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Urolithin A (uroA) is a polyphenol derived from the multi-step metabolism of
dietary ellagitannins by the human gut microbiota. Once absorbed, uroA can
trigger mitophagy and aryl hydrocarbon receptor signaling pathways, altering
host immune function, mitochondrial health, and intestinal barrier integrity.
Most individuals harbor a microbiota capable of uroA production; however,
the mechanisms underlying the dehydroxylation of its catechol-containing
precursor (uroC) are unknown. Here, we use a combination of untargeted
bacterial transcriptomics, proteomics, and comparative genomics to uncover
an inducible uroC dehydroxylase (ucd) operon in Enterocloster species. We
show that the ucd operon encodes a predicted molybdopterin-dependent
enzyme complex that dehydroxylates urolithins at a specific position (9-OH).
By interrogating publicly available metagenomics datasets, we observed that
uroC-metabolizing Enterocloster species and ucd operon genes are prevalent in
human feces. In ex vivo experiments with human fecal samples, only samples
actively transcribing ucd could produce uroA, possibly explaining differences
in urolithin metabolism between individuals. Collectively, this work identifies
Enterocloster species and the ucd operon as important contributors to uroA
production and establishes a multi-omics framework to further our mechan-
istic understanding of polyphenol metabolism by the human gut microbiota.

The human gut microbiota is a collection of trillions of microorganisms
that colonize the gastrointestinal tract and play pivotal roles in host
health and disease'. Gut bacteria maintain homeostasis by regulating
host immune cell activity, gut barrier integrity, and nutrient availability>.
One of the main mediators of microbiota-host interactions are microbial
metabolites. Gut bacteria possess an immense metabolic repertoire
(nearly 1000-fold more protein-coding sequences than the human
genome’) to perform four main classes of reactions: hydrolysis, con-
jugation, cleavage, and reduction*”. These ubiquitous reactions have
been linked to microbiota-dependent metabolism of therapeutic
drugs®™, host bile acids®"?, and diet-derived compounds®”™.

Diet is a strong modulator of the composition and function of the
gut microbiota™ . Polyphenols are a diverse class of plant secondary
metabolites found in fruits, vegetables, and nuts (reviewed in ref. 20)
that are poorly absorbed by the host and reach the large intestine
relatively intact’”. Ellagitannins are a large sub-group of polyphenols
that belong to the family of hydrolysable tannins and are characterized
by central glucose (open-chain or pyranose forms) linked to diverse
pyrogallol-like moieties**. Camu camu, a berry rich in the ellagitannin
castalagin, has been shown to impact anti-cancer immunity via the gut
microbiome and is currently in clinical trials in combination with
immune checkpoint inhibitors (NCT05303493, NCT06049576)*.
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Depending on microbiota composition, ellagitannins like castalagin
can be hydrolyzed and reduced by gut bacteria into bioactive meta-
bolites (ellagic acid, urolithins, nasutins) according to different meta-
bolic phenotypes characterized by the terminal metabolites observed
in biological fluids** (Supplementary Fig. 1).

Urolithin A (uroA) is the most common terminal metabolite of ella-
gitannin metabolism and exerts pharmacological activities both locally
(within the gut environment) and systemically following absorption®. In
the gut, uroA can attenuate colitis by increasing the expression of epi-
thelial tight junction proteins via the activation of aryl hydrocarbon
receptor (AhR)-Nrf2 pathways®”. In addition, uroA can enhance immu-
notherapy in murine colorectal cancer models by activating Pinkl-
dependent mitophagy pathways in T cells, improving anti-tumor CD8 + T
cell immunity®, Clinical trials in healthy individuals have demonstrated
that uroA is safe, bioavailable, and can be detected in its aglycone, glu-
curonidated, and sulfated forms in plasma®™?®. Once absorbed by the host,
uroA can trigger mitophagy in muscle cells, improving muscle function in
animal models of ageing and Duchenne muscular dystrophy***. Overall,
uroA can enhance gut barrier integrity, modulate the immune system, and
promote mitochondrial health in the host, thus showing promise as a
postbiotic to treat age-related conditions.

