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ABSTRACT: Escherichia coli is a common inhabitant of the human microbiota and a beacon model organism in biology. However,
an understanding of its signaling systems that regulate population-level phenotypes known as quorum sensing remain incomplete.
Here, we define the structure and biosynthesis of autoinducer-3 (AI-3), a metabolite of previously unknown structure involved in the
pathogenesis of enterohemorrhagic E. coli (EHEC). We demonstrate that novel AI-3 analogs are derived from threonine
dehydrogenase (Tdh) products and “abortive” tRNA synthetase reactions, and they are distributed across a variety of Gram-negative
and Gram-positive bacterial pathogens. In addition to regulating virulence genes in EHEC, we show that the metabolites exert
diverse immunological effects on primary human tissues. The discovery of AI-3 metabolites and their biochemical origins now
provides a molecular foundation for investigating the diverse biological roles of these elusive yet widely distributed bacterial signaling
molecules.

B INTRODUCTION decades have failed to identify the biosynthetic pathway and
chemical structure of autoinducer-3 (AI-3). Early efforts
defined the QseBC two-component signal transduction
pathway of AI-3'"'* and established that the QseC receptor
responds to the host-derived adrenergic signals epinephrine
and norepinephrine, supporting an interkingdom sensing
mechanism.”” In the enterohemorrhagic E. coli (EHEC)

Natural variants of Escherichia coli are among the first to
colonize the human intestinal tract after birth and are
estimated to reside in about 90% of the population.'
Pathogenic strains fall within eight known pathotypes® and
cause a variety of severe infections, such as meningitis,
hemorrhagic colitis, pneumonia, urinary tract infections,

hemolytic uremic syndrome, and others with greater than pathotype, stimulation of this pathway upregulates the locus
200 000 infections being reported annually in the United States of enterocyte effacement (LEE), which encodes a type III
alone.” Additionally, some strains are oncogenic risk factors secretion system (T3SS) and effectors responsible for
and are thought to significantly contribute to the initiation of hemorrhagic colitis and the formation of attaching and effacing
colorectal cancer.*”” Despite the bacterium’s biomedical lesions in the intestinal tract."* However, in the absence of
importance, a molecular understanding of the signaling systems accessible small molecule signals, elucidation of AI-3 quorum
that E. coli use to regulate virulence and quorum sensing

remain undefined. In quorum sensing, bacteria produce small Received: October 21, 2019

molecule autoinducers that accumulate during growth, Published: January 22, 2020

facilitating concentration-dependent signaling as a function of
. . 8—10 . . .

population density. E. coli has three major quorum sensing

systems,” " but extensive genetic efforts over the last two
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sensing at the molecular level across E. coli strains has been
intractable. Through the use of cellular stress-induced
metabolite stimulation techniques,"'® here we were able to
isolate sufficient quantities of select AI-3 analogs, which
facilitated the broader structural, biochemical, and functional
characterization of this chemical signaling family.

B RESULTS

Structural Characterization of Al-3 Analogs. As a
representative strain, we first treated the human probiotic E.
coli Nissle 1917 with sublethal levels of a representative
ribosome inhibitor, erythromycin (Figure 1A,B), and noticed
the dose-dependent stimulation of a metabolite with a
protonated m/z of 213.1066 (Figure 1C, structure 1, proposed
formula C;H;;N,0S* calc 213.1056) by high-resolution
liquid chromatography—mass spectrometry (LC-MS). While
the core molecular mechanisms remain undefined, increasing
evidence suggests that cellular stress responses are integrated
with quorum sensing,'’ ™' and preliminary isolation efforts of
AI-3 had identified a signal with a protonated mass of 213.1."
Given the stress rationale and spectral similarities, we isolated
this molecule (1) from an 18 L culture of E. coli Nissle 1917
under drug stress and established its structure using one- and
two-dimensional NMR ('H, COSY, HSQC, and HMBC, see
Figure 1C) and chemical synthesis (Supporting Information).
The new metabolite belonged to the pyrazinone class of
natural products (keto-form favored versus enol form, Figures
1D and S1) that can 1nh1b1t human proteases”*** and trigger
inflammatory responses Durmg the course of our efforts, we
also characterized a family of structurally related metabolites
with protonated masses of 185.0727 (2, CgH;;N,0S", calc
185.0743), 213.1067 (3, C,,H;;N,0S", calc 213.1056),
167.1162 (4, CyH;sNO*, calc 167.1179), 201.1025 (5,
C,,H,3N,0%, calc 201.1022), and 125.0679 (6, C;H,N,O",
calc 125.0709). Their structures were similarly established via
multidimensional NMR (isolation) or synthesis or both
(Figure S2 and Supporting Information), leading to the
collective identification of six new metabolites (1—6, Figure
1E). We noticed that the novel metabolite 6 coeluted with a
trace amount (2.5% relative, Figures S2C and S3) of 3,5-
dimethylpyrazine-2-ol (DPO; keto-form 7 is shown), which
was recently proposed to be an autoinducer in Vibrio cholerae
quorum sensing and a bacteriophage lytic signal.”**” We also
identified these metabolites (1, 2, and 4—7) in other selected
pathogenic and commensal model E. coli strains, including
enterohemorrhagic E. coli (EHEC) O157:H7, adherent
invasive E. coli (AIEC) LF82, E. coli MG1655, and E. coli
BW25113 (Figure S4).

