg/mL Nig
M 32 pg/mL CT M 8 pg/mL CCCP
B
=S 8.0
=
8 6.0
L
2 4.0+
£
=)
= 2.0 "
= 2o -
< oolommm cEml -wpll 18
9 %6\ %@ (’0\»
Y WX )
> QQQ
N
Omin ¥/ 10 min M 30 min [ 120 min
following exposure to antimicrobial agents at 8 x MIC for 120 min.

C
B. subtilis 168 S. aureus ATCC 43300

DMSO £ ]
@] @]
CT £ E
@] @]
Nisin 2 ]
o o

FIGURE 3 | Effect of CT on bacterial membrane integrity. (A) Determination of cellular element concentrations of B. subtilis 168 by inductively coupled plasma
optical emission spectroscopy after CT treatment for 30 min. DMSO, non-drug treated control; VAN (vancomycin), negative control; Nig (nigericin), specific
potassium ionophore; CCCP, depolarization agent. The experiments were carried out in triplicate in two independent replications. (B) Leakage of ATP following
exposure of B. subtilis 168 to antimicrobial agents. Nisin, a pore-forming agent. Data are presented as mean + SD of three independent experiments with triplicate
measurements. (C) Staining with propidium iodide. Representative data from three independent cultures of S. aureus ATCC 43300 and B. subtilis 168 were shown

membrane potential of within 1 min of the addition of this
agent (Figures 4C,D). CT rapidly dissipated bacterial membrane
potential without causing severe membrane damage, suggesting
that this compound is a respiratory chain inhibitor.

CT Appears to Act as a Respiratory

Chain Inhibitor Probably by Targeting
NDH-2

The oxygen consumption of membrane vesicles derived from
S. aureus was determined in a cell-free assay to test whether
CT is a respiratory chain inhibitor. An immediate linear
consumption of oxygen was observed when NADH was
added to the staphylococcal membrane vesicles. The oxygen
consumption was immediately inhibited by the addition of
CT (Figure 5A), confirming that this agent is an inhibitor
of respiratory systems. Similar results were observed with the
addition of thioridazine (Figure 5B). As negative controls,
vancomycin (Figure 5C) or DMSO (Figure 5D) did not inhibit
the oxygen consumption initiated by NADH. Interestingly,
respiration in the CT-arrested membranes was restored by
the addition of dithiothreitol/ubiquinone-10. It was previously
reported that there is no gene encoding type-1 NADH:quinone

oxidoreductase, bc; complex, and cytochrome ¢ oxidase in the
genome of S. aureus, and that NDH-2 is the sole NADH:quinone
oxidoreductase expressed in this strain (Schurig-Briccio et al.,
2014). Thus, it was reasonable to speculate that the primary site
of inhibition of respiration by CT is NDH-2. In agreement with
the hypothesis, CT prevented efficient reoxidization of NADH to
NADT, which resulted in a substantially increased NADH/NAD™*
ratio in CT-treated S. aureus (Figure 5E). The NAD™ level in
B. subtilis treated with CT also decreased significantly revealed
by the metabonomic analysis described above.

To understand the interaction mode of CT binding to NDH-2,
the molecular docking was performed. As shown in Figure 6A,
ubiquinone interacted with Ala319, GIn320, Met323, Arg350,
Thr352, Phe366, Ile382, and Ala386 via hydrophobic contact,
and generated hydrogen bond interaction with fiavin adenine
dinucleotide (FAD), which is another important cofactor for
NDH-2 (Schurig-Briccio et al, 2014). This observation was
consistent with the proposal that the quinone binding cavity
is near the si-side of FAD, and lined mostly by hydrophobic
residues, namely, Tyr15, Ala319, Met323, Ile382, and Ala386
(Heikal et al., 2014; Sena et al, 2015). Intriguingly, CT was
found to form a hydrogen bond with Arg385 (Figure 6B),
which is located at the tunnel entrance of the quinone binding
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FIGURE 4 | Effect of CT on membrane potential of B. subtilis 168 (A,C) and S. aureus ATCC 43300 (B,D). (A,B) Membrane potential estimation by flow cytometry
using DIOC»(3) dye; Representative data from three independent cultures of both strains were shown following exposure to different agents for 10 min. (C,D)
Fluorescence of DiOC»(3) was detected at an excitation wavelength of 485 nm and two emission wavelengths, 530 nm (green) and 630 nm (red), using a microplate
reader. Addition of CT to the cell suspensions of bacteria is indicated by an arrow. Data are presented as mean + SD of three independent experiments. DMSO
(1.6%), non-drug treated control; CCCP, depolarization control; Nigericin, hyperpolarization control; VAN (vancomycin), negative control.