While urolithin metabolites are prevalent in human populations,
few gut bacteria have been reported to metabolize urolithins**>*. Most
known urolithin metabolizers belong to the Eggerthellaceae family
(Gordonibacter urolithinfaciens, Gordonibacter pamelaeae, Ellagibacter
isourolithinifaciens) and can perform multiple metabolic steps in the
urolithin metabolism pathway, yielding either urolithin C (uroC) or
isourolithin A (isouroA) from ellagic acid®. Recently, certain members
of the Enterocloster spp. (Lachnospiraceae family) were reported to
dehydroxylate uroC to uroA and isouroA to urolithin B (uroB) both
in vitro and in vivo***. These findings shed light on the minimal bac-
terial community required for the complete metabolism of ellagic acid
to uroA; however, the genes and enzymes responsible for these
dehydroxylation reactions remain unknown (Fig. 1a).

Here, we use a multi-omics enzyme identification framework to
uncover uroC dehydroxylase (ucd) genes and enzymes in Enterocloster
spp. We find that the UcdCFO enzyme complex specifically dehy-
droxylates 9-hydroxy urolithins and that both metabolizing species
and ucd genes are prevalent and actively transcribed in human feces
during ex vivo metabolism. We further demonstrate that dehydrox-
ylation of urolithins by Enterocloster spp. can inactivate growth-
delaying catechols. Our study sheds light on the genetic and chemical
basis underlying the complex reciprocal interactions between uro-
lithins and the gut microbiota.

Results

A subset of Enterocloster species convert uroC to uroA
Members of the Enterocloster spp. have previously been shown to
dehydroxylate uroC in vitro® and in vivo® under anaerobic conditions
(Fig. 1a, full metabolic pathway in Supplementary Fig. 1). To determine
the prevalence of uroC metabolism within this genus, we incubated a
subset of Enterocloster spp. type strains with uroC and quantified
urolithin concentrations by liquid chromatography-mass spectro-
metry (LC-MS). Of the tested bacteria, only E. asparagiformis, E. bol-
teae, and E. citroniae dehydroxylated uroC to produce uroA (Fig. 1b).
Interestingly, uroC metabolism was not predicted by phylogeny, as
uroC-metabolizing species did not cluster based on single-copy mar-
ker proteins, genomes, or proteomes (Supplementary Fig. 2a, c). Based
on the above results, we chose to perform a more in-depth analysis on
E. asparagiformis and E. bolteae to identify the metabolic gene clusters
involved in uroC dehydroxylation.

A dehydroxylase is upregulated upon uroC treatment
To understand when uroC-metabolizing enzymes were being expres-
sed, we first sought to characterize the kinetics of uroC
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Fig. 1| Urolithin C metabolism is limited to a subset of Enterocloster spp.

a Reaction scheme of uroC dehydroxylation by gut resident Enterocloster spp. via
unknown enzymes. b LC-MS screen of Enterocloster spp. type strains for uroC
dehydroxylation activity. UroC (100 pM) was added to cultures (in mABB +H
media) at the start of growth, and urolithins were extracted after a 24 h anaerobic
incubation and then analyzed by LC-MS. Representative chromatograms

(A =305 nm) for each experimental group (left, from one representative biological
replicate). The same scale was used for each chromatogram. Quantification of
urolithin peak areas relative to a salicylic acid internal standard (IS) (right, n=3
biological replicates). Coloring for uroC-metabolizing is consistent throughout the
manuscript: E. asparagiformis (red), E. bolteae (blue), E. citroniae (orange). Data are
represented as mean + SEM. Source data are provided as a Source data file.
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dehydroxylation in rich media (mABB + H). Therefore, a simultaneous
growth and metabolism experiment was designed, whereby uroC (or
its vehicle, dimethyl sulfoxide (DMSO)) was spiked into E. aspar-
agiformis and E. bolteae cultures during the exponential phase of
growth. Urolithin metabolites were then measured by LC-MS (Fig. 2a).
Treatment with uroC during the exponential phase did not affect the
growth of either bacterium compared to the DMSO control (Fig. 2b). In
both bacteria, quantitative conversion of uroC to uroA occurred within
4 h post-spike-in (Fig. 2c, d), demonstrating that metabolism in rich
media is fast and robust.

