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In addition to their well-known role as stress-associated catechol-
amine hormones in animals and humans, epinephrine (EPI) and
norepinephrine (NE) act as interkingdom signals between eukary-
otic hosts and bacteria. However, the molecular basis of their
effects on bacteria is not well understood. In initial phenotypic
studies utilizing Vibrio campbellii as a model organism, we charac-
terized the bipartite mode of action of catecholamines, which con-
sists of promotion of growth under iron limitation and enhanced
colony expansion on soft agar. In order to identify the molecular
targets of the hormones, we designed and synthesized tailored
probes for chemical proteomic studies. As the catechol group in
EPI and NE acts as an iron chelator and is prone to form a reactive
quinone moiety, we devised a photoprobe based on the adrener-
gic agonist phenylephrine (PE), which solely influenced colony
expansion. Using this probe, we identified CheW, located at the
core of the chemotaxis signaling network, as a major target. In
vitro studies confirmed that EPI, NE, PE, and labetalol, a clinically
applied antagonist, bind to purified CheW with affinity constants
in the submicromolar range. In line with these findings, exposure
of V. campbellii to these adrenergic agonists affects the chemotac-
tic control of the bacterium. This study highlights an effect of
eukaryotic signaling molecules on bacterial motility.

interkingdom signaling | bacterial chemotaxis | chemical proteomics |
bacterial pathogenicity | epinephrine

Catecholamine hormones are widespread signaling mole-
cules present in animals and humans, where they act as
neurotransmitters and stress hormones. They include epineph-
rine (EPI), norepinephrine (NE), and dopamine, which all bear
a characteristic catechol motif and a side-chain amine. It is well
known that stress of the mammalian host increases its suscepti-
bility to bacterial infections, and EPI and NE, for example,
stimulate growth of the enterobacteria Salmonella enterica
serovar Typhimurium, Escherichia coli, and Vibrio cholerae in
serum-based media (1-4). In addition, EPI and NE affect bio-
film formation, siderophore production, invasion of epithelial
cells, and the expression of virulence factors (5-8). It is thus
assumed that some bacteria use these hormones as cues to rec-
ognize the eukaryotic host environment and to occupy a niche
in it (9).

In eukaryotes, catecholamines bind to G protein—coupled
receptors. The observation that certain antagonists of the
human receptors also antagonize adrenergic effects in bacteria
corroborates the hypothesis that receptors with a similar specif-
icity may have evolved in prokaryotes. Indeed, binding of NE
and EPI to the two-component system histidine kinases QseC
and QseE was reported in enterohemorrhagic E. coli O157:H7
(10, 11). However, not all adrenergic responses depend on
QseC and/or QseE, as mutants lacking the corresponding
homologous genes in Salmonella and V. cholerae were still
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responsive to catecholamines (4, 7, 12). Thus, other, as yet
unexplored bacterial pathways may contribute to the catechol-
amine signaling and virulence.

Furthermore, catecholamines act as chemical signals in bac-
terial chemotaxis, a process in which bacteria navigate along
chemical gradients toward attractants and away from repellents
(13-15). While the individual components in the chemotaxis
signaling cascades vary across different species, the core of the
signaling complex typically consists of a transmembrane chemo-
receptor (methyl-accepting chemotaxis protein, MCP) and a
histidine kinase CheA, the two of which are bridged by the cou-
pling protein CheW (16). In response to chemical stimuli, this
complex controls the autophosphorylation of CheA, which con-
sequently transfers its phosphoryl group to the response regula-
tor CheY. Phosphorylated CheY induces clockwise rotation of
the flagellar motor and thereby increases the frequency of tum-
bling in E. coli. Notably, NE behaved as a weak attractant at
low concentrations, and as a repellent at higher concentrations
(1 mM) and this response appeared not to be mediated by spe-
cific binding to an MCP in E. coli (17).
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Vibrio campbellii (previously V. harveyi) ATCC BAA-1116 (18)
is an important model organism for quorum sensing (19-21). It is
a marine, motile, bioluminescent y-proteobacterium and an
opportunistic pathogen for fish, shrimp, squid, and other marine
invertebrates (22). The presence of NE and dopamine increased
not only its growth in serum-supplemented medium but also side-
rophore production, swimming motility, and expression of genes
involved in biofilm formation and virulence (5). Interestingly,
antagonists of the mammalian a-adrenoreceptors such as labeta-
lol (LAB), inhibited the effect of NE on motility, whereas
B-adrenoreceptor antagonists such as propranolol (PRO) had no
effect, suggesting that catecholamines act via a specific receptor
in V campbellii (5). Motility has long been recognized to be
important for both commensals and pathogens to colonize their
host. In particular, nonmotile mutants of different pathogenic
Vibrio species showed reduced virulence (23). While the effect of
catecholamines on growth most likely stems from the iron-
sequestering properties of the catechol siderophore (24), diverg-
ing reports exist about the mechanism underlying the altered
virulence (4, 5, 25).

In this study, we applied chemical proteomics to identify pro-
tein targets of catecholamine hormones in the model organism
V. campbellii. First, we studied the effects of NE, EPI, and a
set of chemically related structures as well as the adrenergic
antagonists LAB and PRO on growth and motility. The
a-adrenoreceptor agonist phenylephrine (PE) promoted colony
expansion without facilitating iron uptake. Therefore, a corre-
sponding chemical probe was used for subsequent photoaffinity
labeling, which revealed the chemotaxis coupling protein CheW
as a major target. Binding of catecholamines to purified CheW
was confirmed by microscale thermophoresis (MST). The adre-
nergic agonists EPI, NE, and PE also influenced the chemotac-
tic control of V campbellii, suggesting a role of eukaryotic host
signals on the physiology of bacteria.