cavity in S. aureus NDH-2 (Sena et al., 2015). Besides, NDH-
2 interacted with CT via hydrophobic contact through residues
GIn320, Met323, Arg350, Ile382, and Lys389, which are partially
overlapped with the binding sites of quinone. Thus, we speculated
that CT could competitively inhibit the binding of quinone
to NDH-2. In agreement with this hypothesis, supplementing
CT-treated cultures with MK4 rescued the CT-treated bacteria
(Figure 6C and Table 2). Interestingly, an antagonistic effect
was observed in the combination of MK4 with 2-n-heptyl-
4-hydroxyquinoline-N-oxide (HQNO), but not thioridazine
(Table 2), both of which were reported to be NDH-2 inhibitors
with different mechanisms (Schurig-Briccio et al., 2014; Sena
etal., 2015).

CT Inhibits the Respiratory ATP

Synthesis of Bacteria

Blocking the access of electrons into the respiratory chain
achieved by inhibiting essential enzyme NDH-2 normally
prevents the synthesis of ATP. Thus, we investigated the impact
of inhibition of ATP synthesis by CT on cellular ATP levels.
As shown in Figure 7A, a significant decrease in ATP levels

was observed in CT-treated B. subtilis cells compared to the
controls. The 50% inhibitory concentration (ICsg) of CT against
B. subtilis was found to be 9.6 £ 1.3 pg/mL. However, CT did
not significantly change ATP levels in S. aureus ATCC 43300
(Supplementary Figure 3). To eliminate the interference from
ATP synthesized by phosphorylation at the substrate level, we
determined the inhibitory activities of CT on ATP synthesis in
staphylococcal membrane vesicles. As depicted in Figure 7B,
CT showed remarkable inhibitory activity with an ICs value of
107.1 £ 8.6 pg/mL, indicating that it possessed the ability to
inhibit the respiratory ATP synthesis of S. aureus.

CT Interactions With Other Respiratory
Chain Inhibitors

Synergistic interactions have been reported between molecules
targeting different components of the bacterial respiratory
chain (Berube and Parish, 2017; Foo et al., 2018; Igbal et al,
2018; Lu et al, 2019). Thus, checkerboard assays for two-
drug combinations were performed to determine the nature of
interactions between CT with HQNO, thioridazine, 7-Methoxy-
2-naphthol (MenA inhibitor) (Choi et al., 2016), or tomatidine
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(ATP Synthase inhibitor) (Lamontagne Boulet et al., 2018) in
S. aureus ATCC 43300. As shown in Table 3, the interaction
of CT with HQNO was additive with a fractional inhibitory
concentration index (FICI) value of 0.75. The combinations
of CT with 7-Methoxy-2-naphthol and thioridazine showed
promising synergy with FICI values of 0.31 and 0.37, respectively.
A strong synergy between CT and tomatidine with FICI of <0.19
was also observed.

DISCUSSION

Plant-derived antimicrobial agents have received much attention
due to their effectiveness against drug-resistant strains.
Thousands of compounds have been listed as antimicrobial
phytochemicals (Rios and Recio, 2005; Radulovic et al., 2013;
Barbieri et al., 2017). However, most of the MICs of these plant
metabolites are much higher than antibiotics commercially
available, restricting their clinical application. One promising
approach to improve the antimicrobial activity of phytochemicals
involves the combination of different bioactive compounds.
A deep understanding of the mechanism of drug action is
conducive to the rational combination of antimicrobial agents.
In this study, the antibacterial mechanism of CT and its effect of
combination therapy were investigated.