Identification of Biosynthetic Origins of Al-3 Analogs.
To establish substrate origins for the new pyrazinone family,
we individually supplemented E. coli Nissle 1917 cultures with
universally '*C-labeled amino acids L-Met, L-Leu, L-Thr, L-Phe,
and 1-Ala (10 mM) and analyzed their metabolite extracts by
LC-MS. Expected '*C-mass shifts were observed for all
metabolites except 1, establishing their amino acid-derived
origins (Figure 2A). While we initially anticipated that 1 would
be derived from 1-Leu, we only observed dose-dependent
enhancement of 1 when E. coli Nissle 1917 was cultivated with
increasing concentrations of 3R-hydroxy-L-Leu (Figure 2B,C).
L-Leu supplementation did not enhance the production of 1,
and epimeric 3S-hydroxy-L-Leu exhibited an ~2000-fold lower
enhancement relative to substrate 3R-hydroxy-L-Leu (Figure
2C). These data are consistent with the lack of L-[U-*C]-Leu
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Figure 1. Characterization of pyrazinone metabolites differentially
regulated by ribosomal inhibitory stress in E. coli. (A) Dose-
dependent production of 1—7 in E. coli Nissle 1917 by erythromycin,
as established by LC-MS. Compounds 6 and 7 are indistinguishable
by the standard LC-MS method. ERM, erythromycin. (B) Half-
maximal inhibitory concentration (ICs) analysis of E. coli Nissle 1917
in response to erythromycin. Gray area represents sublethal antibiotic
range examined for metabolite production. (C) Key NMR
correlations for representative pyrazinone 1. NMR spectra and
analysis for all metabolites can be found in the Supporting
Information. COSY, blue bold. HMBC, red arrows. (D) Keto-form
is favored versus enol-form. (E) Structures of characterized bacterial
metabolites (1—7) and human-derived epinephrine and norepinephr-
ine. Revised pyrazinone tautomeric structure of DPO (7) is shown. n
= 3 biological replicates. Data are mean + SD; *P < 0.05, **P < 0.01,
FAEEP < 0.001, ***¥%P < 0.0001. Two-tailed t-test. ns, not significant.

labeling of 1 (Figure 2A). In the proposed DPO (7)
biosynthesis, 1-Ala is condensed with aminoacetone (AA),
which is derived from L-Thr via threonine dehydrogenase
(Tdh) 0x1dat10n and subsequent decarboxylation.”® L-Thr-
derived '*C-labeling of 2—7 was consistent with this proposal;
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Figure 2. Identification of pyrazinone biosynthetic origins. (A) Proposed '*C-isotopic labeling patterns of 1—7 and their HRMS spectra from
organic extracts of E. coli Nissle 1917 individually cultivated with universal '*C-labeled amino acids. Co-eluting 6 and 7 could be distinguished using
this labeling strategy. (B, C) Individual 3R- and 3S-hydroxy-L-Leu and L-Leu feeding experiments support 3R-hydroxy-L-Leu as a dominant
precursor of 1. (D, E) Acetaldehyde derived from ethanol by AdhP represents the observed origin for the ethyl substituent of 3. WT, wild type. (F,
G) Comparison of the metabolite production levels between WT E. coli BW25113 and its tdh mutant strain. Tdh was found to dehydrogenate
noncanonical 3R-hydroxy-L-Leu in addition to L-Thr in these studies. n = 3 biological replicates. Data are mean + SD; *P < 0.05, **P < 0.01, ***P
< 0.001, ¥***P < 0.0001. Two-tailed t-test. ns, not significant; nd, not detected.