Results

Effects of Catecholamines and Related Compounds on Colony
Expansion of V. campbellii on Semisolid (Soft) Agar. We first tested
the effect of the hormones EPI and NE and structurally related
compounds on a readily detectable phenotype of V. campbellii.
As previously shown for NE (5), NE, but even more strongly EPI,
stimulated colony expansion of V' campbellii on semisolid (soft)
agar. This assay reports swimming motility but also growth and
chemotaxis. PE, a synthetic agonist of human a-adrenoreceptors,
elicited a similar increase of colony expansion as the natural hor-
mones, whereas its para-substituted analog, octopamine (OA), a
neurotransmitter of invertebrates, had no significant effect (Fig. 1
A and B). In addition, we included the adrenergic antagonists
LAB (mammalian o- and p-adrenoreceptor specificity) and PRO
(B-adrenoreceptor specificity). LAB has been reported to antago-
nize adrenergic effects in 1 campbellii, while PRO showed no
effect (5). Consistent with this literature report, the stimulation of
colony expansion by EPI, NE, and PE was blocked by LAB but
not by PRO (Fig. 1C). These results indicate the presence of a
specific adrenergic sensor that, analogously to the mammalian
receptor, can be activated by NE, EPI, and PE and blocked
by LAB.

Design and Synthesis of Tailored Probes for Chemical Proteomic
Studies. To decipher the cellular targets of catecholamine hor-
mones, we designed and synthesized chemical probes contain-
ing an alkyne handle suitable for target protein enrichment
via affinity-based protein profiling (26-28). As we could not
exclude that the probe scaffold binds reversibly, we appended
an alkyne-containing minimalist photocrosslinker to the EPI-
based probe EPI-P1 via alkylation of NE at the amine (Fig. 1D;
SI Appendix, Fig. S14) (29). Here, the synthesis was challenged
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by the instability of catecholamines. At neutral to basic pH, the
catechol group is easily oxidized to an ortho-quinone, which
can be attacked by the amine (30). This required purification
under acidic conditions, resulting in a residual amount of acetic
acid in the product needed for stability. Thus, in a second gen-
eration of probes, we used direct acylation of catecholamines,
which yielded more stable products. Moreover, as we observed
an inherent photoreactivity of the adrenergic compounds, we
omitted the diazirine and appended an alkyne handle to the
terminal amine of NE, norphenylephrine, and OA by standard
amide coupling, yielding probes EPI-P2, PE-P, and OA-P,
respectively (Fig. 1D; SI Appendix, Fig. S1B). Next, the deriva-
tives were tested in soft agar motility assays in which enhanced
colony expansion was confirmed for probes EPI-P1 (6 to 60
pM), EPI-P2 (10 to 25 pM), and PE-P (10 to 50 uM), suggest-
ing that these probes retain suitable biological activity to
unravel their cellular targets (Fig. 1D; SI Appendix, Fig. S2).
For EPI-P2 and PE-P, a drop in activity was observed at con-
centrations above 25 and 50 pM, respectively (SI Appendix, Fig.
S2 B and C). In contrast to its parent compound OA, OA-P
proved slightly active (25 to 100 pM), although still to a lesser
extent than the other probes (SI Appendix, Fig. S2D).

Catechol-bearing Probes Enhance Growth Under Iron-limited Condi-
tions. In the body fluids of eukaryotic hosts, bacterial growth is
limited by extremely low levels of available iron, a phenomenon
known as nutritional immunity (31). Iron limitation is achieved
by high-affinity iron-binding proteins such as transferrin and
lactoferrin. Nevertheless, bacteria are able to acquire iron via
iron-binding molecules, so-called siderophores, either synthe-
sized by the bacteria or scavenged from the environment.
Among the most common classes of siderophores are catecho-
lates, which include the bacterial enterobactin, but also cate-
cholamine hormones (24, 32-34). We, therefore, tested the
siderophore effects of our probes and their parent compounds
on the growth of 17 campbellii. These assays were performed in
mineral salt medium supplemented with apo-transferrin, a set-
up typically used to mimic the iron-limited conditions encoun-
tered by the bacteria in eukaryotic hosts (35). As expected,
catechol-containing compounds EPI-P1, EPI-P2, and EPI
enhanced growth, while all other compounds, including PE-P,
did not have an effect. The determined doubling times are sum-
marized in SI Appendix Table S1. A comparable growth stimula-
tion was not observed when the bacteria were grown in the
absence of apo-transferrin, indicating that the growth-
stimulating effect of catecholamines is due to their ability to
sequester iron (Fig. 1E). The catechol-bearing compounds also
stimulated growth of ¥ campbellii in LB35 medium containing
30% (vol/vol) adult calf serum (SI Appendix, Fig. S3).

Photolabeling Reveals the Chemotaxis Protein CheW as a Potential
Adrenergic Target. Prior to mass spectrometry (MS)-based pro-
teome profiling, we investigated general protein labeling of
intact V. campbellii cells with EPI-P1, EPI-P2, PE-P, and OA-P,
respectively, via gel-based fluorescence analysis of the pro-
teomes. Live cells were incubated with 50 pM of probes and
irradiated with ultraviolet (UV) light to enable covalent bond
formation of the probe to the target proteins. Following cell
lysis, the proteome was separated into a phosphate-buffered
saline (PBS)-soluble fraction, containing primarily cytosolic
proteins, and a PBS-insoluble fraction, containing cytosolic and
membrane proteins, and both fractions were subjected to
copper-catalyzed azide-alkyne cycloaddition (CuAAC) to
append a fluorescent tag to the labeled proteins (36, 37).
Labeled proteins were separated by sodium dodecyl sulphate—
polyacrylamide gel electrophoresis (SDS-PAGE) and visualized
by in-gel fluorescence scanning. Interestingly, labeling was
observed in both fractions, indicating cell permeability of the
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Fig. 1. Biological activity of catecholamines and related compounds on soft agar colony expansion and growth under iron limitation. (A) Example soft

agar plates of V. campbellii treated with 50 pM EPI compared to an untreated control. (B) Structure and activity in soft agar expansion assay of parent
compounds EPI, NE, PE, and OA. (C) Structure and activity in soft agar expansion assay of adrenergic antagonists LAB and PRO added alone or in combina-
tion with EPI, NE, or PE. (D) Structure and activity in soft agar expansion assay of chemical probes EPI-P1, EPI-P2, PE-P, and OA-P. All compounds were
added at 50 M except EPI-P1 at 60 uM. Radial expansions were normalized to an untreated control. Error bars represent SD, n = 6 independent experi-
ments. Significance was determined performing a one-way ANOVA with Tukey’s post hoc test (*P < 0.05, **P < 0.01, ***P < 0.001). (E) Bacterial growth
in KE medium (Left plot) or in KE medium supplemented with 100 pg/mL human apo-transferrin to generate iron limitation (Right plot) in a 96-well
microtiter plate with continuous shaking at 30°C. Compounds were added at 50 uM. Data show the mean of triplicates; SDs between replicates account

for less than 10% in all growth experiments. For doubling times, see S/ Appendix, Table S1.

