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Summary

Escherichia coli broadly colonize the intestinal tract of humans and produce a variety of small 

molecule signals. However, many of these small molecules remain unknown. Here, we describe a 

family of widely distributed bacterial metabolites termed the “indolokines.” In E. coli, the 

indolokines are upregulated in response to a redox stressor via aspC and tyrB transaminases. 

While indolokine 1 represents a previously unreported metabolite, four of the indolokines (2-5) 

were previously shown to be derived from indole-3-carbonyl nitrile (ICN) in the plant pathogen 
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defense response. We show that the indolokines are produced in a convergent evolutionary manner 

relative to plants, enhance E. coli persister cell formation, outperform ICN protection in an 

Arabidopsis thaliana-Pseudomonas syringae infection model, trigger a hallmark plant innate 

immune response, and activate distinct immunological responses in primary human tissues. Our 

molecular studies link a family of cellular stress-induced metabolites to defensive responses across 

bacteria, plants, and humans.

Graphical Abstract

eTOC Blurb

Kim, Li, et al. describe the characterization of cellular stress-induced, bacterial indole-

functionalized metabolites termed “indolokines.” The indolokines are found in diverse bacteria, 

enhance persister formation in E. coli, and activate innate immune responses in both plant and 

human tissues.

Introduction

The human intestinal tract contains a diverse microbial community known as the gut 

microbiota that includes trillions of microbial cells. The gut microbiota members produce 

tens of thousands of detectable metabolites, but the majority of these putative small 

molecules remain structurally and functionally uncharacterized (Donia and Fischbach, 2015; 

Dorrestein et al., 2014; Rath and Dorrestein, 2012). Escherichia coli is one of the most well-
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studied gut bacteria estimated to reside in ~90% of the human population (Secher et al., 

2016). E. coli isolates serve as commensals (Tenaillon et al., 2010), probiotics (Sonnenborn, 

2016), and pathogens with the latter contributing to well over 200 thousand infections per 

year in the United States alone (Scallan et al., 2011). To mediate their diverse interactions 

with other microbes and their animal host, E. coli strains produce diverse small molecule 

metabolites to mediate bacterial signaling [e.g., indole (Kumar and Sperandio, 2019; Lee et 

al., 2015), autoinducer-2 (Papenfort and Bassler, 2016), and autoinducer-3 (Kim et al., 2019; 

Sperandio et al., 2003)], inter-microbial competition [e.g., microcins (Asensio et al., 1976)], 

iron acquisition [e.g., enterobactin, enterochelin, salmochelin, aerobactin, and yersiniabactin 

(Ellermann and Arthur, 2017)], and host physiological responses [e.g., colibactin 

(Nougayrède et al., 2006; Xue et al., 2019)], among others. Biosynthesis of these 

representative small molecules range from simple modifications of primary amino acid 

precursors to highly complex multi-modular nonribosomal peptide synthetase and 

polyketide synthase systems.

AspC is a pyridoxal phosphate (PLP)-dependent amino acid transaminase that reversibly 

converts amino acids (L-Phe, L-Trp, L-Tyr, L-Asp, L-kynurenine, and L-Cys) into their α-

ketoacid forms using 2-oxoglutarate as a preferred co-substrate (Chatagner and Sauret-

Ignazi, 1956; Gelfand and Steinberg, 1977; Han et al., 2001; Romasi and Lee, 2013). 

Intriguingly, genetic studies have linked aspC to a core “hormetic” antibiotic stress response, 

which operates through the general RpoS stress response regulon (Mathieu et al., 2016), and 

to the formation of bacterial persister cells, an antibiotic tolerant cell state (Shan et al., 

2015). However, the molecular mechanisms underlying these phenotypes remain unknown. 

In this study, we describe a new family of aspC-regulated signaling molecules in E. coli, 
which invoke the coupling of L-Trp- and L-Cys-derived metabolites, and explore their 

biological defense functions in bacteria, plants, and humans. Strikingly, the metabolites 

enhance bacterial persister cell formation and regulate innate immune responses in both 

plant and human tissues, expanding our understanding of the detailed molecular interactions 

possible at the host-microbe interface.

Results and Discussion

Detection of aspC/tyrB-dependent metabolites from diverse bacteria and mouse fecal 
samples

To identify new bacterial metabolites regulated by transaminase aspC, we conducted 

differential metabolite analysis between the commensal model E. coli BW25113 and its 

aspC mutant strain via liquid chromatography coupled to a photodiode array detector and an 

electrospray ionization-quadrupole time of flight-mass spectrometer (ESI-QTOF-MS). 

Because transaminase tyrB can also accept similar substrates as aspC, we also analyzed a 

tyrB mutant and an aspC-tyrB double mutant. Five metabolites with distinctive indole-like 

chromophores and protonated masses of m/z 360.0630 (1, C16H14N3O5S+, calc 360.0649), 

275.0486 (2, C13H11N2O3S+, calc 275.0485), 273.0324 (3, C13H9N2O3S+, calc 273.0328), 

332.0703 (4, C15H14N3O4S+, calc 332.0700), and 330.0538 (5, C15H12N3O4S+, calc 

330.0543) were significantly down-regulated in the transaminase mutants relative to wild-
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type cells (Figure 1). These transaminase-regulated ions were not consistent with any 

metabolites previously reported from E. coli.

Because amino acid transamination reactions are broadly catalyzed by primary PLP-

dependent enzymes (McMurry and Begley, 2016), we proposed that metabolites 1-5 could 

be detected in other bacteria. Thus, we first analyzed probiotic, pathogenic, and 

commensalistic E. coli strains, including E. coli Nissle 1917 associated with the treatment of 

inflammatory bowel diseases (IBDs) (Schultz, 2008), adherent invasive E. coli (AIEC) LF82 

associated with the severity of Crohn’s disease (Agus et al., 2014), and E. coli MG1655 / 

BW25113 as model commensal strains (Baba et al., 2006). The metabolites could be 

detected across all of the E. coli strains (Figure 2A), suggesting that the metabolites were 

general E. coli metabolites rather than being strain specific. We next analyzed other well-

known Gram-negative [human pathogens Salmonella enterica serovar Typhimurium, 

Klebsiella pneumoniae ATCC 700603, Vibrio cholerae El Tor N16961 ΔctxAB, V. 
parahaemolyticus, Pseudomonas aeruginosa PAO1, and entomopathogen Xenorhabdus 
bovienii str. feltiae Moldova] and Gram-positive bacteria [pathogens vancomycin-resistant 

Enterococcus faecalis (VRE), Enterococcus gallinarum (Manfredo Vieira et al., 2018), and 

methicillin-resistant Staphylococcus aureus ATCC BAA-1717 (MRSA); commensals 

Lactobacillus parafarraginis F0439, Lactobacillus rhamnosus LMS2-1, and Lactobacillus 
reuteri CF48-3A; and environmental isolate Bacillus subtilis BR151], as well as a 

representative fungus, Saccharomyces cerevisiae. Under our cultivation conditions, most of 

the bacteria produced some or all of the metabolites except for the three Lactobacillus 
species and S. cerevisiae (Figure 2A). Since metabolites 2, 3, and 5 were also detected at 

basal levels in media controls, statistically significant bacterial production levels of these 

three metabolites were obtained by comparing and subtracting respective media signals. 

Intriguingly, the significant negative values of metabolite 2 in the three Lactobacillus species 

likely derive from bacterial degradation of background metabolite. These studies suggest 

that 1-5 are commonly produced bacterial metabolites, initiating from aromatic amino acid 

transamination.

