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Abstract

The subpopulation of bacterial cells that survive myriad stress conditions (e.g.,

nutrient deprivation and antimicrobials) by ceasing metabolism, revive by activating

ribosomes. These resuscitated cells can reconstitute infections; hence, it is imperative

to discover compounds which eradicate persister cells. By screening 10,000

compounds directly for persister cell killing, we identified 5‐nitro‐3‐phenyl‐1H‐
indol‐2‐yl‐methylamine hydrochloride (NPIMA) kills Escherichia coli persister cells

more effectively than the best indigoid found to date, 5‐iodoindole, and better than

the DNA‐crosslinker cisplatin. In addition, NPIMA eradicated Pseudomonas aeruginosa

persister cells in a manner comparable to cisplatin. NPIMA also eradicated

Staphylococcus aureus persister cells but was less effective than cisplatin. Critically,

NPIMA kills Gram‐positive and Gram‐negative bacteria by damaging membranes and

causing lysis as demonstrated by microscopy and release of extracellular DNA and

protein. Furthermore, NPIMA was effective in reducing P. aeruginosa and S. aureus cell

numbers in a wound model, and no resistance was found after 1 week. Hence, we

identified a potent indigoid that kills persister cells by damaging their membranes.
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1 | INTRODUCTION

Nearly all bacterial cells are stressed (e.g., lack of nutrients and

antimicrobials; Kim, Chowdhury, Yamasaki, & Wood, 2018; Song &

Wood, 2018), so they reduce their metabolism and a subpopulation

becomes dormant (Bigger, 1944; Hobby, Meyer, & Chaffee, 1942);

this dormant state is known as persistence. Beyond being prevalent

in the environment, persistence is relevant in medicine since these

cells likely reconstitute recurring infections (Van den Bergh, Fauvart,

& Michiels, 2017). Because traditional antibiotics target growing cells

and are largely ineffective against persister cells that lack the

metabolic activity (Defrain, Fauvart, & Michiels, 2018), it is critical to

identify new compounds for killing persister cells to control

infections.

To target effectively persister cells with new compounds, it is

germane to understand how they form and how they resuscitate.

Cells have myriad ways to combat stress; for example, they utilize

sigma factors like RpoS in Escherichia coli that redirect gene

expression upon nutrient depletion (Wang, Kim, et al., 2011), and

most cells in a population employ such an active response.

However, a subpopulation of cells, as a result of noisy gene

expression or through elegant regulation, becomes dormant

(Wood, Song, & Yamasaki, 2019). To reduce metabolism and

become persistent, cells utilize toxin/antitoxin (TA) systems (Wang

& Wood, 2011); direct evidence of the importance of specific TA

systems in persistence is that deletion of toxins MqsR (Kim &

Wood, 2010; Luidalepp, Jõers, Kaldalu, & Tenson, 2011), TisB

(Dörr, Vulić, & Lewis, 2010), and YafQ (Harrison et al., 2009)

reduces persistence, and production of toxins generally increases

persistence (Chowdhury, Kwan, & Wood, 2016).

After surviving stress through dormancy, single‐cell experiments

demonstrate E. coli persister cells resuscitate by activating ribosomes

(Kim, Yamasaki, Song, Zhang, & Wood, 2018). Resuscitation is

heterogeneous as some cells wake immediately and others do not
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TABLE 1 Persister cell inhibitors and their structures that were identified in the initial screen

Name Structure Name Structure

[(5-nitro-3-phenyl-1H-
indol-2-yl)methyl]amine 
hydrochloride (NPIMA )

2-({2-[(4-
chlorophenyl)amino]-4-
quinazolinyl}amino)etha

nol hydrochloride

1-[2-(4-chlorophenoxy)-2-
methylpropanoyl]-4-

methylpiperazine

N-benzyl-N-{[3-(4-
methoxyphenyl)-1-

phenyl-1H-pyrazol-4-
yl]methyl}acetamide

N-(3,4-dichlorophenyl)-N'-
(3-fluorophenyl)thiourea

2-({2-[(4-
bromophenyl)amino]-4-
quinazolinyl}amino)etha

nol hydrochloride

N-2-(4-ethoxyphenyl)-
2,4-quinazolinediamine 

hydrochloride

4-{[(5-nitro-2-
thienyl)methylene]amino}

benzamide

2-[(6-phenyl-2,3,4,9-
tetrahydro-1H-carbazol-1-

yl)amino]ethanol

2-bromo-4-chlorophenyl 
phenylcarbamate

1-(3,6-dichloro-9H-
carbazol-9-yl)-3-(2-methyl-

1H-imidazol-1-yl)-2-
propanol

N-(3-chloro-4-
fluorophenyl)-N'-[2-

(difluoromethoxy)phenyl
]thiourea

2-(butyryloxy)-1H-
benzo[de]isoquinoline-

1,3(2H)-dione

N-phenyl-N'-[(1-
phenylcyclopentyl)meth

yl]thiourea

N-[2-(4-
fluorophenyl)ethyl]-N'-(4-

nitrophenyl)thiourea

2,4-dichloro-5-(5-nitro-
2-furyl)benzoic acid

(Continues)
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divide or elongate until their ribosome levels are increased (Kim,

Yamasaki, et al., 2018).