however, 6 was derived from two substrate units instead of
one. Based on these studies, we reasoned that analogous
dehydrogenation of 3R-hydroxy-L-Leu and decarboxylation to
generate 1-amino-3-methylbutan-2-one (AMB) would account
for the production of 1 (Figure 2B). Indeed, we observed an
~1500-fold increase in the production of 1 in AMB-treated (1
mM) compared to untreated culture samples (Figure SS).
Pyrazinone 3 production required ethanol culture supplemen-
tation, which was used as a solvent vehicle in the drug-stress
studies, suggesting that its ethyl substituent is derived from
ethanol (Figure 2D). We propose that acetaldehyde is the
specific substrate, as alcohol dehydrogenase (AdhP), which
oxidizes ethanol to acetaldehyde (Figure 2D), was required for
the production of 3 in E. coli BW2S5113 (Figure 2E).
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Additionally, acetaldehyde dehydrogenase (MhpF), which
converts acetaldehyde to acetyl-CoA, was not required,
supporting the intermediary reactive carbonyl species (Figure
2D,E). Finally, deletion of threonine dehydrogenase tdh
impaired the production of all the pyrazinones, suggesting
that Tdh initiates the pathway from L-Thr or noncanonical 3R-
hydroxy-L-Leu (Figure 2F,G).

Reconstitution of Al-3 Analog Production in Vitro.
Dipeptide aldehydes have been characterized as intermediates
in pyrazinone biosynthesis,”* and for DPO, a dipeptide ketone
intermediate, N-alanyl-aminoacetone, was proposed (Figure
3A).*° We propose that the new pyrazinones (1, 2, 4, and $)
would be generated from analogous dipeptide ketones (Figure
3B). However, the formation of 6 from two units of L-Thr

https://dx.doi.org/10.1021/acscentsci.9b01076
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Figure 3. Formation of dipeptide ketone intermediates. (A) Proposed DPO (7) pathway. (B) Pyrazinones 1, 2, 4, and § would be generated from
their corresponding dipeptide ketone precursors. (C) Proposed pathway of 6 from two molecules of AA. See Figure 4D for full pathway. (D) Time-
course analysis for production of metabolites 1, 2, 4, and S, and their linear precursors in E. coli Nissle 1917. n = 3 biological replicates. Data are
mean + SD. (E) Biomimetic synthesis of 1, 2, 4, and S. Linear-1, -2, -4, and - spontaneously converted to 1, 2, 4, and 5, respectively. (F) Selective
in vitro synthesis of linear-1, -2, -4, and -5 using PURExpress in vitro protein synthesis technologies. (G) Aminoketone (AMB/AA) dose-dependent
production of linear-1 and -2 was observed. The Extracted Ion Chromatograms (EICs) were generated with a 10 ppm error window. (H) Presence
of tRNAs decreased production of linear-1 and -2. n = 2 (linear-1) or 3 (linear-2) biological replicates. Data are mean + SD; *P < 0.05, **P < 0.01.

Two-tailed t-test.

requires a different mechanism, invoking head-to-tail con-
densation of AA, oxidation, and tautomerization (Figure 3C
and see below). Indeed, we only detected the linear dipeptide
precursors for 1, 2, 4, and S (hereafter, linear-1, -2, -4, and -5)
in E. coli Nissle 1917 extracts by LC-MS (Figure 3B,D). Their
structures were confirmed by universal "*C-isotopic amino acid
labeling and tandem MS analysis (Figure S6). Production of
linear-1, -2, -4, and -5 increased over 12—24 h, and as
expected, they then decreased with an inverse relationship to
pyrazinones 1, 2, 4, and § in stationary phase (24—48 h),
supporting their intermediacy (Figure 3D). Through biomi-
metic synthetic studies of linear-1, -2, -4, and -5, we found that
they underwent spontaneous cyclization, dehydration, tauto-
merization, and oxidation to produce 1, 2, 4, and § on a similar
multihour time scale as in cultures (Figure 3E), supporting a
spontaneous chemical process that proceeds from the linear
precursors.