Despite rapid technological progress, the identification of
mechanisms of drug action is still a difficult task (Nonejuie et al.,
2013; Zampieri, 2018; Martin et al., 2020). Metabolomics can
detect dynamic changes in the abundance of thousands of small

molecules in response to drug treatment and provide a deep
insight into the mechanism of drug action (Zampieri, 2018). To
obtain a first hint regarding the mechanism of action of CT, an
untargeted metabolomics study of B. subtilis was conducted. The
CT treatment induced significant changes in a wide range of
glycerophospholipids. Similar alterations of the major membrane
phospholipids were observed when bacteria were treated with
surfactin or polymyxin B (Uttlova et al., 2016; Tran et al., 2018),
both of which are membrane-damaging antimicrobials. Thus, we
speculated that CT is also an antibacterial agent targeting the cell
membrane. Unexpectedly, CT was subsequently proved to be a
compound targeting the function of the membrane-associated
respiratory chain rather than the organization of the bacterial
membrane bilayer.

The most striking feature of B. subtilis cells treated with CT
was the reduced level of PG accompanied by an increase in the
content of PE and PA. These phospholipids vary not only in
the length of fatty acids but also in the composition of their
headgroups, which differ significantly in charge and propensity
to form non-bilayer structures (Salzberg and Helmann, 2008).
PA has been shown to stabilize and bind stronger than PG via
H-bonds/electrostatic interactions with the membrane proteins,
such as KcsA (Raja et al., 2007). PE was also reported to facilitate
membrane association and insertion of monomeric KcsA, due to
its small headgroup and extensive hydrogen bonding properties
(Raja, 2011). Thus, we suggest that the increased levels of PA and
PE contribute to the assembly and stabilization of membrane-
bound respiratory chain proteins, which may counteract the
destabilizing effect induced by CT. The altered compositions of
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phospholipid may also impede entry of CT into the membrane,
hindering access to its target. The relationship between the altered
compositions of membrane phospholipid and the inhibition of
the respiratory chain activity in bacteria treated with CT will
need further study.

Cryptotanshinone rapidly dissipated bacterial membrane
potential without causing severe membrane damage, suggesting
that this compound is a respiratory chain inhibitor. It is
documented that NADH produced in the cytoplasm of S. aureus
is reoxidized to NAD' mainly by NDH-2, the sole type of
NADH:quinone oxidoreductase expressed in this strain (Schurig-
Briccio et al., 2014; Sena et al.,, 2015). Menaquinol generated
from the corresponding menaquinone by NDH-2 is then directly
oxidized by terminal oxidases (Schurig-Briccio et al., 2014).
Taking advantage of the simple organization of the staphylococcal
respiratory chain, we used the membrane vesicles derived
from S. aureus to investigate the effect of CT on respiratory
activity by oxygen consumption assay. The NADH-driven oxygen
consumption was immediately inhibited by the addition of

CT, confirming that this agent is an inhibitor of respiratory
systems. Interestingly, respiration in the CT-arrested membranes
was restored by the addition of dithiothreitol/ubiquinone-
10, which donated electrons at the level of quinol:oxygen
oxidoreductase. The recovery of oxygen consumption implied
that the site of inhibition by CT is NDH-2, which is the
only NADH dehydrogenase upstream of terminal quinol:oxygen
oxidoreductase in S. aureus (Schurig-Briccio et al., 2014). This is
supported by the observation that the NADH/NAD™ ratio was
substantially increased in CT-treated S. aureus.

Type II NADH dehydrogenase is a membrane bound protein
with a non-covalently bound FAD as a cofactor, which catalyses
the cytoplasmic oxidation of NADH and reduction of quinone in
the membrane. The crystal structure of NDH-2 from S. aureus
suggested that NADH and the quinone bind to different sites
of the enzyme (Sena et al,, 2015). The docking analysis showed
that the binding sites of CT to NDH-2 partially overlap with that
of quinone, implying that CT would competitively inhibit the
binding of quinone to NDH-2. Consistent with this speculation,
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TABLE 2 | Effects of menaqguinone on antibacterial activity of CT.