In contrast to ineffective traditional antibiotics, some compounds

have been identified that kill persister cells. For example, two

compounds approved by the U.S. Food and Drug Administration for

anticancer treatments, mitomycin C and cisplatin, kill Escheri-

chia coli, Staphylococcus aureus, Pseudomonas aeruginosa, Acinetobacter

baumannii, and EHEC persister cells by cross‐linking their DNA while

they are dormant (Chowdhury, Wood, Martínez‐Vázquez, García‐
Contreras, & Wood, 2016; Cruz‐Muñiz et al., 2016; Kwan, Chowdh-

ury, & Wood, 2015). As originally suggested due to its toxicity

(Chowdhury, Wood, et al., 2016), cisplatin has been shown to be

effective when applied topically for treating P. aeruginosa infections

in a murine keratitis model (Yuan et al., 2018). In addition, Trp/Arg‐
containing antimicrobial peptides kill persister cells by disrupting the

cell structure of the dormant cells (Kwan, Chowdhury, et al., 2015),

and ADEP4, an acyldepsipeptide antibiotic, combined with rifampicin,

can eradicate S. aureus persisters by causing ClpP protease to

degrade proteins nonspecifically (Conlon et al., 2013). By conjugating

the traditional antibiotic vancomycin to the cell‐penetrating trans-

porter D‐octaarginine, S. aureus persisters and biofilm cells were killed

(Antonoplis et al., 2018). In addition, the vitamin A derivatives,

retionoids CD437 and CD1530, have been identified that kill

S. aureus persisters by disrupting lipid bilayers after screening

82,000 small molecules (Kim, Zhu, et al., 2018). Since indole reduces

persistence (Hu, Kwan, Osbourne, Benedik, & Wood, 2015; Kwan,

Osbourne, Hu, Benedik, & Wood, 2015), indole derivatives, such as

5‐iodoindole and 4‐fluoroindole, have been tested and found to kill

E. coli, S. aureus, and EHEC persister cells (Lee, Kim, Gwon, Wood, &

Lee, 2016), but they are not effective against P. aeruginosa.

In the present study, by screening 10,000 compounds, we

identified that 5‐nitro‐3‐phenyl‐1H‐indol‐2‐yl methylamine hydro-

chloride (NPIMA) kills E. coli persister cells. In addition, we found the

TABLE 1 (Continued)

Name Structure Name Structure

N-(3-chlorophenyl)-N'-[3-
(trifluoromethyl)phenyl]thi

ourea

N-(3-chloro-4-
fluorophenyl)-N'-(2-

methoxy-4-
nitrophenyl)thiourea

4-({[(3-chloro-4-
fluorophenyl)amino]carbon

othioyl}amino)-N-
ethylbenzenesulfonamide

2-[({2-[(2-
chlorobenzyl)oxy]-1-

naphthyl}methyl)amino]
ethanol hydrochloride

17-(4-bromophenyl)-17-
azapentacyclononadeca-2,
4,6,9,11,13-hexaene-

16,18-dione

N-(3-chloro-4-
fluorophenyl)-N'-3-
pyridinylthiourea

N-(4-chlorobenzyl)-N'-4-
pyridinylthiourea

5-bromo-N-{2-[(4-
methylphenyl)thio]ethyl}
-2-thiophenesulfonamide

N'-(3,5-dichloro-2-
hydroxybenzylidene)-2-

oxo-4-phenyl-3-
pyrrolidinecarbohydrazide

TABLE 2 MICs (mM) for 5‐indoindole, NPIMA, and cisplatin

Strain 5‐Iodoindole NPIMA Cisplatin

Escherichia coli BW25113 2 0.1 0.3

Staphylococcus aureus 2 0.1 1

Pseudomonas aeruginosa PA14 2 0.25 0.15

Note: Values for cisplatin are from (Chowdhury, Wood, et al., 2016).

Abbreviations: MIC, minimum inhibitory concentration; NPIMA,

5‐nitro‐3‐phenyl‐1H‐indol‐2‐yl‐methylamine hydrochloride.
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mechanism of killing is via cell lysis. Furthermore, we found that

NPIMA is more effective than 5‐iodoindole with the opportunistic

pathogen P. aeruginosa and that NPIMA eradicates the persister cells

of both P. aeruginosa and S. aureus.

2 | MATERIALS AND METHODS

2.1 | Bacteria and growth conditions

The bacteria used in this study are E. coli K‐12 BW25113 (Baba et al.,

2006), S. aureus ATCC29213, and P. aeruginosa PA14 (Liberati et al.,

2006). Lysogeny broth (LB; Bertani, 1951) was used at 37°C for culturing

the bacteria. 2‐(Aminomethyl)‐indole was obtained from Sigma‐Aldrich
(catalog number 563838), and 2‐methyl‐5‐nitro‐3‐phenyl‐1H‐indole was

obtained from ChemBridge (San Diego, CA).

2.2 | Persister cells

E. coli persister cells were prepared following our previous method (Kim,

Yamasaki, et al., 2018; Kwan, Valenta, Benedik, & Wood, 2013).

Exponentially‐growing cells (turbidity of 0.8 at 600 nm) were treated

with rifampicin (100 µg/ml for 30min) to stop transcription, washed,

and any remaining nonpersister cells were lysed by ampicillin in LB

(100 µg/ml for 3 hr). Cells were harvested by centrifugation (17,000g for

1min) and washed with 1× phosphate‐buffered saline buffer (PBS, 8 g

NaCl, 0.2 g KCl, 1.15 g Na2HPO4, and 0.2 g KH2PO4 per 1,000ml) twice

to remove all possible carbon sources, then resuspended with 1× PBS.

Natural E. coli persister cells were generated by treating stationary‐
phase cells (turbidity of 6 at 600 nm) with ampicillin (100 μg/ml) for 3 hr.

P. aeruginosa PA14 persister cells were prepared by incubating to

the stationary phase, diluting sixfold, and treating with carbonyl

cyanide m‐chlorophenylhydrazone (CCCP, 50mg/ml stock solution in

dimethly sulfoxide [DMSO]) to stop adenosine triphosphate (ATP)

production (200 µg/ml for 3 hr), washed twice with 0.85% NaCl

(5,000g for 10min), and any nonpersister cells were killed by

ciprofloxacin (5 μg/ml) in LB for 3 hr. Following the antibiotic

treatment, bacteria were washed twice with 0.85% NaCl (5,000g for

10min).