Given aspC’s phenotypic role in regulating stress responses (Mathieu et al., 2016; Shan et 

al., 2015), we treated E. coli Nissle 1917 with sub-lethal concentrations of the redox stressor 

paraquat as a mimetic of host immune stress. Paraquat causes oxidative cellular stress 

through the generation of reactive oxygen species (ROS) (Bus and Gibson, 1984; Fukushima 

et al., 1994); ROS is produced by the gut epithelia when in contact with enteric bacteria 

(Jones et al., 2012). From these experiments, we observed the dose-dependent enhancement 

of metabolites 1-5 in E. coli (Figure 2B), suggesting that the metabolites may contribute to 

the AspC cellular stress response phenotypes in cell culture. We also examined whether the 

metabolites could be detected in the fecal samples of specific pathogen free C57BL/6 mice 

colonized with E. coli (Park et al., 2019). LC/MS analysis of the fecal samples showed good 

detection of all five metabolites (Figure 2A). Because we have shown that these bacterial 

metabolites are not limited to E. coli, multiple members of the gut microbiota likely 

contribute to the observed signals. Collectively, these studies indicate that metabolites 1-5 
are regulated by transaminases AspC/TyrB in E. coli, upregulated in response to redox 
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stress, found in diverse bacteria, and could be physiologically-relevant in vivo. These results 

prompted us to solve their unknown structures and evaluate their biological activities.

Structural characterization of indolokines.

To characterize their chemical structures, we first cultured 4 L of X. bovienii as a 

representative producer. These cultures were treated with sub-lethal concentrations of 

erythromycin to induce ribosome stress, as this led to the robust production of these 

molecules to facilitate isolation (Figure 2A). Metabolites 1 and 5 were extracted into n-

butanol, isolated via high-performance liquid chromatography (HPLC), and characterized 

using 1D and 2D NMR spectroscopy (1H, 13C, COSY, HSQC, HMBC, and LR-HSQMBC) 

and tandem MS (Figures 3A, S1, and S2, Table S1). Key NMR correlations to establish 

novel molecule 1 are shown in Figure 3A. By comparing tandem MS spectra between the 

characterized bacterial-derived metabolite 5 and its variants 4 (+2, for +H2), 3 (−57, for 

−Gly+H2O), and 2 (−55, for −Gly+H2O+H2), we proposed their structures as reduced, 

deglycinated, and reduced-deglycinated derivatives of 5, respectively. To confirm this 

proposal, we synthesized 2-4 using established procedures (Rajniak et al., 2015) and 

demonstrated that they shared identical tandem MS spectra (Figure S2) and LC retention 

times (Figure S3) with those of the natural materials. While 1 is a previously unreported 

small molecule with an unusual 2H-1,4-thiazine ring, which was reported only once in 

natural products cytochathiazines A-C isolated from co-culture of Chaetomium globosum 
and Aspergillus flavipes (Wang et al., 2018), metabolites 2-5 and 3 were characterized from 

the plant Arabidopsis thaliana (Rajniak et al., 2015) and a thermophilic bacterium 

Thermosporothrix hazakensis SK20-1T (Park et al., 2015), respectively. Based on prior plant 

metabolite nomenclature (Rajniak et al., 2015) and other functions discussed below, we 

named these five metabolites indolokines A8 (1), A4 (2), A5 (3), A2 (4), and A3 (5).

Biosynthetic proposal of indolokines

Given the structural variations observed in 1-5, we proposed that indole-3-pyruvic acid (I3P) 

derived from AspC- and TyrB-mediated transamination of L-Trp could spontaneously react 

with L-Cys or L-Cys-Gly dipeptide to produce the indolokines (Figure 3B). L-Cys-Gly 

dipeptide is a common metabolite in glutathione biosynthesis (Hanes et al., 1950; Meister 

and Tate, 1976). To test this proposal, we incubated I3P (1 mM) and L-Cys (1 mM) in the 

absence of bacteria under identical culture conditions (M9 medium, 37 °C, 48 hrs). As 

anticipated, compounds 2 and 3 were detected from these reaction mixtures and were 

abolished when either I3P or L-Cys were absent in the reaction mixtures (Figure 3C). These 

studies support a non-enzymatic coupling pathway, which is consistent with their broader 

detection in various bacteria. In E. coli cultures, production of the two reduced metabolites 2 
and 4 decreased over 12-48 hours while production of their oxidized variants 3 and 5 
inversely increased, which is consistent with our proposal (Figure 3D).

Persister-forming activity of indolokines in E. coli

Indole and indole-functionalized metabolites are known to contribute to persister cell 

regulation in E. coli at high concentrations (sub-mM to mM) (Hu et al., 2015; Kwan et al., 

2015; Lee et al., 2016; Vega et al., 2012). Intriguingly, aspC also contributes to stationary 
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phase regulation of persister cell formation in E. coli, and the addition of amino acids did 

not rescue this phenotype (Shan et al., 2015). We proposed that aspC-derived metabolites, 

such as the indolokines, could similarly contribute to this phenotype. To test this proposal, 

we first needed to establish physiologically-relevant doses. Using the standard addition 

method (Skoog et al., 2017), we determined the concentrations of oxidized 3 and 5 in 

aerobic stationary phase cultures to be ~0.2 μM and ~0.04 μM, respectively. However, under 

paraquat cellular stress conditions, their concentrations were upregulated by about one order 

of magnitude (Figure 2B). Consequently, we individually treated E. coli BW25113 with 

indolokines 1-5 at 5 μM to mimic a stressed cell environment in our persister cell assays. 

Assays were conducted under aerobic conditions, as in prior studies (Shah et al., 2006; Shan 

et al., 2015; Vega et al., 2012). We used gentamicin sulfate to challenge the cultures, as this 

aminoglycoside kills both growing and non-growing cells and has been used to eradicate 

non-persister cells (Shan et al., 2015). Under these conditions, we observed a reproducible 

and significant increase in colonies indicative of an increase in persister cell formation in 

stationary phase cultures (Figure 4A). Supplementation with compounds 1 and 3, for 

example, led to an ~10-fold enhancement (1, 12-fold; 3, 10-fold), which is consistent with 

the ~50-fold change previously observed between wildtype and aspC mutant cultures (Shan 

et al., 2015). In addition, no growth inhibition was observed upon treating the cultures with 

indolokines 1-5 (data not shown). These studies support secreted indolokines as cellular 

stress-enhanced, bacterial cell-extrinsic factors, that enhance persister cell formation and 

likely account at least in part for the prior aspC genetic studies. The metabolite 

concentrations that we observed in cultures are consistent with known bacterial signaling 

molecules, such as cholera autoinducer-1 (CAI-1, ~0.3 μM) (Kelly et al., 2009), 

autoinducer-2 (AI-2, ~2 μM) (Fitts et al., 2016), and 3,5-dimethylpyrazin-2-ol (DPO, ~1 

μM) (Papenfort et al., 2017).

Plant-defensive responses of indolokines against pathogenic bacteria

Indolokines A2-A5 (4, 5, 2, and 3, respectively) and their 4-hydroxylated derivatives B2-B5 

(8, 9, 6, and 7, respectively) are derived from indole-3-carbonyl nitrile (ICN) and 4-

hydroxy-1H-indole-3-carbonyl nitrile (4-OH-ICN), respectively, in Arabidopsis thaliana as 

part of a pathogen-induced P450-mediated plant defense response against various biotic 

stresses (Barco et al., 2019; Rajniak et al., 2015). 4-OH-ICN and 4-hydroxylated indolokines 

6-9 are derived from ICN via a single plant P450, CYP82C2. ICN and 4-OH-ICN alter plant 

defense responses to bacterial pathogens via an unknown signaling mechanism (Barco et al., 

2019; Rajniak et al., 2015), and it is unclear if their spontaneous indolokine breakdown 

products contribute to these responses. Small molecule defense responses are a hallmark of 

sessile plants, and previously identified lineage-specific plant defense metabolites have been 

shown to interact with evolutionarily conserved proteins to alter their activities (Katz et al., 

2015; Malinovsky et al., 2017). Since the biosynthetic precursor of indolokines 6-9, 4-OH-

ICN, showed plant protective activity against pathogenic bacteria (Rajniak et al., 2015), we 

challenged A. thaliana with the virulent bacterial hemibiotroph Pseudomonas syringae pv. 

tomato (Pto) DC3000 after pre-immunizing the plant with 1 μM of Pseudomonas-derived 

flagellin peptide flg22, and 1 μM of individual 2-9 or their labile plant precursors ICN and 

4-OH-ICN (metabolite 1 was substrate limited). We found that indolokine A5 (3) conferred 

an order of magnitude of protective effect against bacterial infection, whereas indolokine A2 
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(4) and B3 (9) provided protection up to two orders of magnitude over controls (Figure 4B). 