probes (SI Appendix, Fig. S4). Fluorescent SDS-PAGE analysis
of EPI-P1- and EPI-P2-treated cells showed labeling both in
the presence and absence of UV, albeit to a lesser extent in the
latter case. The general reactivity of EPI-P1 and EPI-P2 toward
proteins is likely attributed to the catechol moiety, which is
known to form an electrophilic ortho-quinone upon oxidation
even in the absence of UV light (30). Consistent with its lack of
a catechol moiety, PE-P strongly labeled proteins solely upon
UV irradiation, suggesting photoreactivity of the molecule.
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Almost no protein reactivity was observed for OA-P, which is in
line with its weak bioactivity, and it was therefore excluded
from further analysis. We selected EPI-P1 and PE-P for further
studies, as both exhibited a distinct labeling profile and activity
in the motility assays. With two adrenergic probes at hand, we
studied their cellular target proteins via quantitative liquid
chromatography coupled to tandem mass spectrometry (LC-
MS/MS) analysis (Fig. 24). Treatment of live V. campbellii with
EPI-P1 or PE-P was followed by UV irradiation, cell lysis,
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Fig. 2. CheW is identified as a potential adrenergic target by photoaffinity labeling with PE-P. (A) Chemical proteomics workflow applied for target
identification. Live bacteria were treated with 10 pM PE-P or DMSO as control or PE-P plus increasing concentrations of competitors (PE, EPI, LAB, PRO),
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CuAAC to biotin azide, enrichment on avidin beads, and tryp-
tic digest, resulting in peptides, which were measured by LC-
MS/MS with label-free quantification (LFQ) (38). All proteins
that were significantly [—log;o(P value) > 1.3] enriched by at
least twofold in the probe-treated samples compared to the
dimethyl sulfoxide (DMSO) controls are visualized in the upper
right quadrant of the corresponding volcano plot. EPI-P1
enriched, among others, an outer membrane receptor protein
for ferrienterochelin and colicins (A7MZS4) and an iron-
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hydroxamate ABC transporter substrate binding protein
(A7TMSY4), indicating that this probe indeed functions as a
xenosiderophore (SI Appendix, Fig. S5). In fact, CheW was also
enriched 3.9-fold in this dataset, although it was not among the
most prominent hits. We hypothesized that the abundance of
iron-uptake proteins interfered with the identification of fur-
ther adrenergic targets. We therefore switched to labeling stud-
ies with PE-P, devoid of the catechol moiety (Fig. 2B). Here,
proteins associated with iron uptake were no longer
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significantly enriched. Importantly, the chemotaxis coupling
protein CheW turned out to be one of the most prominent hits.
Based on its role in chemotaxis, CheW is an intriguing candi-
date for catecholamine binding, and it was thus further investi-
gated for displacement of probe binding in the presence of
excess concentrations of the unmodified catecholamines. Cells
were preincubated with different concentrations (100 to 250
pM) of PE, EPI, LAB, or PRO before adding PE-P (10 pM).
EPI, PE, and LAB reduced enrichment of CheW by probe
PE-P, indicating competitive binding and corroborating CheW
as a specific target of these compounds (Fig. 2 C-E; SI
Appendix, Figs. S6-S8). PRO, however, did not compete for
binding, consistent with its lack of antagonism in the motility
assays (Fig. 2E; SI Appendix, Fig. S8C). We identified additional
proteins for which, as with CheW, the binding of PE-P was out-
competed by EPI, PE, and LAB, but not by PRO (SI Appendix,
Table S2). In the soluble fraction, we found three uncharacter-
ized proteins (A7MXS1, A7N2H7, A7N8F2). In the insoluble
fraction, we found the Der GTPase-activating protein Yihl
(ATMTV7), the 30S ribosomal protein S7 (A7MZ63), the
translation initiation factor IF-1 (A7N1L7), and four other
uncharacterized proteins (A7MYT1, ATMXS1, A7NSF2,
A7TMUDO). Notably, of all differentially outcompeted proteins,
only CheW was also significantly enriched by EPI-P1.

Insights Into the Mechanism of PE-P Binding. To elucidate the
UV-dependent binding mode of PE-P, we performed labeling
experiments in the presence of radical scavengers. UV-
dependent labeling by PE-P could be fully quenched by the
addition of thiourea and tiron, suggesting a light-induced frag-
mentation of the molecule to form reactive radical intermedi-
ates (SI Appendix, Fig. S9). To further assess the nature of
radical binding to proteins, we applied a mass-spectrometry
method, which unravels the modified residues within proteins
as well as the type of modification. This technology is based on
isotopically labeled desthiobiotin azide (isoDTB) tags, which
are clicked to probe-labeled proteins after lysis (39). Proteins
are subsequently digested, followed by peptide enrichment on
avidin beads and detection of modified peptides via LC-MS/MS
analysis (Fig. 34) (40). In an unbiased analysis (41), we
detected modified peptides with the added mass of the adduct
with PE-P plus a light or heavy isoDTB tag, respectively
(Fig. 3B). Interestingly, we observed a high selectivity for tyro-
sine, which constituted 90% of all detected modified residues,
corroborating a radical mechanism of binding (Fig. 3 C and D).
Furthermore, MS-based site identification revealed two tyrosine
residues, Y44 and Y;qp, within CheW, which were modified by
the probe (Fig. 3E; SI Appendix Fig. S10 A and B). As there is
no crystal structure of V. campbellii CheW available, we used
AlphaFold for prediction (42). We found that the two tyrosine
residues frame the conserved arginine at position 64, which
is assumed to be necessary for modulating CheA activity (SI
Appendix, Fig. S10C) (43).