Indicator strain MIC (ng/mL)
CT CT + MK42 HQNO HQNO + MK42 THZ THZ + MK42
S. aureus ATCC 43300 8 >32 8 32 32 32
B. subtilis 168 4 >32 - - — _
aMK4 (menaquinone-4) concentration is 100 wg/mL.
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FIGURE 7 | Effect of CT on ATP synthesis. (A) Cellular ATP levels in B. subtilis 168 were measured in the presence of CT at specified concentration after the addition
of 10 mM glucose for 30 min. Vancomycin (VAN, 2 nwg/mL) and CCCP (8 wg/mL) were used as negative and positive control, respectively. (B) The ATP synthesis
activity was determined in membrane vesicles isolated from S. aureus ATCC 43300 energized with NADH. Vancomycin (VAN, 32 wg/mL) and Tomatidine (TO,

64 wg/mL) were used as negative and positive control, respectively. Data from three independent experiments are presented as mean + SD.

TABLE 3 | Interactions between CT and other respiratory chain inhibitors against
S. aureus ATCC 43300.

Drug combination Alone Combination FICI Category?
CT 2 0.75 Additive
HQNO 8 4

CT 1 0.37 Synergistic
Thioridazine 32 8

CT 8 0.5 0.31 Synergistic
7-Methoxy-2-naphthol 512 128

CT 8 0.25 <0.19 Synergistic
Tomatidine >64 10

@FICI categories: <0.5, synergistic; >0.5 to <1, additive; >1 to < 4, no interaction;
>4, antagonism.

the antimicrobial activity of CT against B. subtilis and S. aureus
was blocked by MK4. Some antimicrobial agents mainly targeting
NDH-2 have been extensively described. Among them, HQNO
was found to competitively inhibit binding of a quinone substrate
for S. aureus NDH-2 (Sena et al., 2015; Petri et al., 2018),
while phenothiazine compounds were reported to act as non-
competitive inhibitors for quinone (Yano et al, 2006). In
agreement with the literature, MK4 supplementation blocked
the anti-S. aureus activity of HQNO but not phenothiazine
thioridazine (Table 2). The observations that the combination of
CT with thioridazine but not HQNO, exerted synergistic activity

against S. aureus (Table 3), further implied that CT might actas a
competitive inhibitor with respect to quinone.

Type II NADH dehydrogenase is an important enzyme in
the respiratory system of many organisms, including S. aureus
and B. subtilis. It is a primary entry point for electrons into the
electron transport chain for generation of ATP, and is responsible
for maintaining cellular NAD*/NADH balance. Blocking the
introduction of electrons into the respiratory chain achieved by
inhibition of the enzyme NDH-2 can indirectly dissipate proton
motive force, which is composed of the membrane potential and
the transmembrane proton gradient. The proton motive force is
essentially involved in the process of respiratory ATP synthesis
and the active transport of solutes such as amino acids (Allen
etal., 1991; Hards and Cook, 2018). This could be the reason why
CT not only disrupted the NADT/NADH balance and proton
motive force but also inhibited respiratory ATP synthesis.

CONCLUSION

In general, the direct and indirect evidence described above
supports that CT is a respiratory chain inhibitor probably by
targeting NDH-2, although more research is needed to confirm
this. CT rapidly dissipates bacterial membrane potential and
disrupts the NAD™/NADH balance without causing significant
membrane damage. Menaquinone antagonizes antibacterial
activity of CT, while synergistic activities can be achieved by the
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combinations of CT with thioridazine, 7-Methoxy-2-naphthol, or
tomatidine, but not HQNO. All these observations are consistent
with the finding that CT is a respiratory chain inhibitor.
However, the mechanisms of its antibacterial activity should be
investigated further.
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Supplementary Figure 3 | Effect of CT on ATP synthesis. Cellular ATP levels in
S. aureus ATCC 43300 were measured in the presence of CT at specified
concentration after the addition of 10 mM glucose for 30 min. Vancomycin (VAN,
8 ng/mL) and CCCP (8 ng/mL) were used as negative and positive

control, respectively.
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Supplementary Data Set 2 | D1-6 is DMSO-treated group.
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