F IGURE 1 Most effective persister killing compounds identified from
screening persister cells. Escherichia coli persister cells were treated for

24 hr at 100 μM with 1: N‐(3,4‐dichlorophenyl)‐N′‐(3‐fluorophenyl)
thiourea, 2: 2‐({2‐[(4‐bromophenyl)amino]‐4‐quinazolinyl}amino)ethanol
hydrochloride, 3: 2‐[(6‐phenyl‐2,3,4,9‐tetrahydro‐1H‐carbazol‐1‐yl)amino]

ethanol, 4: 1‐(3,6‐dichloro‐9H‐carbazol‐9‐yl)‐3‐(2‐methyl‐1H‐imidazol‐
1‐yl)‐2‐propanol, 5: N‐[2‐(4‐fluorophenyl)ethyl]‐N′‐(4‐nitrophenyl)
thiourea, 6: N‐(4‐chlorobenzyl)‐N′‐4‐pyridinylthiourea, 7: N′‐(3,5‐dichloro‐
2‐hydroxybenzylidene)‐2‐oxo‐4‐phenyl‐3‐pyrrolidinecarbohydrazide, and
8: [(5‐nitro‐3‐phenyl‐1H‐indol‐2‐yl)methyl]amine hydrochloride (NPIMA,
structure shown in inset). See Table 1 for structures (those with a yellow

background) [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 2 NPIMA eradicates Escherichia coli, Pseudomonas
aeruginosa, and Staphylococcus aureus exponential cells. Survival after

6 hr for (a) E. coli BW25113 with NPIMA and 5‐iodoindole at 100 μM,
(b) P. aeruginosa PA14 with NPIMA and 5‐iodoindole at 100 μM, and
(c) S. aureus with NPIMA and 5‐iodoindole at 200 μM. Red asterisk

indicates no viable cells detected. NPIMA, 5‐nitro‐3‐phenyl‐1H‐indol‐
2‐yl‐methylamine hydrochloride [Color figure can be viewed at
wileyonlinelibrary.com]
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2.3 | ChemBridge screen

To identify compounds that kill E. coli persister cells, 10,000

compounds of the DIVERset Library from ChemBridge (San Diego,

CA) were tested by adding 4 µl of each (in DMSO, final concentration

100 µM) to 186 µl of LB in 96‐well plates along with 10 µl of persister

cells; the persister cells were added after the ChemBridge chemical

since LB wakes persister cells (Kim, Yamasaki, et al., 2018). For the

negative control, pure DMSO (final concentration 2 vol%) was used.

The degree of inhibition was determined by the change in turbidity at

600 nm after 24 hr. The best 26 compounds were re‐tested with the

same conditions.

2.4 | Minimum inhibitory concentration (MIC)

To determine the MICs of NPIMA and 5‐iodoindole for E. coli K‐12, S.
aureus, and P. aeruginosa PA14, cells were inoculated into LB at

varying concentrations and grown for 24 hr. The MIC was deter-

mined as the lowest concentration that prevented an increase in

growth as evidenced by a lack of change of turbidity.

2.5 | LIVE/DEAD assay

Cell viability after treating with NPIMA was determined using the

using the LIVE/DEAD BacLight Bacterial Viability Kit (catalog

number, L7012; Molecular Probes, Inc., Eugene, OR). The fluores-

cence signal was analyzed via a Zeiss Axioscope.A1 using excitation

at 485 nm and emission at 530 nm for green fluorescence and using

excitation at 485 nm and emission at 630 nm for red fluorescence.

F IGURE 3 NPIMA kills Escherichia coli, Pseudomonas aeruginosa,
persister cells. Survival of (a) E. coli BW25113 and (b) P. aeruginosa
PA14 after treatment with NPIMA (100 μM), 5‐iodoindole (5‐II,
100 μM), and DMSO for 6 hr. Red asterisk indicates no viable
cells detected. DMSO, dimethyl sulfoxide; NPIMA,
5‐nitro‐3‐phenyl‐1H‐indol‐2‐yl‐methylamine hydrochloride [Color

figure can be viewed at wileyonlinelibrary.com]

F IGURE 4 NPIMA lyses Escherichia coli ,
Pseudomonas aeruginosa , and
Staphylococcus aureus. LIVE/DEAD staining

of (a) E. coli BW25113 after 0.75 hr,
(b) P. aeruginosa PA14 after 1 hr, and
(c) S. aureus after 1 hr treatment with

NPIMA at 100 μM. Left shows dark field,
middle shows all cells stained by Syto9, and
right shows dead cells stained by

propidium iodide. White arrows indicate
lysed cells. Representative images are
shown. Scale bar = 10 μM.
NPIMA, 5‐nitro‐3‐phenyl‐1H‐indol‐2‐yl‐
methylamine hydrochloride [Color figure
can be viewed at wileyonlinelibrary.com]

SONG ET AL. | 2267



2.6 | In vitro wound model

Overnight cultures of S. aureus and P. aeruginosa PA14 were diluted in

wound‐like media (45% Bolton broth, 50% bovine plasma, and 5%

laked horse blood; Sun, Dowd, Smith, Rhoads, & Wolcott, 2008) to a

turbidity of 0.5 at 600 nm in 1ml. Each culture (1%) was used to

inoculate fresh 5ml of wound‐like media. The combined culture

(200 μl/well) was placed into 96‐well plates and incubated at 37°C

with shaking for 24 hr. The nongel liquid was removed, then the gel

was washed once with PBS. NPIMA (0.1 and 0.5 mM) and DMSO

were then added (200 μl/well) to the plates, which were incubated

for another 6 hr with shaking. By triturating, the gel with cells was

removed and added to 0.8ml of PBS, and the cell viability was

measured by spreading 100 μl of diluted culture on LB plates.