Surprisingly, 4-OH-ICN, which was described as having a weak protective effect (Rajniak et 

al., 2015), had no significant effect in our current study. We also looked at pathogen-

triggered callose (β-1,3-glucan) deposition on plant cell walls, which is a hallmark plant 

immune response to microbial infection and physical damage (Ellinger and Voigt, 2014). In 

this assay, we found that indolokine A2 (4) conferred increased callose deposition in the 

presence of both flg22 and E. coli-derived bacterial elongation factor Tu peptide elf26, 

which have been previously described to elicit plant defense responses (Kunze et al., 2004; 

Zipfel et al., 2004), whereas plant indolokine B3 (9) conferred greater callose deposition in 

the presence of elf26 peptide (Figure S4). These data suggest that the indolokines contribute 

to the regulation of an ancient innate immune response in plants. Strikingly, our studies 

suggest that the metabolites are derived from convergent evolution between plants (Rajniak 

et al., 2015) and bacteria (Figure 2A) to similarly regulate cellular defensive responses.

Assessment of human primary cell responses to indolokines

Because the indolokines can be detected in feces and are produced in common gut bacteria 

(Figure 2), we evaluated their potential functional roles in primary human tissues using the 

BioMAP® Phenotypic Profiling Assay system. We screened the nine indolokines 1-9 (21 

μM) against this panel of 12 human primary cell-based co-culture systems (venular 

endothelial cells, lung fibroblasts, and peripheral blood mononuclear cells, PBMCs) that 

model various tissues and diseases (Figure 4C). Protein biomarker readouts in these mixed 

cell systems were used to quantify the effects of the nine metabolites. Interestingly, 

Indolokine A4 (2) showed a very robust ~30-fold increase (relative to vehicle control) of 

interleukin-6 (IL-6) secretion from CD19+ B cells co-cultured with PMBCs. Indolokine A4 

(2) also increased interleukin-8 (IL-8) in venular endothelial cells co-cultured with PBMCs, 

caused a decrease in proliferation in dermal fibroblasts, and decreased eotaxin-3 (CCL26) in 

both venular endothelial cells (mono-culture) and bronchial epithelial cells co-cultured with 

dermal fibroblasts. These results suggest the role of indolokine A4 (2) in affecting 

immunomodulatory and inflammation-related activities. Indolokine B4 (6) caused a decrease 

in matrix metallopeptidase 9 (MMP-9), urokinase-type plasminogen activator receptor 

(CD87), plasminogen activator inhibitor-1 (PAI-1), and C-X-C chemokine 11 (CXCL-11), 

all of which are associated with tissue remodeling.

Aryl hydrocarbon receptor (AhR) agonistic effect of indolokines

The aryl hydrocarbon receptor (AhR) is a cytoplasmic receptor and transcription factor in 

humans that plays important roles in immunity and tissue homeostasis (Shinde and McGaha, 

2018). Dysregulation of AhR signaling has been associated with autoimmune diseases and 

cancer (Shinde and McGaha, 2018). Aromatic hydrocarbons including indole-functionalized 

metabolites produced by the human gut microbiome are known to activate the aryl 

hydrocarbon receptor (AhR) and regulate innate immune responses (Shinde and McGaha, 

2018; Zelante et al., 2013). Indeed, indolokine A5 (3), in particular, is the demethylated 

analog of a very potent AhR agonist 2-(1′H-indole-3′-carbonyl)-thiazole-4-carboxylic acid 

methyl ester (ITE) (Song et al., 2002). Consistent with our human functional profiling 

results, AhR agonists including ITE regulate IL-6 secretion from immune cells, such as 

dendritic cells (Wang et al., 2014) and macrophages (Shinde et al., 2018). Thus, we 
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proposed that indolokine A4 (2) would more strongly regulate the AhR pathway relative to 

3-5, which would be consistent with its very robust IL-6 secretion phenotype. To test this 

proposal, we evaluated indolokines 2-5 (up to 10 μM) against a commercial human AhR 

reporter cell line utilizing a beetle luciferase gene downstream of dioxin/xenobiotic response 

elements (DRE/XRE). All of the indolokines tested showed AhR activation at sub- and low-

micromolar concentrations, which is consistent with the concentrations that we observed in 

stationary phase cultures (Figure 4D). As anticipated from the IL-6 responses, indolokine 

A4 (2), the most abundant indolokine measured in mouse fecal samples, significantly 

activated the AhR pathway at 100 nM and higher and was more potent than its oxidized A5 

(3) variant (i.e., the demethylated analog of ITE). While ITE has become an important 

chemical model in the AhR regulation field (Shinde and McGaha, 2018), ITE was originally 

isolated from pig lung using acid and methanol extraction conditions (Song et al., 2002). 

This suggests that ITE may be a synthetic artefact (i.e., a Fischer esterification of 3). 

Consistent with this notion, we were unable to detect ITE in the fecal samples using our 

neutral extraction conditions. Moreover, we extracted E. coli BW25113 cultures using the 

prior extraction conditions and could detect ITE, whereas our neutral extraction conditions 

did not lead to detectable levels of the small molecule (see general synthetic procedures). 

Given the largely microaerobic conditions at the gut host-microbe interface (Carlson-

Banning and Sperandio, 2018), our results support indolokine A4 (2) as a more ecologically-

relevant AhR model than ITE.

Conclusion

Modern analytical methods have revealed that the majority of metabolites found in the 

intestinal tract remain unknown (Dorrestein et al., 2014). Some of the small molecules from 

this so called “dark matter” of the intestinal metabolome will regulate the compositions and 

activities of the intestinal microbiota and/or modulate host cell responses that could 

significantly affect human health and disease. Indeed, some indole-functionalized 

metabolites at often high concentrations (sub-mM to mM) can regulate bacterial cellular 

stress responses (Bianco et al., 2006; Garbe et al., 2000; Hirakawa et al., 2005; Lee et al., 

2007; Vega et al., 2012), and consistently, select indole metabolites accumulate to high 

concentrations in the intestinal tract, leading to immunological responses (Dodd et al., 2017; 

Hubbard et al., 2015; Jin et al., 2014; Zelante et al., 2013). In the current study, we describe 

a family of indole-functionalized bacterial metabolites termed the indolokines (1-5) that 

harbor high potency for both persister cell activation in bacteria (5 μM, aerobic conditions in 
vitro) and immune activation in human host tissues (100 nM). One indolokine is a 

previously unreported small molecule (1) and four of the indolokines (2-5) are shared with 

the pathogen-defense response of plants (Rajniak et al., 2015). Strikingly, we show here that 

select members of the indolokines protect plants against bacterial infection with higher 

efficacy than the known plant indolokine precursors ICN and 4-OH-ICN (Rajniak et al., 

2015) in part through increased plant cell wall reinforcement, a phenomenon which has also 

been observed in Arabidopsis by indole glucosinolates (Clay et al., 2009). In bacterial 

culture conditions, we show that the indolokines can be produced spontaneously from I3P 

and L-Cys (or L-Cys-Gly), representing a striking example of convergent evolution at both 

the structural and phenotypic cellular defense levels. Our studies are also consistent with 
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prior genetic studies implicating aromatic amino acid transamination as a defense strategy 

against drug stress conditions (Mathieu et al., 2016; Shan et al., 2015), which likely extend 

to other human pathogens (e.g., Figure 2). Intriguingly, indolokine A4 (2) very robustly 

regulated IL-6 secretion in human B-cells, which was consistent with 2 being the most 

potent AhR agonist among the natural metabolite family. Collectively, our studies define a 

bacterial cellular stress response in a common member of the human microbiota at the 

molecular level and link it to conserved interkingdom cellular defense signaling.