While we demonstrated that the dipeptide ketones convert
to pyrazinones spontaneously, formation of their peptide bond
remained undefined. Prior transposon mutagenesis studies in
V. cholerae failed to establish genes beyond tdh that are
responsible for DPO (7) biosynthesis.”® After similar failures
to identify mutant strains exhibiting disrupted AI-3 biosyn-
thesis in E. coli, we were eventually able to reconstitute AI-3
analog production using in vitro protein synthesis technologies.
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Supplementation of AMB and AA in protein synthesis reaction
mixtures, which contain the 20 E. coli aminoacyl-tRNA
synthetases as well as additional transcription and translation
factors, led to the selective formation of linear-1, -2, -4, and -§
and pyrazinone 6 in a substrate-dependent manner (Figures
3F,G and S7A). However, tRNAs were not required, and in
fact, their elimination from the reaction mixtures significantly
enhanced the production of linear-1, -2, -4, and -5 (Figures 3H
and S7B). Additionally, the ribosome was not required for
their production (Figure S7C), and 6 could be formed
spontaneously in buffers from AA alone (Figure S8).
Biosynthetic Proposal of Al-3 Analog Formation.
Based on our in vitro protein synthesis technologies studies, we
hypothesized that the Tdh product and aminoacyl-tRNA
synthetases were directly or indirectly responsible for AI-3
family biosynthesis. To test this possibility, we first incubated
representative methionyl-tRNA synthetase (MetRS) with
AMB, 1-Met, and ATP in the absence of tRNAs. Under
these conditions, we detected linear-1, and consistent with in
vitro protein synthesis technology results, its production was
abolished when MetRS, AMB, L-Met, or ATP were omitted in
the reaction mixtures (Figure 4A). Importantly, production
occurred on the multihour-long time scale (Figure 4B),
suggesting that activated methionyl-AMP reacts spontaneously
with AMB. Similar results were observed when we used AA
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Figure 4. Tdh- and tRNA synthetases-derived origins of AI-3 analogs. (A) Results for in vitro synthesis of linear-1 by isolated MetRS. MetRS, AMB,
L-Met, and ATP are required for the in vitro synthesis of linear-1. (B) Time-course analysis results of linear-1 production from in vitro assays. (C)
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instead of AMB for the production of linear-2 (Figure S9).
Based on these data, we propose that AI-3 analogs 1—5 and
minor 7 are derived from “abortive” tRNA synthetase charging
reactions (release of an aminoacyllAMP prior to tRNA
charging) and spontaneous condensation of aminoacyl-AMP
and aminoketone (AMB or AA) substrates (Figure 4C). On
the other hand, spontaneous condensation of two units of AA
lead to pyrazine 11 and, in the presence of oxygen, pyrazinone
6 (Figures 4D and S8). Oxygen is available at the gut host—
bacteria interface, which E. coli use to sense their environment
in the gut.'* Potential differential signaling effects between 6
and 11 will be determined in future studies.

Cellular Responses to Al-3 Analogs. Pyrazines and
pyrazine-containing molecules, 1ncludln% }Z)terins, have been
linked to chemical signaling in bacteria.””*"*****° Addition-
ally, pyrazinones 1 and 3 have the mass (m/z 213.1) previously
reported for a structurally uncharacterized molecule in an
active AI-3 fraction.'” Thus, we analyzed the new family of
metabolites for their transcriptional effects on genes in the AI-3
regulon in EHEC. Although 1 enhanced expression of ler (the
transcriptional activator of all LEE genes) in a gseC receptor-
dependent manner, its effect on the expression of virulence
factors espA, tir, and stx2a were independent of gseC (Figure
SA). Expression of effector protein gene espA, translocated
intimin receptor gene tir and shiga toxin type 2a gene stx2a are
subject to a high level of post-transcriptional control,**~*°
suggesting that this compound is also affecting other signaling
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pathways. Pyrazinone 3 activated expression of ler and tir in a
gseC-dependent manner, consistent with the previously
reported Al-3 activity.”® However, it did not affect espA and
stx2a expression, suggesting that this compound has limited
AI-3 activity. Pyrazinone 6 increased expression of all LEE (ler,
espA, and tir) and stx2a genes in a gseC-dependent fashion. It
had the most robust activity of all the compounds, and it
exhibited the same activity spectrum as AI-3.*° These data
suggest that new metabolite 6 is the primary form of AI-3
activity and that AI-3 analogs can modulate this activity. This
compound is very potent and activates Al-3 genes at a S nM
concentration. Importantly, 6 can be found in isolations and
commercial preparations of DPO (7) (3.1% relative, Figure
S10); preparations of which regulate biofilm formation in V.
cholerae at 100 uM.*® In our EHEC studies, DPO (7) at a §
nM dose had no activity in the expression of any of the
virulence genes tested. Pyrazinones 2, 4, and $ had marginal or
no activation of the tested genes in WT EHEC, but some of
them exerted effects in the gseC mutant, suggesting that they
have different activities than AI-3 (Figure S11).