2.7 | Transmission electron microscopy (TEM)

For transmission electron microscopy (TEM), E. coli BW25113 was

grown to a turbidity of 0.8 at OD600, contacted with NPIMA at

100 µM for 0.75 hr in PBS, centrifuged at 8000g, and resuspended in

PBS. The samples were fixed with buffer (2.5% glutaraldehyde in

0.1M cacodylate buffer, pH 7.4) and negative stained with 2% uranyl

acetate in the dark for 1 hr, then dehydrated. The sectioned

specimens were stained again with uranyl acetate and lead citrate

after dehydration and resin embedded. TEM images were obtained

using a JEOL JEM 1200 EXII instrument.

2.8 | Lysis assays

Exponentially‐growing E. coli BW25113 cells (turbidity 0.8 at 600nm)

were washed twice with 0.85% NaCl, resuspended in 1ml of 1× PBS, and

NPIMA (100 μM) was added for 1 hr for E. coli and P. aeruginosa and 6hr

for S. aureus with shaking at 250 rpm (0.1% DMSO was used as the

negative control). Cell supernatants were collected after centrifuging at

6,500g (4°C for 15min), and total protein was measured by the

Bicinchoninic Acid (BCA) protein assay Kit (Prod#23227; Pierce). DNA

in the supernatant (199μl) was detected by adding 1 μl of Picogreen

(P7589; Invitrogen) and incubating for 5min at room temperature in the

dark room. The fluorescence signal was read by a Tecan microplate

reader (Infinite M200PRO) with 480 nm excitation and 520nm emission

by utilizing a calibration curved made with plasmid pEX18Ap at 0, 0.004,

0.008, 0.016, 0.063, 0.125, 0.25, and 0.5 ng/μl.

2.9 | Viability and cytotoxicity assays

For bacterial viability, cells were washed twice with 0.85% NaCl, re‐
suspended in 1×PBS, and cell counts were determined via the drop

assay (Donegan, Matyac, Seidler, & Porteous, 1991). For human cell

viability, pre‐cultured human cancer HT‐29 cells were dispensed in 98 μl

in 96‐well plates with approximately 5,000 cells/well. NPIMA was

added (2 μl) to produce concentrations of 5, 10, 100, and 200 μM. For

controls, Triton X‐100 (positive control) and DMSO (negative solvent

control), were used, and the medium was used for background. Plates

were incubated in a humidified incubator (37°C, 5% CO2) for 24 hr. Cell

viability was determined via a cell counting kit (CCK‐8 Kit, ab228554;

Abcam), and cytotoxicity was determined via the lactate dehydrogenase

(LDH) assay (LDH Assay Kit, MK401; Takara).

3 | RESULTS

3.1 | NPIMA kills E. coli persister cells

To identify compounds capable of killing E. coli persister cells, we

created a population that consists solely of persister cells and has

their population increased by 105‐fold by pretreating exponentially‐
growing cells with rifampicin (100 µg/ml) for 30min to stop

transcription followed by ampicillin treatment (100 µg/ml) for 3 hr

to kill any nonpersister cells (Kwan et al., 2013). This method for

generating persister cells has been evaluated eight ways (Kim,

Yamasaki, et al., 2018) and used by us to determine that persister

cells wake via ribosome resuscitation (Kim, Yamasaki, et al., 2018)

and to show that the cells capable of resuscitation in a viable but not

F IGURE 5 NPIMA lyses Escherichia coli, Pseudomonas aeruginosa,
and Staphylococcus aureus. Total protein (a) and DNA (b) found in

supernatants as evidence of cell lysis after treatment of cells at a
turbidity of 0.8 at 600 nm with 100 µM NPIMA after 1 hr for E. coli
and P. aeruginosa and 6 hr for S. aureus. NPIMA, 5‐nitro‐3‐phenyl‐1H‐
indol‐2‐yl‐methylamine hydrochloride [Color figure can be viewed at
wileyonlinelibrary.com]
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culturable population are equivalent to persister cells (Kim, Chowdh-

ury, et al., 2018). In addition, this method has been adopted by at

least six independent groups (Cui et al., 2018; Grassi et al., 2017;

Narayanaswamy et al., 2018; Pu et al., 2019; Sulaiman, Hao, & Lam,

2018; Tkhilaishvili, Lombardi, Klatt, Trampuz, & Di Luca, 2018).

To screen directly for killing persister cells, a high‐throughput
approach using 96‐well microtiter plates was devised that

consisted of (a) washing persister cells formed from exponen-

tially‐growing cells using rifampicin pretreatment followed by

ampicillin treatment, (b) adding 10 µl of the persister cells to

190 µl of LB containing one each of the 10,000 compounds of the

DiverSet library dissolved in dimethyl sulfoxide (100 µM final

concentration), and (c) monitoring for growth via change in

turbidity for 24 hr. With this approach, we allowed for up to a

140‐fold change in turbidity (0.005 could be increased to 0.69).

Table 1 shows the 25 persister cell inhibitors and their structures that

were identified in the initial screen. Of these 25 persister inhibitors, a

second screen was performed under the same conditions as the original

screen; 8 of these 25 compounds were selected as the most potent

(Figure 1) with NPIMA substantially more effective than the other

compounds. Critically, NPIMAwas the only compound which reduced the

turbidity during the first and second screen, suggesting NPIMA lyses

persister cells. Hence, we focused on this compound.

3.2 | NPIMA kills E. coli exponential cells

Since NPIMA was identified as killing persister cells, we tested

whether it is effective on both persister cells and exponential

cells. The MIC for NPIMA with E. coli was determined to be 100 µM

(15 µg/ml) (Table 2); hence, we tested it at 100 µM (1 MIC) and

found NPIMA eradicates exponentially‐growing E. coli within 3 hr

(Figure 2a). Furthermore, NPIMA (100 µM) also eradicated E. coli

persisters in 6 hr (Figure 3a). Critically, persister cells generated with

only ampicillin treatment (“natural persisters”) were killed in an

identical manner (Figure S1), which confirms our rifampicin‐treat-
ment persister model. Therefore, NPIMA is kills both persister and

exponentially‐growing E. coli.