Significance

Bacteria produce tens of thousands of small molecule metabolites with unknown functions 

in the human intestinal tract. Some of those may regulate the composition and activity of the 

microbiome and/or modulate host immunity. Using host inflammation-mimetic conditions 

(i.e., ROS) to prioritize metabolite characterization efforts led to the characterization of the 

indole metabolites termed “indolokines,” which are found in E. coli and other Gram-

negative and Gram-positive bacteria. The broad distribution of metabolites in the selected 

bacteria and in mouse fecal samples is consistent with their spontaneous biosynthesis from 

reactive thiols (i.e., L-Cys and L-Cys-Gly) and indole-3-pyruvate derived from AspC/TyrB-

mediated transamination. Intriguingly, the bacterial metabolites are derived from a 

convergent evolutionary process relative to the ICN pathway described in plants. Strikingly, 

the spontaneous chemical processing observed here appears to be monitored by both the 

bacteria and the eukaryotic hosts, including the enhancement of bacterial persister cell 

formation, activation of IL-6 in human immune cells, and protection of plants from bacterial 

infection. Thus, these studies support a new interkingdom cellular defense strategy 

conserved among bacteria, plants, and mammals.

STAR★METHODS

LEAD CONTACT AND MATERIALS AVAILABILITY

Requests for resources and reagents should be directed to the Lead Contact: Jason M. 

Crawford (jason.crawford@yale.edu). There are restrictions to the availability of indolokines 

due to synthesis requirements.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Microbial Strains—Please refer to key resource table for the complete list.

Plant Materials and Growth Conditions—Arabidopsis thaliana accession Columbia-0 

(Col-0) plants were grown on soil [3:1 mix of Fafard Growing Mix 2 (Sun Gro Horticulture, 

Vancouver, Canada) to vermiculite (Scotts, Marysville, OH)] at 22 °C daytime/18 °C 

nighttime with 60% humidity under a 12-hr light cycle [50 (dawn/dusk) and 100 (midday) 

μE m-2 s-1 light intensity].

METHOD DETAILS

Instrumentation—Low-resolution LC-MS data were obtained using an Agilent 6120 

single quadrupole LC-MS system and an Agilent 6490 Triple-Quad (QQQ) fitted with an 
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ESI source coupled to Infinity 1290 HPLC system and a Kinetex 1.7 μm C18 column (100 × 

2.1 mm) with a water:acetonitrile linear gradient containing 0.1% formic acid at 0.3 mL/

min: 0-18 min, 15% to 100% acetonitrile. High-resolution electrospray ionization mass 

spectrometry (ESI-MS) data were obtained using an Agilent iFunnel 6550 quadrupole time-

of-flight (QTOF) instrument fitted with an ESI source coupled to an Agilent 1290 Infinity 

HPLC system and a Kinetex 5μ C18 100 Å column (250 × 4.6 mm) with a water:acetonitrile 

gradient containing 0.1% formic acid at 0.7 mL/min: 0-30 min, 5 to 100% acetonitrile. The 

mass spectra were recorded in positive ionization mode with a mass range from m/z 100 to 

1,700. 10 ppm mass windows were used to generate extracted ion chromatogram (EIC) 

spectra and then to measure the metabolite production levels (1, m/z 360.0649; 2, m/z 
275.0485; 3, m/z 273.0328; 4, m/z 332.0700; 5, m/z 330.0543). Isolation of metabolites was 

performed using an Agilent Prepstar high-performance liquid chromatography (HPLC) 

system with an Agilent Polaris C18-A 5 μm (250 × 21.2 mm2) column and a Phenomenex 

Luna C18 (2) 100 Å (250 × 10 mm) column. 1D (1H and 13C) and 2D (gCOSY, gHSQCAD, 

gHMBCAD, and LR-HSQMBC) NMR spectral data were measured on Agilent 400 or 600 

MHz NMR spectrometer equipped with a cold probe with a 3-mm tube, and the chemical 

shifts were recorded as δ values (ppm) referenced to solvent residual signals.

Metabolite detection from wild-type E. coli BW25113 and its aromatic amino 
acid aminotransferase mutants—Fresh single colonies of E. coli BW25113 and its 

three aromatic amino acid aminotransferase mutants (ΔtyrB, ΔaspC, and ΔtyrB/ΔaspC) were 

used to inoculate 5 mL of M9-Glucose medium (0.4% D-glucose), and the cultures were 

grown overnight at 37 °C under aerobic conditions (250 rpm). After 48 hrs of cultivation, the 

cultures were centrifuged for 20 mins at 1500 × g to remove the cells. 6 mL of water-

saturated n-butanol was added to each supernatant, which was vortexed for 10 seconds and 

centrifuged for 5 mins at 1500 × g. The top 5 mL of the organic layer was transferred and 

dried in vacuo. The dried extracts were dissolved in 200 μL of methanol, and 10 μL of each 

sample was injected into the QTOF LC-MS instrument for metabolite analysis.

Metabolite detection from diverse bacteria cultures—Four strains of E. coli (Nissle 

1917, MG1655, BW25113, and LF82), S. enterica serovar Typhimurium, Klebsiella 
pneumoniae ATCC 700603, X. bovienii str. feltiae Moldova, V. cholerea El Tor N16961 

ΔctxAB, V. parahaemolyticus, P. aeruginosa PAO1, vancomycin-resistant E. faecalis (VRE), 

E. gallinarum, and methicillin-resistant S. aureus ATCC BAA-1717 (MRSA) were grown for 

48 h at 37 °C in LB. L. reuteri CF48-3A, L. parafarraginis F0439, and L. rhamnosus 
LMS2-1 were grown in Lactobacilli MRS broth at 37 °C for 48 h. B. subtilis BR151 and S. 
cerevisiae were grown at 30 °C for 48 h in LB and yeast malt broth, respectively. In order to 

induce cellular stress in E. coli, five different concentrations of paraquat (3, 6, 12, 25, and 50 

mM; Acros Organics, Nidderau, Germany) were added into the E. coli Nissle 1917 cultures 

at OD600 = ~0.5, and 25 μg/mL of erythromycin was supplemented to the X. bovienii 
cultures at the beginning of cultivation. LC-MS samples for these bacteria cultures and their 

corresponding media controls were prepared as described above.

Metabolite detection from mouse fecal samples—The mouse fecal samples were 

derived from our prior study (Park et al., 2019); mouse experiments were not conducted in 
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the current study. Briefly, before colonization, 8-10-week-old C57BL/6 mice were fasted for 

4 hrs followed by gavage of kanamycin (20 mg). After 20 hrs, mice were fasted again for 4 

hrs and administrated with 1×104 kanamycin resistant E. coli (BW25113 wild-type carrying 

pET-28a (+) plasmid). Fecal pellets were collected 7 days post colonization and sonicated in 

methanol (HPLC grade) followed by centrifugation. Supernatants were dried in vacuo and 

resuspended in 100 μL of methanol and analyzed by QTOF LC-MS.

Isolation and characterization of metabolites—Single colonies of X. bovienii were 

used to inoculate four 5 mL of LB medium, and the cultures were grown overnight at 30 °C 

under aerobic conditions (250 rpm). Four 1 L of fresh LB medium with 25 μg/mL of 

erythromycin in 4 L Erlenmeyer flasks were inoculated by the overnight cultures and further 

incubated for 48 h at 30 °C. After removal of the cells by centrifugation for 20 mins at 

13000 × g, 20 g/L of Amberlite® XAD-7 HP resins were added to the supernatant, which 

was shaken using 150 rpm for 30 mins. The resins were recovered by filtration using a glass 

frit under vacuum and extracted with 1 L of methanol to give crude extract (4.1 g). The dried 

extract was re-suspended with 100 mL of methanol and dried in the presence of 4 g of 

Celite® adsorbent. The extract-Celite® mixture was loaded onto pre-packed reversed-phase 

C18 resins (300 g) and separated using a step gradient with the following solvent 

composition (each 500 mL): Fraction 1, 10% aqueous methanol; Fraction 2, 20% aqueous 

methanol; Fraction 3, 30% aqueous methanol; Fraction 4, 40% aqueous methanol; Fraction 

5, 50% methanol; Fraction 6, 100% methanol. Fraction 1 was further fractionated by an 

Agilent Prepstar HPLC system with an Agilent Polaris C18-A 5 μm (250 × 21.2 mm2) 

column with a gradient elution from 10 to 100% aqueous acetonitrile with 0.01% 

trifluoroacetic acid over 30 mins and flow rate of 8 mL/min using a 1 min fraction collection 

time window. Fraction 1-15 was purified using a Phenomenex Luna C18 (2) 100 Å column 

(250 × 10 mm, flow rate 4.0 mL/min, a gradient elution from 10 to 100% aqueous 

acetonitrile with 0.01% trifluoroacetic acid over 30 mins) to give compound 1 (tR = 12.7 

min, 2.0 mg). Fraction 3 was separated and purified by the same method as Fraction 1 and 

compound 5 was obtained (tR = 16.0 min, 3.0 mg). The chemical structures of 1 and 5 were 

elucidated by 1D and 2D NMR spectroscopy (1H, 13C, gCOSY, gHSQCAD, gHMBCAD, 

and LR-HSQMBC, Table S1, see NMR catalog). The structures of compounds 2-4 were 

confirmed by comparing retention times of synthetic materials (Figure S3).