Validation of Catecholamine Binding to CheW and Analysis of the
CheW Interaction Network. To validate catecholamine binding to
CheW, we measured the affinity of the ligands for CheW
using MST (44). For this purpose, CheW was recombinantly
expressed in E. coli, purified, and fluorescently labeled.
Temperature-induced changes in fluorescence (temperature-
related intensity changes and/or temperature dependent move-
ments) were determined as a function of ligand concentration
in glass capillaries. The parent compounds EPI, NE, and PE,
the adrenergic antagonist LAB, and OA as negative control
were tested as putative ligands. PRO could not be tested
because of interference from its intrinsic fluorescence. Interest-
ingly, EPI, NE, PE, and LAB caused concentration-dependent
effects on the fluorescently labeled CheW with dissociation
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constants Ky ranging from 300 to 740 nM (Fig. 44), indicating
strong affinity binding. These observations are consistent with
the results from the colony expansion and competitive labeling
experiments (Figs. 1 B and C and 2 C-E). In line with its lack
of activity in the motility assays (Fig. 1B), OA showed no bind-
ing affinity for CheW.

Next, protein interaction partners of CheW were studied
by coimmunoprecipitation (Co-IP) in cells treated first with
100 pM EPI or DMSO as control and then with disuccinimidyl
sulfoxide to stabilize interaction partners by covalent cross-links
(45). Numerous proteins annotated to be involved in chemo-
taxis (Gene Ontology [GO] or Kyoto Encyclopedia of Genes
and Genomes [KEGG] database) were enriched compared to
an isotype control, including CheA, CheZ, MCPs, and a CheW-
like domain-containing protein, confirming the validity of the
antibody and the methodology (SI Appendix, Fig. S11 A and B).
The presence of EPI, however, did not result in any obvious
catecholamine-dependent changes of interaction partners (S/
Appendix, Fig. S11C). These results suggest that under the con-
ditions tested, binding of catecholamines to CheW does not
alter the associated protein networks. This is in line with the
observation that transmembrane chemoreceptor arrays remain
intact upon activation (46).

Adrenergic Compounds Affect the Chemotactic Control of
V. campbellii. Colony expansion in soft agar is a complex pheno-
type that is driven by a combination of motility behavior, che-
mosensing, chemoattractant consumption, and growth (47).
The increased colony expansion on soft agar plates with EPI
and PE (Fig. 1B) could, in principle, result from growth bene-
fits (SI Appendix, Fig. S3), chemoattraction, or changes in indi-
vidual motility behavior such as the turning frequency. To gain
deeper insights into the effect of EPI and PE on motility and
chemotaxis, we first used 3D tracking to examine the motility of
untreated V. campbellii cells of the midexponential growth
phase. Similar to Vibrio alginolyticus (48), the cells exhibited a
run-reverse-flick pattern at typical swimming speeds of 54 + 2
um/s and a steady-state turning frequency of 0.52 + 0.03 s~
(Fig. 4B). We did not detect any significant effects of EPI on
the average speed or steady-state turning frequency (S7
Appendix, Fig. S12). Since EPI and PE bind to CheW, we next
examined the motility of a AcheWW mutant. The AcheW mutant
had a similar average swimming speed as the wild-type (48 +
4 pm/s) but proved to be a smooth swimmer with a very low
turning frequency (Fig. 4C). This mutant was unable to spread
on soft agar (SI Appendix, Fig. S13), a phenomenon previously
observed in other Vibrio species (49). Next, we used a multi-
scale 3D chemotaxis assay (50) that combines high-throughput
3D bacterial tracking with a microfluidically created linear
chemical gradient. A 100 pM/mm EPI gradient elicited a weak
chemoattractant response (positive chemotactic drift). Serine
(50 pM/mm) and glucose (1 mM/mm), respectively, were recog-
nized as stronger chemoattractants, and the presence of EPI or
PE had no effect on the chemotactic drift (Fig. 4D).

Finally, we used a capillary chemotaxis assay originally devel-
oped for E. coli (51). Briefly, in this assay, a glass capillary filled
with an attractant is inserted into a cell suspension, and the
number of cells in the capillary is counted after 60 min of incu-
bation (Fig. 4F). Using this assay, we detected a chemotactic
response of V. campbellii to chitin, glucose, serine, and also EPI
(SI Appendix, Fig. S14). Although this assay is not as sensitive
as the 3D microfluidic chemotaxis assay (thus requiring
higher concentrations of the chemoattractant), we found a
significant reduction in cell numbers in the glucose-filled cap-
illary in the presence of EPI and PE, whereas NE, LAB,
PRO, and OA did not show an effect (Fig. 4E). Furthermore,
the effect of EPI was suppressed in the presence of LAB.
These results are consistent with the specific effect of EPI,
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Fig. 3. Analysis of the modifications introduced by PE-P proteome-wide. (A) Workflow applied to study binding mode and sites of PE-P using isoDTB
tags (39, 41). V. campbellii lysate was treated with 10 uM PE-P (blue circle), irradiated, split, and subjected to CUAAC with either light- (turquoise rectan-
gle) or heavy-labeled (purple rectangle) isoDTB azide. Differentially labeled lysates were combined in a ratio of 1:1, and proteins were precipitated and
digested. Modified peptides were enriched on avidin, eluted, and analyzed by LC-MS/MS. Peptides detected with a ratio of close to 1:1 heavy/light tag
were considered true hits. (B) Unbiased, proteome-wide analysis of the masses of modification introduced by PE-P and the light or heavy isoDTB tag,
respectively. (C) Analysis of the amino acid selectivity of the detected modification with PE-P. PSM, peptide spectrum matches. (D) Potential structure of
the modified tyrosine regioisomer corresponding to the observed modification mass. (E) MS2 spectra of CheW peptides modified by PE-P. Identified b-
and y-ions are labeled with purple and turquoise, respectively. The PE-P binding sites and their position in the sequence are indicated in red. All data are
based on technical duplicates.