3.3 | NPIMA damages the cell membrane
and causes cell lysis

To initially explore how NPIMA kills cells, we treated exponentially‐
growing E. coli BW25113 cells with 100 µM NPIMA and stained with

the LIVE/DEAD kit. Remarkably, we found that cells treated with

100 µM NPIMA lysed as evidenced by the extracellular DNA seen

surrounding cells that was stained by both Syto9 and propidium

iodide of the LIVE/DEAD kit (Figure 4); note there were no dead cells

F IGURE 6 NPIMA damages the

Escherichia coli cell membrane.
Transmission electron microscopic (TEM)
images of E. coli BW25113 after NPIMA
(100 μM) treatment for 40min. Two

representative images are shown. The red
arrow indicates membrane damage.
NPIMA, 5‐nitro‐3‐phenyl‐1H‐indol‐2‐yl‐
methylamine hydrochloride [Color figure
can be viewed at wileyonlinelibrary.com]
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seen with the solvent control (DMSO). Corroborating the cells lysis

seen with the DNA dyes, treatment of exponentially‐growing E. coli

with 100 µM NPIMA for 1 hr led to both a 10 ± 2 increase in total cell

protein in supernatants as well as a 3.8 ± 0.8 increase in DNA in the

supernatants compared to the addition of DMSO alone (Figure 5). To

investigate further the cell lysis caused by NPIMA, we used

transmission electron microscopy and found clear cell envelope

damage (Figure 6). Together, these five lines of evidence show

NPIMA lyses E. coli cells.

3.4 | NPIMA is more effective with E. coli persisters
than 5‐iodoindole

Since 5‐iodoindole is the most effective indigo derivative for killing

E. coli persister cells (kills 99.993% of persisters at 1mM; Lee et al.,

2016), we compared the effectiveness of this compound to NPIMA.

Using both compounds at 100 µM, as indicated above, NPIMA

eradicated both exponential (Figure 2a), persister cells (Figure 3a) of

E. coli whereas 5‐iodoindole was much less effective. Corroborating

these results, we found the MIC for 5‐iodoindole to be 2mM (Table 2).

3.5 | NPIMA has broad activity

We also tested whether NPIMA was effective at killing P. aeruginosa and

S. aureus persister cells. At 100µM, NPIMA eradicated exponentially‐
growing P. aeruginosa PA14 cells in 6 hr (Figure 2b) as well as eradicated

P. aeruginosa persister cells in 3 hr (Figure 3b). Similarly, NPIMA

eradicated S. aureus cells at 200 μM in 3hr (Figure 2c). In contrast, 5‐
iodoindole was ineffective with both P. aeruginosa at 100µM and S. aureus

at 200 µM. Corroborating these results, the MIC for 5‐iodoindole for P.

aeruginosa was 2mM versus 0.25mM for NPIMA, and the MIC for 5‐
iodoindole for S. aureus was 2mM versus 0.1mM for NPIMA (Table 2).

Therefore, NPIMA is highly effective with P. aeruginosa and S. aureus.

3.6 | NPIMA lyses S. aureus and P. aeruginosa

We also investigated the mechanism by which NPIMA kills

S. aureus and P. aeruginosa persister cells. Using the LIVE/DEAD staining

Kit, we found after 1 hr, 100 µM NPIMA killed 27% for the S. aureus cells

(Figure 4c) Critically, we also saw evidence of S. aureus cell lysis in the

form of hazy staining with Syto9 only around cells with NPIMA. Hence,

we checked for the presence of extracellular DNA and protein as

evidence of lysis and found 2.9 ± 0.1‐fold total protein and 1.82 ±0.05‐
fold DNA released due to 100µMNPIMA treatment after 6 hr compared

with the addition of DMSO alone (Figure 5).

Similar to S. aureus, 100 µM NPIMA also lysed P. aeruginosa as

indicated by LIVE/DEAD staining that shows distinct extracel-

lular DNA after treating for 1 hr for both Syto9 and propidium

iodide (Figure 4b); however, unlike with S. aureus, all (100%) of

the P. aeruginosa cells were killed in 1 hr. Therefore, we checked

for the presence of extracellular DNA and protein as evidence

of lysis and found a 1.19 ± 0.09‐fold increase in DNA and a

4.0 ± 0.4‐fold total protein released due to 100 µM NPIMA

treatment after 1 hr compared to the addition of DMSO alone

(Figure 5). Hence, as with E. coli, NPIMA lyses both Gram‐positive
S. aureus and Gram‐negative P. aeruginosa.

3.7 | Wound model

To test NPIMA against the pathogen P. aeruginosa and S. aureus in a

realistic infection model, we chose the in vitro Lubbock chronic

wound pathogenic biofilm model (Sun et al., 2008), since both

pathogens are frequently found together in wounds (DeLeon et al.,

F IGURE 7 NPIMA compared width cisplatin for killing

Pseudomonas aeruginosa, Escherichia coli, and Staphylococcus aureus.
Survival of exponentially‐growing cells of P. aeruginosa PA14 (a), E.
coli (b), and S. aureus (C) treated with one MIC of NPIMA (♦) and
cisplatin (●) for 3 hr in PBS. DMSO (▲) and NaClO4 (*) were used as
a negative controls. MIC, minimum inhibitory concentration; NPIMA,
5‐nitro‐3‐phenyl‐1H‐indol‐2‐yl‐methylamine hydrochloride [Color
figure can be viewed at wileyonlinelibrary.com]
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2014) and this model mimics the conditions of polyclonal infections.

We found NPIMA (0.5mM) reduced the total viable number of cells

of S. aureus and P. aeruginosa in the wound model 10‐fold in 6 hr

compared to the DMSO solvent control (Figure S2).