Given that bacterial QseC also responds to two human
adrenergic signaling molecules, epinephrine and norepinephr-
ine (Figure 1E),"” we also tested whether the AI-3 analogs
could regulate human adrenergic signaling through ADRAIA,
ADRA1B, ADRAID, ADRA2A, ADRA2B, ADRA2C, ADRBI,
and ADRB2 in HEK293 cells via the parallel receptor-ome
expression and screening via transcriptional output (PRESTO-
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Figure S. Evaluation of the biological activities of metabolites 1—7. (A) qRT-PCR analysis for the expression of virulence genes from WT EHEC
and AgseC EHEC with pyrazinones 1, 3, 6, or 7 (S nM). n = 6 (three biological replicates and two technical replicates). Fold change was calculated

relative to rpoA as an internal control. Data are mean + SD; *P < 0.0S, **P

< 0.01, ¥**P < 0.001; ns, not significant. Two-tailed t-test. See Figure

S11 for marginal 2, 4, and S responses. (B) BioMAP Phenotypic Profiling assay with pyrazinones 1—5 and 7 (36 uM). Cell types and stimuli used

in each system are as follows: 3C system [HUVEC + (IL-1§, TNFa, and

IFNy)], 4H system [HUVEC + (IL-4 and histamine)], LPS system

[PBMC and HUVEC + LPS (TLR4 ligand)], SAg system [PBMC and HUVEC + TCR ligands (1x)], BT system [CD19+ B cells and PBMC +

(a-IgM and TCR ligands (0.001X))], BF4T system [bronchial epithelial cell

s and HDFn + (TNFa and IL-4)], BE3C system [bronchial epithelial

cells + (IL-15, TNFa, and IFNy)], CASM3C system [coronary artery smooth muscle cells + (IL-18, TNFa, and IFNy)], HDF3CGF system
[HDFn + (IL-1§, TNFa, IFNy, EGF, bFGF, and PDGF-BB)], KF3CT system [keratinocytes and HDFn + (IL-1f3, TNFa, and IFNy)], MyoF

system [differentiated lung myofibroblasts + (TNFa and TGFf)] and /Mph

g system [HUVEC and M1 macrophages + zymosan (TLR2 ligand)].

Tango) assay.”” The pyrazinones (1—7) and pyrazine (11)
neither activated nor suppressed human adrenergic signaling
relative to epinephrine, norepinephrine, and DMSO vehicle
controls (Figures S12 and S13), indicating that bacteria can
eavesdrop on human adrenergic signaling but not vice versa.

To further evaluate the metabolites for human cell
responses, metabolites 1—5 and 7 (36 uM) were screened
against a panel of 12 human primary cell-based coculture
systems, including venular endothelial cells, lung fibroblasts,
and peripheral blood mononuclear cells (PBMCs), that model
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several tissues and disease states (BioMAP Phenotypic
Profiling Assay). Broad immunological effects of the
pyrazinones were observed across the panel (Figure SB).
Specifically, protein biomarker readouts allowed for the effects
of the metabolites on the different cell systems to be
quantified. The structurally related metabolites 1-5 and 7
had a similar effect on most of the protein biomarkers
measured in these cell systems. Each of the metabolites
reduced proliferation in venular endothelial cells (3C). In
addition, each of the metabolites caused an increase in protein
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Figure 6. Pyrazinone profiling in different bacterial strains. (A) Structures of pyrazinones derived from L-Ile (8), L-Tyr (9), and 1-Val (10). (B)
Production of the pyrazinones derived from L-Thr (right-hand side) and 1-Ala (7, minor in E. coli, which is indistinguishable with major 6), L-Ile
(8), L-Leu (4), L-Met (2), L-Phe (5), L-Tyr (9), or L-Val (10) (left-hand side), and 3R-hydroxy-L-Leu (right-hand side) and L-Met (1) (left-hand
side) from E. coli Nissle 1917, V. cholerae, V. parahaemolyticus, V. vulnificus, K. pneumonia 700603, K. pneumonia BAA 1705, P. aeruginosa PAO1, P.
aeruginosa PA14, S. enterica serovar Typhimurium, E. faecalis, E. gallinarum, S. aureus, and B. subtilis. Compounds 6 and 7 are indistinguishable in
these studies (Figure S2C). Data are presented by mean + SD of MS intensities (counts) observed in bacterial culture extracts subtracted by the
mean of the media background. Statistical analysis was performed between the bacterial culture extracts (n = 3) and media control extracts (n = 3)
using two-tailed t-test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, not significant; nd, not detected. (C) A major peak corresponding