PE, and EPI + LAB on colony expansion (Fig. 1 B and C) stress associated with the release of catecholamine hormones
and suggest that binding of EPI or PE to CheW affects the not only increases susceptibility to bacterial infection but
swimming behavior of ¥ campbellii in chemical gradients over  that EPI and NE also stimulate the growth and motility of
long distances. enterobacteria such as Salmonella Typhimurium, E. coli, and

V. cholerae (1-4). We used an untargeted chemical proteomics

approach to identify the cellular targets of EPI. We chose PE,
Discussion which is a structural homolog of EPI, for probe design as it still
In this Study’ we report the direct blndlng of the eukaryotic promotes COlOHy eXpansion but cannot bind iron. In these stud-
stress hormone EPI to CheW, the coupling protein between  ies, the chemotgxis cou_pling PrOtein_ CheW proved to be one of
MCPs and CheA, located in the core of the chemotaxis signal- ~ the most prominent hits. This finding was confirmed by com-
ing network in V. campbellii. It is known that mammalian host ~ Petitive labeling in the presence of EPI, PE, and LAB, the
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Fig. 4. Binding of adrenergic compounds to CheW in vitro and their effect on motility and chemotaxis of V. campbellii in vivo. (A) Binding of adrenergic
compounds to purified CheW was determined using MST. Increasing concentrations of the test compounds (c = 7.63 nM to 500 pM) were titrated to a
constant concentration of fluorescently labeled CheW (c = 50 nM), and temperature-induced changes in fluorescence were monitored in glass capillaries
using the Monolith NT.115 (NanoTemper Technologies). Ky values were determined using the Thermophoresis + T-Jump signal for data analysis (NT Anal-
ysis software version 1.5.41, NanoTemper Technologies, n = 3 independent measurements, error bars represent SD). (B) Example 3D trajectory of V. camp-
bellii showing run-reverse-flick motility with turns alternating between reversals and flicks. (C) Rate of turn events as a function of turn angle for wild-
type (WT) and the AcheW mutant, based on 1,447 turn events detected in 1,295 s of trajectory time for WT and 29 events in 3,250 s of trajectory time for
AcheW. (D) The 3D chemotaxis assay was performed by 3D tracking of cells in linear chemical gradients established in a 1-mm-long channel between two
reservoirs of different chemical but matched bacterial concentration (concept is schematically shown in the Upper part). The drift velocity was determined
as the average speed of motile cells along the gradient direction. Error bars represent SEM. The drift measured in a 100 pM/mm EPI gradient (left panel)
is statistically significant at a P value of 0.029 in a one-tailed Student’s t test against the null hypothesis of no drift. Differences in the drift to other com-
pounds in the presence and absence of EPI or PE (other panels) are not significant. (E) In the capillary chemotaxis assay, bacteria swim from a reservoir in
a microtiter plate into a glass capillary filled with an attractant (100 mM glucose) (concept is schematically shown in the Upper part). After 60 min, the
number of bacteria in the capillary is determined by plating the cells on agar plates. The concentration of EPI and structurally related compounds was
constant (50 uM) in the capillary and reservoir. Values were normalized to their respective control (H-ASW). Error bars represent SD, n = 4 biological repli-
cates. Statistical significance was determined using an unpaired two-tailed t test (*P < 0.05, **P < 0.01).

latter being a clinically applied antagonist of a-adrenergic
receptors in eukaryotes. We also demonstrated direct binding
of EPI, NE, PE, and LAB to purified CheW. The binding of
EPI to CheW is an unexpected discovery but nevertheless con-
solidates previous reports seeking to find a specific chemore-
ceptor for catecholamines. For example, a V' cholerae mutant
lacking the gseC-like gene still responded to catecholamines
(4). Based on studies on the influence of catecholamines on
chemotaxis, Sourjik and coworkers proposed that in E. coli,
these hormones are sensed by a mechanism other than specific
binding to an MCP (17).

The AcheW mutant of V. campbellii is motile but has an
extremely low turning frequency, and it is nonchemotactic
(Fig. 4C; SI Appendix, Fig. S14C). This finding is consistent
with results for many other bacterial species that lack cheW
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(summarized in Alexander et al.; ref. 43). Our 3D tracking
assays revealed that EPI does not affect the turning rate or
swimming speed of wild-type V. campbellii but acts as a weak
attractant. These results indicate that binding of EPI to
CheW does not phenocopy the behavior of the AcheW mutant
(Fig. 4). However, in the capillary assay, which depends on the
motility and chemotactic behavior of a population over large
distances that span a wide range of gradient conditions, the
presence of EPI and PE led to a significant decrease in the
accumulation of cells in the glucose-filled capillary. While
the 3D tracking experiments in linear gradients did not identify
an effect of EPI or PE on chemotaxis to other compounds
under the conditions tested, the very steep concentration gra-
dients likely present in the immediate vicinity of the capillary
are not accessible in the linear-gradient device. The effect of
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EPI might thus be restricted to steep gradients or other specific
conditions that are not recapitulated in the linear-gradient
assay. Another open question is whether the interaction
between EPI and CheW is causal either for the chemoattrac-
tion to EPI or for the reduced chemoattractive effect of glucose
in the capillary assay. The latter effect, however, is specific for
EPI and PE because the presence of NE, LAB, PRO, and OA
did not affect the movement of the cells along the glucose gra-
dient. Interestingly, LAB, which binds to CheW, prevents the
effect of EPI and PE both in the capillary-based chemotaxis
and in the soft agar assays. The lack of activity of LAB itself is
reminiscent of the behavior of classical pharmacological antag-
onists, which typically block agonist activity by binding to their
target proteins but without exerting any effects themselves.
Similar to its weak effect on colony expansion, NE was barely
active in the capillary-based chemotaxis assay. As determined
by MST, NE had a lower affinity for CheW compared to all
tested compounds, which could explain these observations.
Overall, our results suggest that binding of EPI and PE to
CheW influences the chemotactic control of the bacterium.

Both chemotaxis and net motility are known to affect the
infectivity of I cholerae (52). The results described here could
potentially provide an explanation for the hyperinfective tran-
sient phenotype of stool-derived V. cholerae (53-55). Although
the stool-derived V. cholerae are highly motile, many chemotaxis
genes, including cheW and cheR, are repressed compared to
in vitro grown cells, resulting in a smooth-swimming state. Our
finding that EPI targets CheW suggests a previously unknown
mechanism for such host-triggered phenotypes. This work
reveals a previously unknown role of CheW as adrenergic
receptor that, given its conserved position in the core of chemo-
taxis complexes, could have broad implications for many other
bacterial species.