3.8 | NPIMA is more effective for E. coli but less
effective for P. aeruginosa and S. aureus than the DNA
crosslinker cisplatin

To gauge its effectiveness, we compared NPIMA to cisplatin,

which has been shown to be effective for killing P. aeruginosa

(Chowdhury, Wood, et al., 2016; Yuan et al., 2018), with each

compound used at one MIC (Table 2). As shown in Figure 7a,

cisplatin eradicated P. aeruginosa cells in 1 hr whereas NPIMA

was less effective. For E. coli (Figure 7b), NPIMA was more

effective than cisplatin, but for S. aureus (Figure 7c), NPIMA was

less effective than cisplatin.

3.9 | Resistance

To test if E coli could obtain resistance easily to NPIMA, cells were

propagated daily in LB with 0.25 MIC of NPIMA (25 μM) for 7 days.

After 7 days, the sequentially‐propagated E. coli cells were contacted

with LB with 1 MIC of NPIMA (100 μM) and incubated overnight to

F IGURE 8 NPIMA structure function

relationships. Exponential cells of
Escherichia coli BW25113 were treated
with (a) 2‐(aminomethyl) indole, and

(b) 2‐methyl‐5‐nitro‐3‐phenyl‐1H‐indole
for 6 hr. NPIMA, 5‐nitro‐3‐phenyl‐1H‐
indol‐2‐yl‐methylamine hydrochloride

[Color figure can be viewed at
wileyonlinelibrary.com]
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allow any putative resistant cells to grow and increase the turbidity.

Critically, all of the E. coli cells were killed. Hence, resistance to

NPIMA does not occur readily.

3.10 | Structure activity relationships

To discern insights about the importance of the three substituents on the

indole ring of NPIMA, we tested the importance of both the nitro and

phenyl groups by assaying the killing of 2‐(aminomethyl)‐indole with

E. coli and found 2‐(aminomethyl)‐indole (100μM) is unable to kill E. coli

(Figure 8). In addition, 2‐methyl‐5‐nitro‐3‐phenyl‐1H‐indole was used to

ascertain the importance of the amine group, and we found 2‐methyl‐5‐
nitro‐3‐phenyl‐1H‐indole (100μM) is unable to kill E. coli (Figure 8).

Hence, all three substituents are important for NPIMA activity.

3.11 | NPIMA cytotoxicity

To determine the cytotoxicity of NPIMA, we performed both an LDH

assay and CCK‐8 assay with human cells. NPIMA was not toxic at 5

and 10 μM but showed toxicity in both tests at concentrations of

50 μM and higher (Figure S3).

4 | DISCUSSION

Previously, we demonstrated through two independent ap-

proaches that cell signaling through indole decreases persistence

(Hu et al., 2015; Kwan, Osbourne, et al., 2015). Specifically, by

producing the RNase toxin YafQ of the E. coli YafQ/DinJ TA

system, we found YafQ cleaves the mRNA of tryptophanase,

which produces indole from tryptophan; hence, there is less

indole production and a dramatic increase in persistence (Hu

et al., 2015). Additionally, we showed that producing the

phosphodiesterase DosP reduces cAMP concentrations which in

turn reduces tryptophanase and indole production which leads to

a dramatic increase in persistence (Kwan, Osbourne, et al., 2015).

Also, direct addition of both indole and halogenated indoles

reduces persistence (Lee et al., 2016); hence, indole signaling

reduces persister cell formation.

For compounds to kill persister cells by corrupting cytosolic

functions, they must be able to enter the cytosol of the dormant

cell through passive diffusion, like the DNA‐crosslinkers mito-

mycin C (Kwan, Chowdhury, et al., 2015; Wood, 2016) and

cisplatin (Chowdhury, Wood, et al., 2016) or they can attack the

outside of the cell by damaging the membrane, like retinoids

(Kim, Zhu, et al., 2018). Critically, we found here that NPIMA, a

substituted indole, reduces persistence, not by changing indole

signaling and altering tryptophanase activity (Hu et al., 2015;

Kwan, Osbourne, et al., 2015), but by killing cells through lysis

from membrane damage (Figures 4–6). This mode of killing was

found to be general for both Gram‐negative and Gram‐positive
bacteria since we found NPIMA was effective with E. coli, P.

aeruginosa, and S. aureus.

NPIMA is probably less effective in the complete lysis of Gram‐
positive strains (Figure 4), which results in the release of cellular

protein and DNA, due to the protective cell wall of Gram‐positive
strains that Gram‐negative strains lack. Although there is less lysis of

Gram‐positive S. aureus, NPIMA kills S. aureus as well as E. coli

(Figure 2); hence, complete lysis of Gram‐positive strains must not be

necessary for NPIMA to cause cell death. Furthermore, comparing

Gram‐negative strains, actively growing P. aeruginosa was lysed

(Figures 4 and 5) and killed (Figure 2) less effectively than actively‐
growing E. coli, most likely due to the innate resistance of

P. aeruginosa due to its active efflux (Chen et al., 2010). However,

NPIMA was able to kill the most recalcitrant of cells, persister cells,

of all three bacteria since it eradicated the generated persister cells

of E. coli and P. aeruginosa equally well (Figure 3) as well as eradicated

the complete population of S. aureus cells, which includes persisters

(Figure 2c). Note that due to its cytotoxicity at 50 µM to human cells,

NPIMA would have to be used in combination with other

antimicrobials or less toxic derivatives need to be found.

Previously, indole (Chimerel, Field, Piñero‐Fernandez, Keyser,
& Summers, 2012) and the indole derivative 1‐geranylindole (Yang

et al., 2017) [5‐fluoro‐[(E)‐1‐(3,7‐dimethylocta‐2,6‐dien‐1‐yl)]‐3‐
(piperidin‐1‐ylmethyl)‐1H‐indole] have been shown to disrupt the

cell membrane. In addition, 1‐geranylindole killed nongrowing

Mycobacterium bovis; however, unlike NPIMA, 1‐geranylindole has

no effect on E. coli (Yang et al., 2017). Therefore, we have

discovered a potent substituted indole that is effective in killing a

wide‐range of bacteria.