Indolokine A8 (1): Yellow powder; UV (acetonitrile:water = ~1:1 with 0.1% formic acid) 

λmax 218, 276, 410 nm; 1H (600 MHz) and 13C (125 MHz) NMR data, see Table S1; HR-

ESI-QTOF-MS (positive-ion mode) m/z 360.0642 [M + H]+(calcd for C16H14N3O5S+, m/z 
360.0649).

Biomimetic synthesis of 2 and 3—1 mM of L-Cys and/or I3P in M9-Glucose (0.4% D-

glucose) or LB medium (three replicates) were shaken at 37 °C for 48 hrs. The reaction 

mixtures were extracted with n-butanol and dried in vacuo for LC-MS analysis as described 

above. The same experiments were performed in the absence of either L-Cys or I3P and both 

L-Cys and I3P in M9 or LB media.
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Time-course analysis of metabolites in E. coli—Overnight cultures of E. coli Nissle 

1917 were used to inoculate three biological replicates of 5 mL of fresh LB medium. These 

cultures were extracted with water-saturated n-butanol at three different time points (12, 24, 

and 48 hrs) of incubation, and then the dried materials were dissolved in 200 μL of methanol 

for QTOF LC-MS analysis as described above.

Quantification of 3 and 5 in E. coli—The method of standard addition was performed 

to quantify the concentration of 3 and 5 produced by E. coli. An overnight culture of E. coli 
BW25113 in LB was used to inoculate 200 mL of LB at a 1:100 dilution. Then the cultures 

were incubated at 37 °C for 2 days and aliquoted into 27 × 14-mL polypropylene culture 

tubes each containing 5 mL of the cultures. After different amounts of synthetic 3 and 5 (0, 

1, 2, 3, and 4 μL) from stock solutions (214 μM in DMSO) was added to the cultures to 

make the final concentrations of 0, 0.04, 0.09, 0.13, and 0.17 μM, the cultures extracted with 

6 mL of water-saturated n-butanol. The extract was centrifuged and 5 mL of n-butanol layer 

was transferred and dried with reduced pressure. The dried crude extract was re-dissolved 

with 200 μL of methanol and subjected to QQQ LC-MS instrument for analysis. The 

dynamic MRM mode was used to monitor 3 and 5 with the following transitions: 3, 273.03 

to 144, CE 17; 5, 330.05 to 144, CE 25.

Detection of indolokine A5 (3), its methyl ester (ITE), and ethyl ester from E. 
coli—2-day cultures of E. coli BW25113 (5 mL) were lyophilized and individually 

extracted with neutral methanol in room temperature, methanol with 1 N HCl in 100 °C for 

1 hr, or ethanol with 1 N HCl in 100 °C for 1 hr. After the organic solvents were evaporated, 

the dried samples were resuspended with 500 μL of methanol and centrifuged. 200 μL of 

supernatant was transferred to LC-MS vial for analysis. Acid facilitated esterification as 

expected, suggesting that ITE previously isolated from pig lung may be a synthetic artefact.

Synthetic procedures for indolokines—Synthesis routes were adopted from the 

previous protocol (Rajniak et al., 2015) with minor modifications. (Scheme 1,2) All the 

reactions were performed in single-neck round bottom flasks. Flash chromatography was 

performed with an Isolera™ Biotage system and C18 HPLC. The identity and purity of the 

compounds were determined through high resolution mass spectrometry and 1H-NMR.

Synthesis of 2a—To a solution of indole-3-carboxyaldehyde (1.52 g, 10.5 mmol) in 

anhydrous acetonitrile (10 mL) was added TMSCN (2 mL, 16 mmol), and the mixture was 

heated to reflux for 2.5 hrs. The solvent was evaporated and subjected to flash 

chromatography (n-hexane/ethyl acetate, with a linear gradient from 0% to 60% ethyl 

acetate in 15 column volumes) to afford 2a as black oil (2.10 g, 8.59 mmol, 82%). 1H NMR 

(chloroform-d) δ 8.22 (s, 1H), 7.71 (m, 1H), 7.40 (m, 2H), 7.16-7.27 (m, 2H), 5.81 (m, 1H), 

0.20 (s, 9H).

Synthesis of ICN (2b)—To a solution of 2a (2.10 g, 8.59 mmol) in anhydrous 1,4-

dioxane (5 mL) was gradually added DDQ (1950 mg, 8.59 mmol) dissolved in anhydrous 

1,4-dioxane (13 mL) and stirred overnight. The solvent was removed under reduced 

pressure, subjected to flash chromatography with dichloromethane, and yielded a grey solid 
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(970 mg, 66%). 1H NMR (DMSO-d6) δ 12.89 (s, 1H), 8.63 (d, J = 3.5 Hz, 1H), 8.03 (m, 

1H), 7.57 (m, 1H), 7.33 (m, 2H).

Synthesis of Indolokine A4 (2)—To a solution of L-cysteine (712 mg, 5.88 mmol) in pH 

7.5 sodium phosphate buffer (8 mL) was gradually added ICN (250 mg, 1.47 mmol) in 

acetonitrile (15 mL). The solution was degassed, purged with N2 and reacted overnight. The 

solution was dried down and purified with preparative reverse phase HPLC system equipped 

with an Agilent Polaris C18-A 5 μm (250 × 21.2 mm2) column (flow rate 8.0 mL/min, a 

gradient elution from 35% to 65% acetonitrile in water with 0.01% trifluoroacetic acid over 

30 min) and yielded 2.2 mg. 1H NMR (methanol-d4) δ 8.71 (s, 1H), 8.26 (m, 1H), 7.48 (m, 

1H), 7.27 (m, 2H), 5.51 (dd, J = 9.8, 8.8 Hz, 1H), 3.63 (m, 2H). HRMS (m/z): [M+H]+ calcd 

for C13H10N2O3S, 275.0485; found, 275.0491.

Synthesis of Indolokine A5 (3)—To a solution of crude indolokine A4 (2) in methanol/

acetone 3:1 (8 mL) was added MnO2 (460 mg) and stirred overnight. The reaction was 

centrifuged and filtered to remove MnO2. The solution was dried down and purified with 

preparative reverse phase HPLC system equipped with an Agilent Polaris C18-A 5 μm (250 

× 21.2 mm2) column (flow rate 8.0 mL/min, a gradient elution from 35% to 65% acetonitrile 

in water with 0.01% trifluoroacetic acid over 30 min) and yielded 2.5 mg. 1H NMR (DMSO-

d6) δ 12.32 (d, J = 3.5 Hz, 1H), 9.14 (d, J = 3.3 Hz, 1H), 8.78 (s, 1H), 8.31 (m, 1H), 7.59 (m, 

1H), 7.30 (m, 2H). HRMS (m/z): [M+H]+ calcd for C13H8N2O3S, 273.0328; found, 

273.0339.