Materials and Methods

Chemical Synthesis. For synthetic procedures and compound characterization
data, see S/ Appendix, Supplementary Methods and Figs. S1, S15-519.

General Information. Detailed information on compounds, bacterial strains,
culture conditions, preparation of overnight cultures, and media composition
are provided in the S/ Appendix, Supplementary Methods and Tables S3-S6.

Growth Assays. A V. campbellii overnight culture was diluted 1:100 into Kim-
Epstein (KE) medium (10 mL) (56) or lysogeny broth containing 3.5% (wt/vol)
Nacl (LB35) medium (60 mL) and grown until early exponential growth phase
(optical density at 600 nm [ODggo] 0.5, KE medium) or early stationary phase
(ODgoo 5.0, LB35). The KE medium was modified as follows: The pH was
adjusted to 7.6 with the corresponding phosphate buffer, the salt concentra-
tion was increased to 2% (wt/vol) NaCl, and FeSO4 was omitted. Compounds
were added from DMSO stocks to 50 uM into a clear flat-bottom 96-well plate.
Next, 200 plL bacterial culture previously diluted to ODggo 0.01 in KE medium +
20 mM NaHCOs or in KE medium + 20 mM NaHCO; supplemented with 100
pg/mL human apo-transferrin (Sigma-Aldrich) or to ODgo 0.005 in LB35 or in
LB35 supplemented with 30% (vol/vol) of adult bovine serum (Sigma-Aldrich)
was added. The plates were incubated in an Infinite M200 Pro plate reader
(Tecan) at 30°C with continuous shaking (KE medium) or with 20 s shaking
every 5 min (LB35 medium). The optical density at 600 nm was measured every
10 to 30 min. Blank values (only medium) were subtracted from data values,
and data were plotted using GraphPad Prism.

Soft Agar Colony Expansion Assay. Soft agar colony expansion assays were
performed as described previously on LB35 plates containing 0.3% (wt/vol)
agar (5). Catecholamines and antagonists were dissolved in water and added
as supplements directly to the autoclaved medium before pouring plates. As
control, the appropriate volume of water was added to the plates. V. camp-
bellii overnight culture was diluted in fresh LB35 (ODgoo 1), and 5 pL was
dropped in the center of the plate with six independent replicates for each
condition. After an incubation of 24 h at 30°C, the expansion of the colony
(diameter) was measured. Radial expansions were normalized to an untreated
control, and significance was determined performing a one-way ANOVA with
Tukey’s post hoc test.
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Preparative Photolabeling with PE-P. Overnight cultures of V. campbellii were
diluted 1:100 into 60 mL fresh medium and grown until early stationary phase
(30°C, 200 rpm, 7 h, ODgoo ~5.0 to 5.2). Bacteria were harvested by centrifuga-
tion (6,000 x g, 10 min, 4 °C), washed with PBS (10 mL), and adjusted to ODggo
4.0 in 10 mL PBS. Competitors PE, EPI, LAB, PRO, or DMSO were added from
1,000-fold concentrated DMSO stocks to the final concentrations as indicated,
and the suspensions were incubated 15 min, 30°C, 200 rpm in 50-mL falcons
with the lids fixed loosely. Next, DMSO or the photoprobe PE-P was added
from a 1,000-fold concentrated stock (10 mM) to a final concentration of 10
uM and incubated 1 h, 30°C, 200 rpm. Samples were transferred to 10-cm
dishes and irradiated for 10 min with UV light (UV low-pressure mercury-vapor
fluorescent lamp, Philips TL-D 18W BLB, 360 nm maximum) on a cooling pack.
Labeled bacteria were centrifuged (6,000 x g, 10 min, 4 °C), and the pellet was
washed twice with cold PBS (1 mL). Pellets were flash frozen and stored at
—80°C. Pellets were resuspended in 1 mL PBS + ethylenediaminetetraacetic
acid-free protease inhibitor (Roche) and sonicated 2 x 15 s, 60% intensity, on
ice. Following centrifugation (16,060 x g, 30 min, 4°C), the supernatant was
removed (“soluble”), and the pellet was resuspended in 1% (wt/vol) SDS/PBS
with sonication for 2 x 15 s, 40% intensity. Cell debris was pelleted (16,060 x
g, 10 min, room temperature [RT]), and the supernatant was transferred into
a new tube (“insoluble”). For analytical scale photolabeling and preparative
photolabeling with EPI-P1, see S/ Appendlix.

CuAAC, Preparative Scale Photolabeling. Protein concentration was deter-
mined using the Roti-Quant kit (Carl Roth) and adjusted to ~1 pg/uL in 500 pL.
SDS was added to 0.8% (wt/vol) in the “soluble” samples. Click reagents were
added to the lysate from a premix to the following concentrations: 100 pM
rhodamine-biotin-azide tag (10 mM stock in DMSO) (57), 1 mM CuSO, (50 mM
stock in water), 1 mM Tris(2-carboxyethyl)phosphine hydrochloride (52 mM
stock in water), and 100 pM Tris((1-benzyl-4-triazolyl)methyl)amine [1.667 mM
stock in 20% (vol/vol) DMSO/t-BUOH] and incubated 1 h, 25°C, 400 rpm.
Proteins were precipitated in 2 mL acetone at —20°C overnight, pelleted
(20,450 x g, 15 min, 4°C), and washed twice with 1 mL ice-cold methanol with
sonication (1 x 10 s, 10% intensity). Pellets were air-dried, and proteins were
resolubilized in 1 mM dithiothreitol (DTT), 0.2% (wt/vol) SDS/PBS with sonica-
tion (1 x 10, 10% intensity) and transferred to LoBind microcentrifuge tubes.

General MS Sample Preparation. Protein LoBind microcentrifuge tubes and
MS-grade reagents were used throughout MS sample preparation.