to pyrazinones 6/7 was detected in C57BL/6 mouse fecal samples. n = S biological replicates. Data are mean + SD.

biomarker interleukin-6 (IL-6) in coronary artery smooth
muscle cells (CASM3C) and a decrease in protein biomarker
@-SM actin in lung fibroblasts (MyoF). However, metabolite 2
affected several protein biomarkers differently compared to the
other metabolites, including a decrease in interleukin-8 (IL-8)
in the venular endothelial cell-macrophage coculture system
(/Mphg).

To compare the primary cell systems with laboratory tissue
culture, we selected the IL-8 response for further dose response
and validation. Although IL-8 secretion was downregulated in
the BioMAP mixed cell system results (see black arrow in
Figure SB), we observed increased IL-8 secretion in macro-
phages differentiated from human THP-1 cells when
stimulated by 2 at doses of 100 nM or higher (Figure S14).
This suggests that 2 in a context-dependent manner could
contribute to E. coli-mediated IL-8 secretion, a known signal of
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macrophage phagocytosis and neutrophil chemotaxis. Com-
bined with prior pyrazinone NF-kB signaling studies,” this
also suggests that the host can recognize select pyrazinones as
microbe-associated molecular patterns, but the host sensory
system(s) remain unknown at this time.

Al-3 Analogs Are Found in Gram-Negative and Gram-
Positive Bacteria and Mouse Fecal Samples. Because the
AI-3 variants above were derived from threonine dehydrogen-
ase products and a biologically universal metabolic pathway,
tRNA synthetases, we reasoned that similar metabolites could
be detected in other Gram-negative and Gram-positive bacteria
(Figure 6). Additionally, differential patterns of AI-3
production could suggest variations in abortive tRNA
synthetase activity as a potential signaling strategy. Con-
sequently, we first analyzed well-known Gram-negative
pathogens for AI-3 analog production, including V. cholerae,

https://dx.doi.org/10.1021/acscentsci.9b01076
ACS Cent. Sci. 2020, 6, 197—206


http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01076/suppl_file/oc9b01076_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscentsci.9b01076?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.9b01076?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.9b01076?fig=fig6&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01076/suppl_file/oc9b01076_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscentsci.9b01076?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://dx.doi.org/10.1021/acscentsci.9b01076?ref=pdf

ACS Central Science

http://pubs.acs.org/journal/acscii

Research Article

Vibrio parahaemolyticus, Vibrio vulnificus, carbapenem-resistant
Klebsiella pneumoniae, Pseudomonas aeruginosa, and Salmonella
enterica serovar Typhimurium (Figure 6B). During the course
of these efforts, we characterized three additional new
pyrazinone metabolites 8—10 (Figures 6A and S2, Table
S6). We also analyzed well-known Gram-positive bacteria,
including pathogenic vancomycin-resistant Enterococcus faecalis
(VRE), Enterococcus gallinarum,”® methicillin-resistant Staph-
ylococcus aureus (MRSA), and nonpathogenic Bacillus subtilis.
The patterns of AI-3 analog production were consistent with
taxonomic similarities across the selected strains. These data
demonstrate that diverse bacteria are capable of synthesizing
AI-3 analogs and suggest that analog patterns may facilitate
differential signaling effects among species. Production and
sensing of these signaling molecules likely go well beyond that
of E. coli described here and now represent exciting questions
for future studies. Indeed, homologues of the AI-3 receptor
QseC can be found in many Gram-negative bacterial species,
including the Gram-negative bacteria in this study, in addition
to Shigella flexneri, Citrobacter koseri, Enterobacter sp. 638,
Yersinia mollaretii ATCC 43969, Y. pestis CO92, Y.
pseudotuberculosis IP 32953, Y. enterocolitica subsp. enterocolitica
8081, Haemophilus influenzae PittGG, Pasteurella multocida
subsp. multocida str. Pm70, Coxiella burnetii RSA 493,
Burkholderia phymatum STMS81S, Ralstonia eutropha H16,
Legionella pneumophila str. Paris, Bordetella parapertussis 12822,
Francisella tularensis subsp. tularensis SCHU S4, Pseudomonas
fluorescens Pf-5, Erwinia carotovora subsp. atroseptica
SCRI1043, Actinobacillus pleuropneumoniae serovar 1 str.
4074, and Chromobacterium violaceum ATCC 12472, among
others.*®