Synthesis of Indolokine A2 (4)—To a solution of L-Cys-Gly dipeptide (32.9 mg, 0.113 

mmol) in pH 7.5 sodium phosphate buffer (3.5 mL) was gradually added ICN (23.8 mg, 0.14 

mmol) in acetonitrile (3 mL). The solution was stirred overnight at room temperature. The 

solution was dried down and purified with preparative reverse phase HPLC system equipped 

with an Agilent Polaris C18-A 5 μm (250 × 21.2 mm2) column (flow rate 8.0 mL/min, a 

gradient elution from 35% to 65% acetonitrile in water with 0.01% trifluoroacetic acid over 

30 min) and yielded 2.2 mg. 1H NMR (methanol-d4) δ 8.78 (s, 1H), 8.28 (m, 1H), 7.48 (m, 

1H), 7.27 (m, 2H), 5.47 (t, J = 9.9 Hz, 1H), 4.03 (s, 2H), 3.61 (m, 2H). HRMS (m/z): [M+H]
+ calcd for C15H13N3O4S, 332.0700; found, 332.0707.

Synthesis of Indolokine A3 (5)—To a solution of crude Indolokine A2 (4) in methanol/

acetone 1:3 (8 mL) was added MnO2 (658 mg) and stirred overnight. The reaction was 

centrifuged and filtered to remove MnO2. The solution was dried down and purified with 

preparative reverse phase HPLC system equipped with an Agilent Polaris C18-A 5 μm (250 

× 21.2 mm2) column (flow rate 8.0 mL/min, a gradient elution from 35% to 65% acetonitrile 

in water with 0.01% trifluoroacetic acid over 30 min) and yielded 2.2 mg. 1H NMR (DMSO-

d6) δ 12.35 (s, 1H), 9.41 (d, J = 3.2 Hz, 1H), 9.06 (t, J = 6.1 Hz, 1H), 8.65 (s, 1H), 8.33 (m, 

1H), 7.58 (m, 1H), 7.30 (m, 2H), 4.02 (d, J = 6.1 Hz, 2H).HRMS (m/z): [M+H]+ calcd for 

C15H11N3O4S, 330.0543; found, 330.0549.

Synthesis of 4-OH-indole cyanohydrin (6a)—To a solution of 4-OH-indole-3-

carboxaldehyde (0.098 g, 0.61 mmol) in anhydrous acetonitrile (2 mL) was added TMSCN 

(172 μL, 1.34 mmol). The mixture was heated at reflux for 2.5 hrs. The solvent was 
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evaporated, and the brown material was subjected to flash chromatography (n-hexane/ethyl 

acetate, with a linear gradient from 0% to 100% ethyl acetate in 16 column volume) to 

afford 4-OH-indole cyanohydrin (6a) as maroon oil (104 mg, 0.313 mmol, 51%). 1H NMR 

(chloroform-d) δ 8.83 (s, 1H), 7.27 (m, 1H), 7.03 (t, J = 7.9 Hz, 1H), 6.96 (d, J = 8.2 Hz, 

1H) 6.52 (d, J = 7.7 Hz, 1H), 6.20 (s, 1H), 0.42 (s, 9H), 0.15 (s, 9H).

Synthesis of 4-OH-ICN (6b)—To a solution of 6a (100.0 mg, 0.301 mmol) in anhydrous 

1,4-dioxane (2 mL) was added DDQ (140 mg, 0.617 mmol) dissolved in anhydrous 1,4-

dioxane (4 mL) and stirred overnight. The solvent was removed under reduced pressure, 

subjected to flash chromatography with dichloromethane, and yielded a yellow oil (110 mg, 

>100%). Only a fraction of 4-OH-ICN was silylated and was subjected to the next step 

directly. 1H NMR (DMSO-d6) δ 9.65 (s, 1H), 8.70 (d, J = 3.6 Hz, 1H), 7.23 (t, J = 8 Hz, 

1H), 7.03 (d, J = 8.0 Hz, 1H), 6.67 (d, J = 7.9 Hz, 1H).

Synthesis of Indolokine B4 (6)—To a solution of L-cysteine (174 mg, 1.44 mmol) in pH 

7.5 sodium phosphate buffer (4 mL) was gradually added 4-OH-ICN (60mg, 0.32 mmol) in 

acetonitrile (2 mL). The solution was degassed, purged with N2 and reacted overnight. The 

solution was dried down and extracted with ethyl acetate and 5% citric acid (aq). The ethyl 

acetate layer was collected, dried down and purified with preparative reverse phase HPLC 

system equipped with an Agilent Polaris C18-A 5 μm (250 × 21.2 mm2) column (flow rate 

8.0 mL/min, a gradient elution from 35% to 65% acetonitrile in water with 0.01% 

trifluoroacetic acid over 30 min) and yielded 1.0 mg. 1H NMR (CD3OD) δ 8.85 (s, 1H), 

7.14 (t, J = 8.0 Hz, 1H), 6.94 (d, J = 7.6 Hz, 1H), 6.60 (d, J = 7.5 Hz, 1H), 5,43 (m, 1H), 

3.65 (m, 2H). HRMS (m/z): [M+H]+ calcd for C13H10N2O4S, 291.0434; found, 291.0438.

Synthesis of Indolokine B5 (7)—To a solution of crude indolokine B4 (6) in methanol/

acetone 1:1 (4 mL) was added MnO2 (200 mg) and stirred overnight. The reaction was 

centrifuged and filtered to remove MnO2. The solution was dried down and purified with 

preparative reverse phase HPLC system equipped with an Agilent Polaris C18-A 5 μm (250 

× 21.2 mm2) column (flow rate 8.0 mL/min, a gradient elution from 35% to 65% acetonitrile 

in water with 0.01% trifluoroacetic acid over 30 min) and yielded 2.2 mg. 1H NMR 

(methanol-d4) δ 9.44 (s, 1H), 8.66 (s, 1H), 7.16 (t, J = 8.0 Hz, 1H), 6.96 (d, J = 8.0 Hz, 1H), 

6.61 (d, J = 7.8 Hz, 1H).HRMS (m/z): [M+H]+ calcd for C13H8N2O4S, 289.0278; found, 

289.0287.

Synthesis of Indolokine B2 (8)/B3 (9)—To a solution of L-Cys-Gly dipeptide (275.9 

mg, 0.945 mmol) in pH 7.5 sodium phosphate buffer (5 mL) was gradually added 4-OH-ICN 

(100 mg, 0.301 mmol) in acetonitrile (5 mL). The solution was stirred overnight at room 

temperature and monitored on LC/MS. Both B2 and B3 are observed ~1:1 ratio. The 

solution was extracted with ethyl acetate (3 mL × 3), dried and purified with HPLC.The 

solution was dried down and purified with preparative reverse phase HPLC system equipped 

with an Agilent Polaris C18-A 5 μm (250 × 21.2 mm2) column (flow rate 8.0 mL/min, a 

gradient elution from 35% to 65% acetonitrile in water with 0.01% trifluoroacetic acid over 

30 min) and yielded B2 (8) 1.5 mg and B3 (9) 2.7 mg. 1H NMR δ 8.89 (s, 1H), 7.15 (t, J = 

8.0 Hz, 1H), 6.93 (dd, J = 8.1 Hz, 1H), 6.59 (dd, J = 7.9, 0.8 Hz, 1H), 5.48 (t, J = 9.9 Hz, 
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1H), 4.02 (s, 2H), 3.64 (m, 2H). HRMS (m/z): [M+H]+ calcd for C15H13N3O5S, 348.0649; 

found, 348.0653. B3 (9) 1H NMR (methanol-d4) δ 9.43 (s, 1H), 8.56 (s, 1H), 7.16 (t, J = 7.9 

Hz, 1H), 6.98 (dd, J = 8.1 Hz, 1H), 6.62 (dd, J = 7.8 Hz, 1H), 4.18 (s, 2H). HRMS (m/z): [M

+H]+ calcd for C15H11N3O5S, 346.0492; found, 346.0500.