Enrichment, Alkylation, and Digest for Photoaffinity Labeling Experiments.
Per sample, 50 pL avidin slurry (Sigma) was dispensed into a microcentrifuge
tube and washed 3x with 0.2% (wt/vol) SDS/PBS (3 min, 400 x g). Protein sam-
ples were centrifuged (21,000 x g, 10 min, RT) to remove particulates, then
added to the beads and incubated at RT under constant rotation for 1 to 2 h.
Beads were pelleted, the supernatant was discarded, and beads were washed
with 0.5 to 1 mL of the following solutions: 2 x 1% (wt/vol) SDS/PBS, then 3 x
4 M urea/PBS, and 3 x 50 mM triethylammonium bicarbonate buffer (TEAB).
The beads were resuspended in 100 uL 50 mM TEAB and reduced with 10 mM
DTT (from 250 mM stock in water) at 55°C for 30 min with shaking. Next,
beads were washed with 0.5 mL TEAB and resuspended in 100 uL TEAB, and
thiols were alkylated with 20 mM iodoacetamide (from 500 mM stock in
TEAB) at 25°C from 30 min with shaking. Beads were washed twice with
100 pL TEAB and resuspended in 100 pL TEAB, and 1 pg trypsin was added
(from 0.5 pg/uL in 50 mM acetic acid, Promega). Proteins were digested at
37°C for 14 h under vigorous shaking. The digest was quenched with formic
acid [1% (vol/vol) final concentration (pH 2 to 3)], beads were washed twice
with 100 pL 0.1% (vol/vol) formic acid, and the washes were combined with
the supernatant.

Desalting on Stage Tip for Photoaffinity Labeling Experiments. Stage tips con-
sisted of three layers of C-18 material (Empore C18 disk-C18, 47 mm, Agilent
Technologies) plunged into p200 tips and were inserted into holes in the lids
of microcentrifuge tubes. The following solutions were added and the stage
tips centrifuged (<1 to 2 min, 500 x g) after every addition: Stage tips were
washed with 1 x 80 pL methanol and then equilibrated with 1 x 80 uL 80%
(vol/vol) acetonitrile, 0.5% (vol/vol) formic acid and with 2 x 100 pL 0.5%
(vol/vol) formic acid. Next, peptides were loaded and desalted with 1 x 150 pL
0.1% (vol/vol) formic acid. Stage tips were transferred to fresh LoBind micro-
centrifuge tubes, and the peptides were eluted with 100 uL 80% (vol/vol)
acetonitrile, 0.5% (vol/vol) formic acid. Solvents were removed in a speed vac,
and dry peptides were stored at —80 °C until analysis.

Chemoproteomic Experiments with isoDTB Tags. A pellet of V. campbellii

grown to stationary phase (ODggo ~5.0, ~24 mL) was washed 3x with PBS and
stored at —80°C before lysis in 1.5 mL PBS with sonication (5 x 15 s, 60%
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intensity, on ice), and insoluble proteins were removed by centrifugation
(16,060 x g, 30 min, 4°C). Protein concentration was adjusted to 1 mg/mL,
and 2 mL lysate was labeled with 10 pM PE-P (2 pL of a 10 mM stock in DMSO)
at 30°C for 1 h, 200 rpm. Following 10 min UV irradiation (UV low-pressure
mercury-vapor fluorescent lamp, Philips TL-D 18W BLB, 360 nm maximum) in
a 6-well plate (Thermo Fisher Scientific), the lysate was split into 2 x 800 pL
and adjusted to 1% (wt/vol) SDS [from a 10% (wt/vol) stock in PBS] before
adding the Click reagents as for the photoaffinity labeling experiments,
except using either heavy- or light-labeled isoDTB azide (100 pM final from a
5 mM DMSO stock, isoDTB azide synthesized as reported previously; ref. 39).
After the Click reaction, heavy- and light-labeled lysates (800 pL each) were
combined in 8 mL cold acetone and precipitated overnight at —20 °C. Precipi-
tated proteins were centrifuged (10,178 x g, 10 min, 4°C), the supernatant
decanted, and the pellet resuspended in 1 mL cold methanol with sonication
(10% intensity) and pelleted again (13,000 x g, 10 min, 4°C). The methanol
wash was repeated, and protein pellets were air-dried and resuspended in
300 pL 8 M urea in 0.1 M TEAB with sonication (10% intensity). Samples were
centrifuged (16,249 x g, 3 min) and reduced with 10 mM DTT (15 pL of 201
mM stock in water) for 45 min at 37 °C, 850 rpm. Next, thiols were alkylated
with 20 mM iodoacetamide (15 pl from a 400 mM stock in water) for 30 min
at 25°C, 850 rpm (protected from light), and the remaining iodoacetamide
was quenched with 10 mM DTT for 30 min at 25°C, 850 rpm. Then, 900 pL
0.1 M TEAB was added (to achieve pH ~8 and 2 M urea), and proteins were
digested with 20 pg trypsin (40 pL from 0.5 pg/pL in 50 mM acetic acid, Prom-
ega) overnight at 37 °C with intense shaking. Per sample, 2 x 25 uL avidin
slurry (Sigma-Aldrich) in Protein LoBind tubes was washed with 3 x 1 mL 1%
(vol/vol) Nonidet P-40 in PBS with centrifugation (400 x g, 2 min). The tryptic
digest was split into two portions, added to 600 pL 0.2% (vol/vol) Nonidet
P-40 and then to the avidin beads, and incubated for 2.5 h with constant rota-
tion. Beads were then centrifuged (1,000 x g, 2 min), the supernatant was dis-
carded, and the beads were resuspended in 600 pL 0.1% (vol/vol) Nonidet
P-40 and transferred to a centrifuge column (Thermo Fisher Scientific) recom-
bining the two portions of one sample. Beads were washed with 2 x 600 pL
0.1% (vol/vol) Nonidet P-40, then with 3 x 600 pL PBS and with 3 x 600 puL
water; after every washing step, the solutions were removed by suction. The
columns were transferred into LoBind tubes, and peptides were eluted with
400 pL (in three batches) 50% (vol/vol) acetonitrile, 0.1% (vol/ivol) formic acid in
water with centrifugation (5,000 x g, 3 min). Solvents were removed in a speed
vac, and dry peptides were stored at —80 °C until analysis.

Co-IP. For details on Co-IP experimental procedures and antibody generation,
see S/ Appendix, Supplementary Methods.