ACKNOWLEDGEMENTS

This study was supported by funds derived from the Biotechnology

Endowed Professorship at the Pennsylvania State University (for

T. K. W.) and the KRIBB Initiative Research Program (for J. S. K.).

CONFLICT OF INTERESTS

The authors declare that there are no conflict of interests.

ORCID

Thomas K. Wood http://orcid.org/0000-0002-6258-529X

REFERENCES

Antonoplis, A., Zang, X., Huttner, M. A., Chong, K. K. L., Lee, Y. B., Co, J. Y.,

… Cegelski, L. (2018). A dual‐function antibiotic‐transporter conjugate
exhibits superior activity in sterilizing MRSA biofilms and killing

persister cells. Journal of the American Chemical Society, 140,

16140–16151.

Baba, T., Ara, T., Hasegawa, M., Takai, Y., Okumura, Y., Baba, M., …Mori, H.

(2006). Construction of Escherichia coli K‐12 in‐frame, single‐gene
knockout mutants: The Keio collection. Molecular Systems Biology, 2,

2006.0008.

Bertani, G. (1951). Studies on lysogenesis .1. The mode of phage liberation

by lysogenic Escherichia coli. Journal of Bacteriology, 62, 293–300.

2272 | SONG ET AL.

http://orcid.org/0000-0002-6258-529X


Bigger, J. W. (1944). Treatment of staphylococcal infections with penicillin

—By intermittent sterilisation. Lancet, 2, 497–500.

Chen, H., Yi, C., Zhang, J., Zhang, W., Ge, Z., Yang, C.‐G., & He, C. (2010).

Structural insight into the oxidation‐sensing mechanism of the

antibiotic resistance of regulator MexR. EMBO Reports, 11,

685–690.

Chimerel, C., Field, C. M., Piñero‐Fernandez, S., Keyser, U. F., & Summers,

D. K. (2012). Indole prevents Escherichia coli cell division by

modulating membrane potential. Biochimica et Biophysica Acta—

Biomembranes, 1818, 1590–1594.

Chowdhury, N., Kwan, B. W., & Wood, T. K. (2016). Persistence increases

in the absence of the alarmone guanosine tetraphosphate by reducing

cell growth. Scientific Reports, 6, 20519.

Chowdhury, N., Wood, T. L., Martínez‐Vázquez, M., García‐Contreras,
R., & Wood, T. K. (2016). DNA‐crosslinker cisplatin eradicates

bacterial persister cells. Biotechnology and Bioengineering, 113,

1984–1992.

Conlon, B. P., Nakayasu, E. S., Fleck, L. E., LaFleur, M. D., Isabella, V. M.,

Coleman, K., … Lewis, K. (2013). Activated ClpP kills persisters and

eradicates a chronic biofilm infection. Nature, 503, 365–370.

Cruz‐Muñiz, M. Y., López‐Jacome, L. E., Hernández‐Durán, M., Franco‐
Cendejas, R., Licona‐Limón, P., Ramos‐Balderas, J. L., … García‐
Contreras, R. (2016). Repurposing the anticancer drug mitomycin C

for the treatment of persistent Acinetobacter baumannii infections.

International Journal of Antimicrobial Agents, 49, 88–92.

Cui, P., Niu, H., Shi, W., Zhang, S., Zhang, W., & Zhang, Y. (2018).

Identification of genes involved in bacteriostatic antibiotic‐induced
persister formation. Frontiers in Microbiology, 9, 413.

Defrain, V., Fauvart, M., & Michiels, J. (2018). Fighting bacterial

persistence: Current and emerging anti‐persister strategies and

therapeutics. Drug Resistance Updates, 38, 12–26.

DeLeon, S., Clinton, A., Fowler, H., Everett, J., Horswill, A. R., & Rumbaugh,

K. P. (2014). Synergistic Interactions of Pseudomonas aeruginosa and

Staphylococcus aureus in an in vitro wound model. Infection and

Immunity, 82, 4718–4728.

Donegan, K., Matyac, C., Seidler, R., & Porteous, A. (1991). Evaluation

of methods for sampling, recovery, and enumeration of bacteria

applied to the phylloplane. Applied and Environmental Microbiology,

57, 51–56.

Dörr, T., Vulić, M., & Lewis, K. (2010). Ciprofloxacin causes persister

formation by inducing the TisB toxin in Escherichia coli. PLOS Biology, 8,

e1000317.

Grassi, L., Di Luca, M., Maisetta, G., Rinaldi, A. C., Esin, S., Trampuz, A., &

Batoni, G. (2017). Generation of persister cells of Pseudomonas

aeruginosa and Staphylococcus aureus by chemical treatment and

evaluation of their susceptibility to membrane‐targeting agents.

Frontier in Microbiology, 8, 1917.

Harrison, J. J., Wade, W. D., Akierman, S., Vacchi‐Suzzi, C., Stremick, C.

A., Turner, R. J., & Ceri, H. (2009). The chromosomal toxin gene

yafQ is a determinant of multidrug tolerance for Escherichia coli

growing in a biofilm. Antimicrobial Agents and Chemotherapy, 53,

2253–2258.

Hobby, G. L., Meyer, K., & Chaffee, E. (1942). Observations on the

mechanism of action of penicillin. Proceedings of the Society for

Experimental Biology and Medicine, 50, 281–285.

Hu, Y., Kwan, B. W., Osbourne, D. O., Benedik, M. J., & Wood, T. K. (2015).

Toxin YafQ increases persister cell formation by reducing indole

signalling. Environmental Microbiology, 17, 1275–1285.

Kim, J.‐S., Chowdhury, N., Yamasaki, R., & Wood, T. K. (2018). Viable but

non‐culturable and persistence describe the same bacterial stress

state. Environmental Microbiology, 20, 2038–2048.