To test whether the pyrazinone family could be detected in
vivo, we examined fecal samples from CS7BL/6 specific
pathogen free mice.”” The mice were first treated with
kanamycin to improve subsequent supplemental colonization.
After treatment, the mice were inoculated with a kanamycin-
resistant variant of the commensal model E. coli BW25113.
Cellular stressors were not included during the colonization
period. Under these conditions, a major peak corresponding to
pyrazinones 6/7 was readily detected (Figure 6C), suggesting a
likely functional role in vivo. However, the other pyrazinones
were undetectable under the conditions of our studies. Given
the robust production of the broader pryazinone family in cell
culture, tracking their regulation, trafficking, fate, and function
in vivo remain exciting future directions.

B DISCUSSION

Spontaneous chemical reaction sequences in cellular metabo-
lism and signaling regulate diverse physiological responses in
humans and in bacteria.””*' However, this class of biosynthetic
pathways is often challenging to characterize as genetic
methods are limited to genes that are involved in substrate
supply (i.e., tdh for E. coli and V. cholerac). We show here that
tdh and essential tRNA synthetases are responsible for
generating the substrates that react spontaneously to form
the AI-3 family. Functional redundancies in amino acid
activation may also contribute to these processes; however,
the selectivity observed in our in vitro tRNA synthetase studies
and cellular metabolite analyses support Tdh and tRNA
synthetases as the dominant AI-3 biochemical origins. Our
ribosome inhibitor-induced stress studies enhanced AI-3 family
production levels, which facilitated isolation and character-
ization of these potent small molecules from laboratory-scale
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cultures. Strikingly, our studies support two mechanisms of Al-
3 signal modulation. One, the Tdh product AA spontaneously
dimerizes, oxidizes, and tautomerizes to form new metabolite 6
(Figure 4D), which is detected in vivo and accounts for the
spectrum of AI-3 activities previously observed. And two,
abortive tRNA synthetase products (aminoacyl-AMPs) sponta-
neously react with the aminoketones (AMB or AA) to
modulate AI-3 transcriptional effects, as observed in cell
culture. AI-3 6 is likely the major signal in vivo in the absence
of cellular stressors, as the abortive products (i.e., 1—5, 7—10)
were suppressed in fecal samples relative to cell cultures. In the
latter, the resulting unstable dipeptide ketones, linear-1, -2, -4,
or -5, undergo further oxidative spontaneous reactions to
establish pyrazinone signals, 1, 2, 4, or $, in E. coli. These AI-3
signals thus act as markers of cellular stress resulting from
abortive aminoacyl-tRNA synthetase charging to enhance
quorum sensing responses. Our results underscore the role
of aminoacyl-tRNA charging fidelity as a common signal of
cellular stress and starvation across multiple kingdoms. Indeed,
aminoacyl-tRNA charging is monitored in humans by GCN2*
and in bacteria by RelA and Hfg, " * which regulate the
stringent response and the general stress response, respectively,
in bacteria like E. coli. In the bacterial stringent response, RelA
binds to uncharged tRNAs and the ribosome to initiate
biosynthesis of the major stress signal (p)ppGpp.**° In the
general stress response, Hfq represses RNA polymerase stress
response sigma factor rpoS. Hfq binds to a variety of
noncoding RNAs and appears to have a preference for
uncharged tRNAs over charged tRNAs, and binding
derepresses rpoS expression.””"* Our cell culture studies here
now integrate quorum sensing and cellular stress response
behaviors at the molecular level, identify Tdh metabolism and
abortive aminoacyl-tRNA synthetase charging as a biochemical
basis for AI-3 family production, and define the structures of
AI-3 and pathway intermediates that regulate immunological
responses in the host and virulence-associated phenotypes in a
broadly studied model organism and clinically relevant
pathogen.
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