We next sought to determine whether uroC metabolism is induci-
ble or constitutive. To test for inducibility, both bacteria were treated
with DMSO or uroC during exponential growth, then washed and
resuspended in PBS, yielding cell suspensions unable to synthesize new
proteins. Although minor uroA production (3.0 + 0.4 uM) was observed
in DMSO-induced E. asparagiformis following uroC treatment, metabo-
lism of uroC to uroA was inducible as cells originating from bacteria
grown with uroC were capable of quantitative uroA production (Fig. 2e).
Consequently, we performed RNA sequencing to compare gene
expression in DMSO and uroC-treated cultures of E. asparagiformis and
E. bolteae. Since uroA was detected in both bacterial cultures as soon as
2 h post spike-in (Fig. 2c), this timepoint was selected to isolate mRNA.
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Fig. 2 | Urolithin C treatment upregulates a putative dehydroxylase operon.
a Experimental design of uroC spike-in experiments during exponential growth.
For each biological replicate in this design, (b) growth, (c, d) metabolism, (f, g) and
RNA-seq results are matched. b Growth curve (optical density (OD) at 620 nm) of
DMSO or uroC-spiked E. asparagiformis (Ea) and E. bolteae (Eb) cultures (n=4
biological replicates). ¢ Representative chromatograms (1=305 nm) of cultures
sampled 2 h post-spike-in (from one representative biological replicate). The same
scale was used for each chromatogram. IS, internal standard. d Quantification of
urolithin concentrations over 4 h in uroC-spiked Ea and Eb type strain cultures

(n =4 Dbiological replicates). e Quantification of urolithin A concentrations in DMSO-
or uroC-treated Ea and Eb cell suspensions. The treated cells were washed and
resuspended in PBS to halt the production of new enzymes, then treated with
DMSO or 100 pM uroC (n = 3 biological replicates). f, g Manhattan plots of genes
altered by uroC treatment in (f) £a and (g) Eb based on DESeq2 (two-sided) analysis
(n=4 biological replicates for each bacterium). Data points are colored according

to their adjusted P-value (based on the Benjamini-Hochberg-corrected Wald sta-
tistic). The genomic organization around the differentially expressed genes is
depicted above the Manhattan plots. Genes are colored according to their log,fold-
change (log,FC) values. h Primer (forward (F) and reverse (R)) design for RT-PCR (i)
experiment targeting the Eb ucd metabolic gene cluster (MGC). i 1% agarose gel
image of RT-PCR amplicons using primers (h) that span the full-length (- 3.6 kb) Eb
ucd MGC (from one biological replicate). NTC, no template control. j RT-qPCR
expression of each gene in the £b ucd operon following treatment with DMSO or
uroC (100 pM) for 2 h (n =3 biological replicates). Gene expression profiles of each
target gene in the £b ucd gene cluster displayed as log,FC with lines connecting
paired biological replicates; repeated-measures one-way ANOVA with Tukey’s
multiple comparisons test. Exact P-values are noted above the data points. Data are
represented as mean + SEM (behind symbols) in (b, d, ). Source data and statistical
details are provided as a Source data file.

RNA sequencing of uroC-induced cultures revealed a distinct
gene cluster, which we term uroC dehydroxylase (ucd), that was
highly and differentially expressed (log,FC >8) in both E. aspar-
agiformis (Fig. 2f) and E. bolteae (Fig. 2g). In both bacteria, these
clusters contained adjacent genes that were expressed to similar
log,FC values: a xanthine dehydrogenase family protein (subunit
M), a (2Fe-2S)-binding protein, and a molybdopterin-dependent
oxidoreductase (Fig. 2f, g). These genes will hereafter be referred
to as ucdC (FAD-binding subunit), ucdF (2Fe2S-binding subunit),
and ucdO (molybdopterin cytosine dinucleotide (MCD)-binding
subunit), respectively. Interestingly, we also observed an upre-
gulation of genes involved in efflux (MepA-like multidrug and
toxin extrusion (MATE) transporters) and iron transport (FecCD-
like) (Fig. 2f, g), suggesting a link between uroC metabolism, iron
uptake, and efflux.