Persister assay—The persister assay was performed as reported with minor modifications 

(Shan et al., 2015). Overnight LB cultures of E. coli BW25113 were diluted 1:50 in filtered 

M9-Glucose medium (0.4% D-glucose) at 37 °C for 6 hrs until OD600 0.5. Cultures were 

treated with 5 μM of compounds 1-5 in DMSO stock solution or the same amount of DMSO 

for negative vehicle control for 18 hours at 37 °C. Cultures were treated with 50 μg/mL 

gentamicin sulfate from a stock solution in water for another 24 hrs. For CFU counting, 20 

μL of the culture was taken and serial diluted with cold PBS for both before and after 

antibiotic treatment. Appropriate dilution of the culture was plated on LB agar and incubated 

overnight in 37 μC incubator after spotted onto LB agar. The ratio of CFU/mL before and 

after antibiotic treatment was used as an indicator of persistence. Persistence data were 

plotted as bar graphs against survival percentage in the same way as other references (Kwan 

et al., 2013; Lee et al., 2016).

Plant protection from bacterial infection—A single colony of Pseudomonas syringae 
pv. tomato DC3000 (Pto DC3000) was used to inoculate 2 mL of LB containing 25 μg/mL 

rifampicin (Sigma-Aldrich). Bacteria were grown to log phase, washed in sterile water 

twice, resuspended in water to OD600 of 0.2, and incubated at room temperature with no 

agitation for 6 hr prior to infection. 5-week-old adult leaves were preinfiltrated with ~100 μL 

solution of 1 μM indolokines or DMSO and 1 μM flg22 for 24 hr prior to infiltration with 

the bacterial inoculum (OD600 = 0.0002 or 105 CFU/cm2 leaf area). Leaves were left to air-

dry until not soaked and then plants were covered with humidity dome under high humidity 

(>80%) for 3 days. Leaves were then surface-sterilized in 70% ethanol for 10 sec, rinsed in 

sterile water, surface-dried on paper towels, and the bacteria were extracted into water, using 

an 8-mm stainless steel bead and a ball mill (20 Hz for 3 min). Serial dilutions of the 

extracted bacteria were plated on LB agar plates for colony-forming units (CFU) counting.

Callose deposition response assay—Seedlings were elicited with flg22, elf26, and/or 

1 μM compounds for 16 h, and callose deposits were stained as previously described (Clay 

et al. 2009) and viewed under UV illumination using a Zeiss (Oberkochen, Germany) Axio 

Observer D1 microscope equipped with a DAPI filer set (excitation filter 365 nm; dichroic 

mirror 395 nm; emission filter 445 nm (bandwidth 50 nm). Callose deposits were quantified 

using NIH Image J software.

AhR activation assay—Human Aryl Hydrocarbon Receptor (AhR) Reporter Assay 

System (96-well Format) was purchased from Indigo Biosciences and the protocol was 

followed as recommended. In brief, frozen reporter cell stock was thawed with Cell 

Recovery Medium (CRM) at 37 °C, and 100 μL of the cell suspension was transferred to a 

96-well assay plate. All the compounds were prepared as 2× solution with Compound 

Screening Medium (CSM) provided, and 100 μL of this solution was added to designated 

wells and incubated at 37 °C. After incubation for 24 hours, medium was discarded and 100 
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μL of provided Luciferase Detection Reagent (LDR) was added, and luminescence was 

measured with Perkin Elmer Envision 2100 Multilabel plate reader.

BioMAP® Phenotypic Profiling Assay—BioMAP® Diversity PLUS assay was 

performed by Eurofins DiscoverX. Human primary cells in BioMAP systems were used at 

early passage (passage 4 or earlier) to minimize adaptation to cell culture conditions and 

preserve physiological signaling responses. All cells were from a pool of multiple donors (n 

= 2 – 6), commercially purchased and handled according to the recommendations of the 

manufacturers. Human blood derived CD14+ monocytes are differentiated into macrophages 

in vitro before being added to the /Mphg system. Abbreviations are used as follows: Human 

umbilical vein endothelial cells (HUVEC), Peripheral blood mononuclear cells (PBMC), 

Human neonatal dermal fibroblasts (HDFn), B cell receptor (BCR), T cell receptor (TCR) 

and Toll-like receptor (TLR). Cell types and stimuli used in each system are as follows: 3C 

system [HUVEC + (IL-1β, TNFα and IFNγ)], 4H system [HUVEC + (IL-4 and histamine)], 

LPS system [PBMC and HUVEC + LPS (TLR4 ligand)], SAg system [PBMC and HUVEC 

+ TCR ligands (1×)], BT system [CD19+ B cells and PBMC + (α-IgM and TCR ligands 

(0.001×))], BF4T system [bronchial epithelial cells and HDFn + (TNFα and IL-4)], BE3C 

system [bronchial epithelial cells + (IL-1β, TNFα and IFNγ)], CASM3C system [coronary 

artery smooth muscle cells + (IL-1β, TNFα and IFNγ)], HDF3CGF system [HDFn + 

(IL-1β, TNFα, IFNγ, EGF, bFGF and PDGF-BB)], KF3CT system [keratinocytes and 

HDFn + (IL-1β, TNFα and IFNγ)], MyoF system [differentiated lung myofibroblasts + 

(TNFα and TGFβ)] and /Mphg system [HUVEC and M1 macrophages + Zymosan (TLR2 

ligand)]. Systems are derived from either single cell types or co-culture systems. Adherent 

cell types were cultured in 96- or 384-well plates until confluence, followed by the addition 

of PBMC (SAg and LPS systems). The BT system consists of CD19+ B cells co-cultured 

with PBMC and stimulated with a BCR activator and low levels of TCR stimulation. 

Metabolites 1-9 were prepared in DMSO (final concentration ≤ 0.1%) and added at a final 

concentration of 21 μM, 1 h before stimulation and remained in culture for 24 h or as 

otherwise indicated (48 h: MyoF system; 72 h: BT system (soluble readouts); 168 h: BT 

system (secreted IgG)). Each plate contained drug controls, negative controls (e.g., non-

stimulated conditions) and vehicle controls (e.g., 0.1% DMSO) appropriate for each system. 

Direct ELISA was used to measure biomarker levels of cell-associated and cell membrane 

targets. Soluble factors from supernatants were quantified using either HTRF® detection, 

bead-based multiplex immunoassay or capture ELISA. Overt adverse effects of test agents 

on cell proliferation and viability (cytotoxicity) were detected by sulforhodamine B (SRB) 

staining, for adherent cells, and alamarBlue® reduction for cells in suspension. For 

proliferation assays, individual cell types were cultured at sub-confluence and measured at 

time points optimized for each system (48 h: 3C and CASM3C systems; 72 h: BT and 

HDF3CGF systems; 96 h: SAg system). Cytotoxicity for adherent cells was measured by 

SRB (24 h: 3C, 4H, LPS, SAg, BF4T, BE3C, CASM3C, HDF3CGF, KF3CT, /Mphg 

systems; 48 h: MyoF system), and by alamarBlue staining for cells in suspension (24 h: SAg 

system; 42 h: BT system) at the time points indicated.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad Prism version 8.0. Data are presented as 

mean ± s.d. Two tailed Student’s t-test was used to compare two groups.

DATA AND CODE AVAILABILITY

This study did not generate any unique datasets or code not available in the manuscript files.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Cellular stress induced indole metabolites termed indolokines in diverse 

bacteria

• Indolokines were identified in fecal samples and enhanced E. coli persister 

cell formation

• Indolokines outperformed known plant defense metabolites in Arabidopsis-
Pseudomonas model