Peptide Reconstitution (All Proteomics Experiments). Dry peptides were
reconstituted in 30 pL 1% (vol/vol) formic acid with vortexing and in a sonica-
tion bath (10 min) and filtered through centrifugal filters (0.22 um, Durapore,
polyvinylidene fluoride, Merck KGaA) pre-equilibrated with 300 pL 1% (vol/
vol) formic acid (16,249 x g, 2 min, RT). For details on MS instrument settings
and MS data analysis, see S/ Appendix.

Plasmid Construction and Protein Purification. For a detailed description of
the construction of the V. campbellii AcheW knockout strain, the plasmid cod-
ing for N-terminally His6-tagged CheW, and CheW purification, see S/
Appendix, Supplementary Methods and Tables S6 and S7.

Microscale Thermophoresis. PD-10 desalting columns packed with Sephadex
G-25 resin (GE Healthcare) were used to exchange 6His-CheW protein buffer
to MST buffer [PBS with 0.05% (vol/vol) Tween 20]. Purified CheW was labeled
using the RED-Tris-NTA Labeling kit (NanoTemper Technologies) according to
the manufacturer’s instructions. Ligands were dissolved in MST buffer and
serially diluted. For thermophoresis, a constant concentration of fluorescently
labeled 6His-CheW (100 nM) was mixed with increasing ligand concentrations,
resulting in a final concentration of 50 nM labeled 6His-CheW and final ligand
concentrations in a range of 7.63 nM to 500 M. After 10 min incubation at
RT, followed by centrifugation (10,000 x g, 10 min) to remove aggregates, the
solution was soaked into Monolith NT.115 Series Standard Treated Capillaries.
MST measurements were carried out using a Monolith NT.115 instrument
(NanoTemper Technologies) with 60% light-emitting diode/excitation power
and medium MST power (40%). Three independent measurements were ana-
lyzed (NT Analysis software version 1.5.41, NanoTemper Technologies) using
the signal from Thermophoresis + T-Jump.

3D Motility Assay. First, 20 uL bacterial culture was added to 1 mL Tris/Mg/

NacCl buffer (TMN) (50 mM Tris/HCl, pH 7.4, 5 mM glucose, 100 mM NacCl, 5
mM MgCI2) containing EPI at the specified concentration, mixed gently, and
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left on the bench for 30 min. The solutions were then flowed into sample
chambers, consisting of three layers of parafilm as spacers between a micros-
copy slide and a #1 coverslip that had been heated and pressed to seal. After
filling, the ends of the filled chamber were sealed with molten valap (a mix-
ture of vaseline, lanolin, and paraffin) and immediately brought to the micro-
scope for recording, all within 60 min of dilution from the day culture. EPI was
diluted into TMN from a 50 mM stock solution in DMSO stored at —20°C
within 3 h before the experiment.

3D Chemotaxis Assays. Cells were prepared as for 3D motility assays. For glu-
cose chemotaxis experiments, glucose was omitted in the motility medium
TMN. Then, 3D chemotaxis experiments were performed using a high-
throughput chemotaxis assay (50) using a commercially available microfluidic
device (Ibidi) consisting of two 65-pL reservoirs connected by a 1-mm-long
channel with a height of 70 pm and a width of 1 mm. V. campbellii cultures
were diluted into chemotaxis buffer without (creating solution A) or with the
putative chemoattractant (creating solution B) to a target ODggo of 0.008 for
EPI gradients or ODggo 0.005 for serine and glucose gradients. Chemotaxis
buffer consisted of TMN, with an added background of EPI or PE for some
experiments as specified, and without glucose for glucose gradients. Chemo-
attractants included EPI, L-serine, and D-glucose at the specified concentra-
tions. First, the entire microfluidic device was overfilled with solution A. Then,
the content of one reservoir was exchanged by solution B. A linear chemical
gradient was established in the narrow channel between reservoirs within
~30 min and stable for several hours. About 40 to 60 min after closing the
device, 3D bacterial trajectories were acquired in the middle of this gradient.
For experiments with EPI gradients, EPl was prepared as a 40 mM stock in
TMN within 3 h before the experiment. For serine chemotaxis experiments,
EPI was prepared as 20 mM stock in TMN within 3 h before the experiments.
For glucose chemotaxis experiments, EPI and PE were prepared as 60 mM
stock in water within 3 h before the experiment. For data acquisition and
analysis of 3D trajectories, see S/ Appendlix.

Chemotaxis Capillary Assay. The capillary assay was performed following a
published protocol (51) adapted for Vibrio species (58, 59). Briefly, V. campbel-
lii overnight cultures were diluted into LB35 medium (1:100) and grown to
ODgoo 0.5. The cells were gently washed three times (10 min, 2,000 x g) and
resuspended in Hepes-buffered artificial seawater [H-ASW: 100 mM MgSQO,,
20 mM CaCl,, 20 mM KCl, 400 mM Nacl, and 50 mM Hepes (pH 7.5)] (60). The
ODggo Was adjusted to 0.1, and 200 pL culture was transferred into a 96-well
plate. The plate was covered with three layers of parafilm, and the open end
of a flame-sealed 1-uL capillary (64 mm, Drummond Scientific) was inserted
into the bacterial suspension. The capillaries were filled with either H-ASW
alone or with attractants dissolved in H-ASW. Solutions containing attractants
and cell suspensions were supplemented with catecholamines and antagonists
as indicated. The hormones were either dissolved in H-ASW or diluted from a
100-fold concentrated stock solution in 0.1 M HCl prepared immediately
before the experiment (EPI and NE) and added directly after the wash steps.
After 60 min incubation at room temperature, the contents of the capillaries
were expelled and plated in appropriate dilutions on LB agar plates contain-
ing carbenicillin. The plates were incubated at 30°C overnight, and colony-
forming units were enumerated. Each experiment was conducted at least
three times with four technical replicates per condition. Statistical significance
was determined using an unpaired two-tailed t test (*P < 0.05, **P < 0.01).

Data Availability. The mass-spectrometry proteomics data have been depos-
ited to the ProteomeXchange Consortium via the PRIDE partner repository
(61) with the dataset identifier PXD029119 (62). All 3D trajectory data are
available on the Harvard Dataverse at https:/doi.org/10.7910/DVN/5JQDEG (63).
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