The ucd metabolic gene cluster is organized in an operon

We next sought to characterize the ucd metabolic gene cluster in E.
bolteae since this bacterium is considered a core species of the gut
microbiome®. Based on the proximity, sense, and expression levels of
each of the three genes by RNA-seq (Fig. 2g), we hypothesized that all
three genes in the cluster were organized in an operon. We designed a
gene-specific RT-PCR assay that would enable the detection of full-
length polycistronic ucdCFO genes using cDNA from DMSO- or uroC-
treated E. bolteae as a template (Fig. 2h). An amplicon of the expected
size (- 3.6 kb) was detected only in cDNA derived from uroC-treated E.
bolteae, validating the inducibility of these genes (Fig. 2i). Long-read
sequencing of the obtained amplicon (GenBank PQ855390.1) yielded a
sequence corresponding to the E. bolteae ucdCFO metabolic gene
cluster with 100% identity. Using an independent set of E. bolteae
cultures, we then performed RT-gPCR on DMSO- or uroC-treated E.

Nature Communications | (2025)16:999


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-56266-2

a b
%ID to uroC  uroA
1kb Eb ucd
Converts s
UroC—» UroA +uroC
s__Enterocloster aldenensis D ND
Yes No .
s_Enterocioster pacaense [ 86.6 Mo
1T 1 1 11
s_Enterocioster oironize [l 853 ! o
Retention time (min)
s_Enterocioster botteae  [H 1000
c -
s__Enterocloster clostridioformis |:| ND [urolithin] (M)
+uroC 0 50 100 150
s__Enterocloster lavalensis O ND L L !
I E— ]
. . Media
—— s__Enterocloster asparagiformis = 84.3 -ND
s__Gordonibacter pamelaeae D ND Ep ND
’ s__Gordonibacter urolithinfaciens D ND
Tree scale: 0.1
— s__Ellagibacter isourolithinifaciens O ND ND_not detected
FAD 2Fe-2S Moco
binding binding binding
CO dehydrogenase XDH a/b
flavoprotein, C-terminal hammerhead

Fig. 3 | Urolithin C metabolism correlates with ucd operon prevalence in gut
bacteria. a Maximum likelihood phylogenetic tree (left) of Enterocloster spp. and
catechol-metabolizing Eggerthellaceae based on the Genome Taxonomy Database
(GTDB). Bacteria that convert uroC to uroA are labeled with gray squares. NBCI
Multiple Sequence Aligner viewer hits for BLASTn searches using the £. bolteae DSM
15670 ucd operon nucleotide sequence as a query against the NCBI refseq_genomes
database (right). Domain annotations for each gene are denoted below according
to InterPro annotations for corresponding proteins. ND, Not detected; Moco,

Molybdenum cofactor. b, ¢ In vitro metabolism of uroC by Enterocloster pacaense
(Ep). UroC (100 pM) was added to cultures (in mABB + H media) at the start of
growth, and urolithins were extracted after 24 h anaerobic incubation and then
analyzed by LC-MS. b Representative chromatograms (1 =305 nm) for each
experimental group (from one representative biological replicate). The same scale
was used for each chromatogram. ¢ Quantification of urolithin peak areas relative
to a salicylic acid internal standard (IS) (n =3 biological replicates). Data are
represented as mean + SEM. Source data are provided as a Source data file.

bolteae with all three genes in the putative operon as targets. Similar to
our RNA-seq results, all three genes were highly induced (mean
log,FC>9.7 for all three ucd genes) relative to DMSO controls and
were expressed at the same level (Fig. 2j). These results indicate that
the ucdCFO genes are transcribed as a single polycistronic mRNA and
therefore form a uroC-inducible operon.

The ucd operon is induced by 9-hydroxy urolithins

Next, we aimed to determine the substrate scope of the ucd operon.
Multiple urolithins possess pyrogallol, catechol, and phenol struc-
tural motifs that are dehydroxylated at various positions by gut
bacteria (Supplementary Fig. 1). Interestingly, E. bolteae only meta-
bolizes the 9-position hydroxyl group of urolithins (Supplementary
Fig. 3a-d) and does not require adjacent hydroxyl groups since iso-
uroA is dehydroxylated to uroB (Supplementary Fig. 3d). Since
dehydroxylation of urolithins in E. bolteae is position specific, we
hypothesized that the ucd operon would be induced by other
9-hydroxy urolithins (uroMé6 and isouroA). Therefore, we performed
RT-gPCR on DMSO-, uroMé-, uroC-, or isouroA-treated E. bolteae
cultures using the ucdO gene as a target. Each urolithin significantly
induced the expression of the ucd operon to a similar extent (Sup-
plementary Fig. 3e, f). In addition, E. bolteae cell suspensions induced
with uroC were capable of dehydroxylating uroMé (Supplementary
Fig. 3g) and isouroA (Supplementary Fig. 3h), indicating that the
same proteins induced by uroC can metabolize structurally similar
9-hydroxy urolithins. Thus, it is likely that the same metabolic
enzymes, encoded by the E. bolteae ucd operon, are acting on
9-hydroxy urolithins.