• Indolokines activated human aryl-hydrocarbon receptor and induced IL-6 

secretion
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Figure 1. Structure of indolokine metabolites and characterization of their genetic origins in E. 
coli.
A, Structures of characterized bacterial metabolites (indolokines 1-5) and their plant-derived 

analogs (6-9). B, Comparison of metabolite production levels between wild-type E. coli 
BW25113 and its tyrB, aspC, and tyrB-aspC mutants. n = 3 biological replicates. Data are 

mean ± s.d. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. n.s., not significant; n.d., 

not detected. Two-tailed t-test.
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Figure 2. Production of indolokines 1-5 in various microbial strains and mouse fecal samples.
A, Production of indolokines 1-5 from E. coli Nissle 1917, E. coli LF82, E. coli MG1655, E. 
coli BW25113, S. enterica serovar Typhimurium, K. pneumoniae ATCC 700603, X. bovienii 
str. feltiae Moldova (with and without 25 μM of erythromycin (ERM) as a ribosomal 

stressor), V. cholerae El Tor N16961 ΔctxAB, V. parahaemolyticus, P. aeruginosa PAO1, 

vancomycin-resistant E. faecalis (VRE), E. gallinarum, L. parafarraginis F0439, L. 
rhamnosus LMS2-1, L. reuteri CF48-3A, B. subtilis BR151, methicillin-resistant S. aureus 
ATCC BAA-1717 (MRSA), S. cerevisiae, and mouse fecal samples. n = 3 (bacteria) or 5 
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(mouse fecal samples) biological replicates. Data are presented by mean ± s.d. of MS 

intensities (counts) observed in bacterial culture extracts subtracted by the mean of the 

media background signals. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, n.s., not 

significant; n.d., not detected. Two-tailed t-test between bacterial metabolite production level 

signals and respective media control signals. B, Dose-dependent regulation of 1-5 in E. coli 
Nissle 1917 by paraquat. n = 3 biological replicates. Data are mean ± s.d. *P < 0.05, **P < 

0.01, ***P < 0.001, ****P < 0.0001. n.s., not significant. Two-tailed t-test between no stress 

controls and paraquat stress conditions.
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Figure 3. Proposed biosynthesis of the indolokines.
A, Key NMR correlations for novel small molecule 1. COSY (blue bold); HMBC (red 

arrows); LR-HSQMBC (green arrows). B, Proposed pathway of 1-5 in E. coli. Ox., 

oxidation. C, Biomimetic synthesis of 2 and 3 in M9 medium (see Figure S3 for 

corroborating LB medium data). Metabolites 2 and 3 were produced only when both L-Cys 

and I3P were present. n = 3 biological replicates. Data are mean ± s.d.; n.d., not detected. D, 

Time-course analysis for production of metabolites 2-5 in E. coli Nissle 1917.
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Figure 4. Evaluation of indolokine 1-9 biological activities.
A, Persister cell formation of E. coli BW25113 pretreated with or without 1-5 in the 

presence of gentamicin. n = 4 biological replicates. Data are mean ± s.d. **P < 0.01, ***P < 

0.001. Two-tailed t-test. B, Growth analysis of the virulent plant pathogen P. syringae pv. 

tomato (Pto) DC3000 in surface-inoculated adult leaves of A. thaliana. 5-week-old leaves 

were pre-infiltrated (pre-immunized) with 1 μM flg22 and 1 μM compounds (1-9) 24 h prior 

to infiltration with OD600 = 0.0002 bacteria. n = 6 (2, 5-9, ICN, and 4-OH-ICN) or 12 

(DMSO, 3, and 4) biological replicates. Data are mean ± s.d. *P< 0.05, ****P< 0.0001. n.s., 

not significant. Two-tailed t-test. C, BioMAP® Phenotypic Profiling assay with metabolites 

1-9 (21 μM). Cell types and stimuli used in each system are as follows: 3C system [HUVEC 

+ (IL-1β, TNFα and IFNγ)], 4H system [HUVEC + (IL-4 and histamine)], LPS system 

[PBMC and HUVEC + LPS (TLR4 ligand)], SAg system [PBMC and HUVEC + TCR 
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ligands (1×)], BT system [CD19+ B cells and PBMC + (α-IgM and TCR ligands (0.001×))], 

BF4T system [bronchial epithelial cells and HDFn + (TNFα and IL-4)], BE3C system 

[bronchial epithelial cells + (IL-1β, TNFα and IFNγ)], CASM3C system [coronary artery 

smooth muscle cells + (IL-1β, TNFα and IFNγ)], HDF3CGF system [HDFn + (IL-1β, 

TNFα, IFNγ, EGF, bFGF and PDGF-BB)], KF3CT system [keratinocytes and HDFn + 

(IL-1β TNFα and IFNγ)], MyoF system [differentiated lung myofibroblasts + (TNFα and 

TGFβ)] and /Mphg system [HUVEC and M1 macrophages + Zymosan (TLR2 ligand)]. D, 

AhR activating properties of 2-5 and ITE (positive control). n = 3 biological replicates. Data 

are mean ± s.d. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Non-marked data in 

panel D were not significant relative to controls. Two-tailed t-test.
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Scheme 1. 
Synthesis of indolokines 2-5.

Kim et al. Page 28

Cell Chem Biol. Author manuscript; available in PMC 2021 June 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 2. 
Synthesis of indolokine 6-9.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and Virus Strains

E. coli BW25113 CGSC 7636

E. coli JW4014-2
(ΔtyrB747::kan)

CGSC 10886

E. coli JW0911-1
(ΔaspC745::kan)

CGSC 8924

E. coli BW25113 ΔtyrB/ ΔaspC (Park et al., 2019) N/A

E. coli MG1655 CGSC 6300

E. coli Nissle 1917 ArdeyPharm N/A

S. enterica serovar Typhimurium Dr. MacMicking (Yale School of 
Medicine)

N/A

Klebsiella pneumoniae ATCC 700603

X. bovienii str. feltiae Moldova Dr. Heidi Goodrich-Blair (University 
of Wisconsin-Madison)

N/A

V. cholerea El Tor N16961 ΔctxAB Dr. Waldor (Harvard Medical School) N/A

V. parahaemolyticus Dr. Waldor (Harvard Medical School) N/A

P. aeruginosa PA01 Dr. Strobel (Yale University) N/A

E. faecalis Dr. Kriegel (Yale School of Medicine) N/A

E. gallinarum Dr. Kriegel (Yale School of Medicine, 
(Manfredo Vieira et al., 2018))

N/A

L. parafarraginis F0439 BEI Resources HM-478

L. rhamnosus LMS2-1 BEI Resources HM-106

L. reuteri CF48-3A BEI Resources HM-102

B. subtilis BR151 Dr. Kolter (Harvard Medical School) N/A

S. aureus ATCC 23235

P. syringae pv. tomato DC3000 (Cuppels, 1986) N/A

Biological Samples

Mouse fecal sample (Park et al., 2019) N/A

Chemicals, peptides, and Recombinant Proteins

Paraquat Acros Organics Cat # AC227320010

Erythromycin Acros Organics Cat # 227330050

L-Cysteine Alfa Aesar Cat # J63745

Indole-3-pyruvic acid Santa Cruz Biotechnology Cat # SC-218597

ITE Tocris Cat # 1803

Kanamycin sulfate AmericanBio Cat # AB01100-00010

Rifampicin Sigma-Aldrich Cat # R3501-250MG

Gentamicin sulfate Acros Cat # 455310010

Manganese(IV) oxide Beantown Chemical Cat # 129129-100G

4-Hydroxyindole-3-carboxaldehyde ChemCruz Cat # sc-262003

DDQ (2,3-dichloro-5,6-dicyano-1,4-benzoquinone) Alfa Aesar Cat # A11879
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REAGENT or RESOURCE SOURCE IDENTIFIER

LB Difco Cat # 244620

M9 VWR Cat # J863-500G

Fafard Growing Mix 2 Sun Gro Horticulture, Vancouver, 
Canada

N/A

Vermiculite Scotts, Marysville, OH N/A

Critical Commercial Assays

Human AhR Reporter Assay System Indigo Biosciences Cat # IB06001

Experimental Models: Organisms/Strains

Plant: Arabidopsis thaliana Col-0 ABRC Cat # CS1092

S. cerevisiae ATCC 9763

Recombinant DNA

pET-28a (+) Addgene Cat # 69864-3

Software and Algorithms

ChemDraw 19.0 PerkinElmer https://www.perkinelmer.com/product/
chemoffice-professional-chemofficepro

Mnova Mestrelab Research https://mestrelab.com/download/mnova/

Prism 8 GraphPad https://www.graphpad.com/scientific-
software/prism/

Adobe Illustrator CC 2018 Adobe https://www.adobe.com/products/
illustrator.html

BioRender BioRender biorender.com

Others

Amberlite XAD-7 HP Acros Organics Cat # 202245000

Celite Acros Organics Cat # 349675000
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