Kim, J.‐S., Yamasaki, R., Song, S., Zhang, W., & Wood, T. K. (2018). Single

cell observations show persister cells wake based on ribosome

content. Environmental Microbiology, 20, 2085–2098.

Kim, W., Zhu, W., Hendricks, G. L., VanTyne, D., Steele, A. D., Keohane,

C. E., … Mylonakis, E. (2018). A new class of synthetic retinoid

antibiotics effective against bacterial persisters. Nature, 556,

103–107.

Kim, Y., & Wood, T. K. (2010). Toxins Hha and CspD and small RNA

regulator Hfq are involved in persister cell formation through MqsR in

Escherichia coli. Biochemical Biophysical Ressearch Communications, 391,

209–213.

Kwan, B. W., Chowdhury, N., & Wood, T. K. (2015). Combatting bacterial

infections by killing persister cells with mitomycin C. Environmental

Microbiology, 17, 4406–4414.

Kwan, B. W., Osbourne, D. O., Hu, Y., Benedik, M. J., & Wood, T. K. (2015).

Phosphodiesterase DosP increases persistence by reducing cAMP

which reduces the signal indole. Biotechnology and Bioengineering, 112,

588–600.

Kwan, B. W., Valenta, J. A., Benedik, M. J., & Wood, T. K. (2013). Arrested

protein synthesis increases persister‐like cell formation. Antimicrobial

Agents and Chemotherapy, 57, 1468–1473.

Lee, J.‐H., Kim, Y.‐G., Gwon, G., Wood, T. K., & Lee, J. (2016). Halogenated

indoles eradicate bacterial persister cells and biofilms. AMB Express, 6,

123.

Liberati, N. T., Urbach, J. M., Miyata, S., Lee, D. G., Drenkard, E., Wu, G., …

Ausubel, F. M. (2006). An ordered, nonredundant library of

Pseudomonas aeruginosa strain PA14 transposon insertion mutants.

Proceeding of the National Academy of Sciences of United States of

America, 103, 2833–2838.

Luidalepp, H., Jõers, A., Kaldalu, N., & Tenson, T. (2011). Age of inoculum

strongly influences persister frequency and can mask effects of

mutations implicated in altered persistence. Journal of Bacteriology,

193, 3598–3605.

Narayanaswamy, V. P., Keagy, L. L., Duris, K., Wiesmann, W., Loughran, A.

J., Townsend, S. M., & Baker, S. (2018). Novel glycopolymer eradicates

antibiotic‐ and CCCP‐induced persister cells in Pseudomonas aerugi-

nosa. Frontier in Microbiology, 9, 1724.

Pu, Y., Li, Y., Jin, X., Tian, T., Ma, Q., Zhao, Z., …Bai, F. (2019). ATP‐
dependent dynamic protein aggregation regulates bacterial

dormancy depth critical for antibiotic tolerance. Molecular Cell,

73, 143–156.

Song, S., & Wood, T. K. (2018). Post‐segregational killing and phage

inhibition are not mediated by cell death through toxin/antitoxin

systems. Frontier in Microbiology, 9, 814.

Sulaiman, J. E., Hao, C., & Lam, H. (2018). Specific enrichment and

proteomics analysis of escherichiaescherichia coli coli persisters

from rifampin pretreatment. Journal of Proteome Research, 17,

3984–3996.

Sun, Y., Dowd, S. E., Smith, E., Rhoads, D. D., & Wolcott, R. D. (2008). In

vitro multispecies Lubbock chronic wound biofilm model. Wound

Repair and Regeneration, 16, 805–813.

Tkhilaishvili, T., Lombardi, L., Klatt, A.‐B., Trampuz, A., & Di Luca, M.

(2018). Bacteriophage Sb‐1 enhances antibiotic activity against

biofilm, degrades exopolysaccharide matrix and targets persisters of

Staphylococcus aureus. International Journal of Antimicrobial Agents, 52,

842–853.

Vanden Bergh, B., Fauvart, M., & Michiels, J. (2017). Formation,

physiology, ecology, evolution and clinical importance of bacterial

persisters. FEMS Microbiology Reviews, 41, 219–251.

Wang, X., Kim, Y., Hong, S. H., Ma, Q., Brown, B. L., Pu, M., … Wood, T. K.

(2011). Antitoxin MqsA helps mediate the bacterial general stress

response. Nature Chemical Biology, 7, 359–366.

Wang, X., & Wood, T. K. (2011). Toxin‐antitoxin systems influence biofilm

and persister cell formation and the general stress response. Applied

and Environmental Microbiology, 77, 5577–5583.

Wood, T. K. (2016). Combatting bacterial persister cells. Biotechnology and

Bioengineering, 113, 476–483.

SONG ET AL. | 2273



Wood, T. K., Song, S., & Yamasaki, R. (2019). Ribosome dependence of

persister cell formation and resuscitation. Journal of Microbiology, 57,

213–219.

Yang, T., Moreira, W., Nyantakyi, S. A., Chen, H., Aziz, Db, Go, M.‐L., &
Dick, T. (2017). Amphiphilic indole derivatives as antimycobacter-

ial agents: Structure–activity relationships and membrane

targeting properties. Journal of Medicinal Chemistry, 60,

2745–2763.

Yuan, M., Chua, S. L., Liu, Y., Drautz‐Moses, D. I., Yam, J. K. H., Aung, T.

T., … Nielsen, T. E. (2018). Repurposing the anticancer drug

cisplatin with the aim of developing novel Pseudomonas aeruginosa

infection control agents. Beilstein Journal of Organic Chemistry, 14,

3059–3069.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Song S, Gong T, Yamasaki R, Kim J‐S,
and Wood TK. Identification of a potent indigoid persister

antimicrobial by screening dormant cells. Biotechnology and

Bioengineering. 2019;116:2263–2274.

https://doi.org/10.1002/bit.27078

2274 | SONG ET AL.

https://doi.org/10.1002/bit.27078