Presence of ucd homologs predicts uroC metabolism

We wondered whether novel metabolizers of uroC could be dis-
covered based on ucd operon or individual Ucd protein sequence
homology. Homology searches using the E. bolteae ucd operon
sequence revealed additional hits: Enterocloster pacaense (many iso-
lates), Enterocloster lavalensis (single metagenome-assembled

genome), and uncharacterized Enterocloster sp005845215 (two iso-
lates) (Supplementary Fig. 4). Of the three hits, we characterized E.
pacaense, also named Lachnoclostridium pacaense in the literature®, as
its type strain was available from culture collections. E. pacaense pos-
sessed genomic sequences with high homology (86.6% nucleotide
identity) and identical functional annotations to the E. bolteae ucd
operon sequence (Fig. 3a). When incubated with uroC, E. pacaense
CCUG 71489 T quantitatively produced uroA (Fig. 3b, c). We searched
for homologs of the E. bolteae ucd in the genomes of urolithin- and
catechol-metabolizing bacteria belonging to the Eggerthellaceae but
could not identify any hits. Notably, Eggerthellaceae lack 9-hydroxy
urolithin dehydroxylase activity®**°, which correlates with an absence
of ucd-like operons in their genomes (Fig. 3a). At the individual protein
level, Ucd proteins from Enterocloster spp. formed clades distant from
related xanthine dehydrogenase family proteins from other taxa
(Supplementary Fig. 5-7).

We next investigated the genomic context surrounding the ucd
operon in all 4 confirmed uroC metabolizers to identify potential
protein coding sequences involved in regulation or transport. In
these bacteria, 5 protein-coding sequences with greater than 60%
amino acid sequence identity were detected in all genomes (Sup-
plementary Fig. 8a). These genes encode a small hypothetical pro-
tein, a putative membrane-associated hypothetical protein, two
macrocin-O-methyltransferases (TylF), and a Crp/Fnr transcriptional
regulator. We then searched for these genes in our RNA-seq datasets
(Fig. 2f, g) and observed that all 5 genes were significantly upregu-
lated upon uroC treatment (Supplementary Fig. 8b, c). While we
cannot validate the function of these protein-coding sequences in
their hosts, we hypothesize that the hypothetical proteins and Crp/
Fnr transcriptional regulator, which can regulate molybdenum
cofactor and xanthine dehydrogenase expression under anaerobic
conditions®, are involved in sensing uroC and upregulating ucd
transcription. Overall, these comparative genomics data indicate that
the presence of a ucd operon in genomes predicts uroC metabolism
by gut bacteria.
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Molybdopterin cofactor biosynthesis is upregulated by uroC

In addition to the three genes in the ucd operon, we observed a sig-
nificant increase (log,FC >2.6) in 9 molybdopterin cytosine dinucleo-
tide (MCD) biosynthesis genes upon uroC treatment (Fig. 2f, g and
Supplementary Fig. 9a). These 9 genes, which recapitulate the function
of 10 genes in E. coli, are involved in molybdenum cofactor biosynth-
esis (moaAC, mogA, moeA), molybdate ion transport (modABCE),
cytosine addition to the molybdenum cofactor (mocA), and MCD
cofactor insertion into the active site (xdhC) (Supplementary Fig. 9b)*’.
All 9 genes cluster in the genomes of E. asparagiformis and E. bolteae
and are organized into 2 adjacent operons (Supplementary Fig. 9c)
that are induced upon uroC treatment. These findings imply that uroC
dehydroxylation is MCD-dependent, which differs from the predicted
bis-molybdopterin guanine dinucleotide (bis-MGD) requirement of
catechol dehydroxylases in Eggerthellaceae'™™.

The UcdCFO complex enables anaerobic electron transport
Since oxidoreductases utilize a variety of cofactors and coenzymes for
catalytic activity, we sought to determine the redox coenzymes and
conditions necessary for uroC dehydroxylation. Therefore, we per-
formed metabolism assays using crude lysates from uroC-induced E.
bolteae. As these crude lysates alone did not metabolize uroC, various
redox coenzymes (NADP +, NAD +, FAD, NADPH, NADH, and FADH,)
were added to lysates to test uroC dehydroxylation (Fig. 4a). We
additionally included a reducing agent, sodium dithionite (Na,S,04),
and a potential electron donor, sodium formate (HCO,Na), as controls.
NAD(P)H-treated lysates significantly dehydroxylated uroC to uroA
compared to the no cofactor control. However, aerobic incubation of
crude lysates supplemented with NAD(P)H completely inhibited uroC
dehydroxylation (Fig. 4a), indicating that the active enzyme complex
requires a strictly anaerobic environment for dehydroxylation.

To confirm that ucd operon-encoded proteins were expressed in
E. bolteae crude lysates, we performed untargeted proteomics and
compared protein expression upon DMSO or uroC treatment. All 3
proteins encoded by the ucd operon (UcdC, UcdF, and UcdO) were the
most differentially expressed proteins in the uroC treatment group
(Fig. 4b). In addition, proteins involved in MCD biosynthesis were
strongly increased upon uroC treatment (Fig. 4b, c and Supplementary
Fig. 9a), pointing to the coordination between MCD biosynthesis and
active Ucd oxidoreductase assembly. These multi-omics datasets
implicate all three ucdCFO and MCD biosynthesis genes in the meta-
bolism of uroC to uroA, as demonstrated by the strong positive cor-
relation  between  transcript  and protein  differential
expression (Fig. 4c).

To validate the function of the E. bolteae ucd operon (Fig. 4d), we
attempted heterologous expression of E. bolteae UcdCFO in E. coli;
however, all expression and activity assays were unsuccessful despite
the inclusion of mocA and xdhC genes involved in MCD maturation in
our expression plasmids. This lack of activity likely resulted from the
choice of heterologous host and from the complex assembly of active
molybdoenzymes*°. We therefore attempted to express UcdCFO in a
phenol-degrading soil bacterium, Rhodococcus erythropolis, using a
thiostrepton-inducible expression system* (pTipQC2-ucdCFO, Sup-
plementary Fig. 10a, b), previously used to express the anaerobic E.
lenta Cgr2 protein*’. Despite the poor yield of soluble Ucd proteins
(Supplementary Fig. 10c, d), we observed dehydroxylation of
9-hydroxy urolithins (uroM5, uroMé, uroD, uroC, and isouroA) in
NADH-treated crude lysates of R. erythropolis transformed with
pTipQC2-ucdCFO, but not in lysis buffer or no insert controls
(pTipQC2) (Fig. 4e and Supplementary Fig. 11a-i).

Contrary to what was observed in E. bolteae, NADH supple-
mentation was not strictly required in this heterologous system,
though additional NADH significantly improved uroA production
(Supplementary Fig. 11j). In an attempt to validate the NADH require-
ment of UcdCFO, we constructed a UcdO-His, fusion protein through

site-directed mutagenesis (Supplementary Fig. 12a, b). Although UcdO-
Hisg and its associated proteins could be enriched by affinity chro-
matography (Supplementary Fig. 12¢), we could not demonstrate a
strict NADH requirement in this heterologous system as fractions
enriched in UcdO (and associated proteins) were capable of uroC
dehydroxylation in the absence of additional NADH (Supplementary
Fig. 12d). These heterologous expression experiments thus confirm
that the ucd operon confers 9-hydroxy urolithin dehydroxylase activity
that can be enhanced through NADH supplementation.

To gain an understanding of the structural organization of pro-
teins encoded by the E. bolteae ucd operon, we performed structural
modeling using AlphaFold3 (AF3)***‘. By inputting a single copy of
each Ucd protein, AF3 predicted a heterotrimeric UcdCFO enzyme
complex (Fig. 4f) with a configuration similar to crystal structures of
xanthine dehydrogenase/oxidase family proteins: 4-hydroxybenzoyl-
CoA reductase from Thauera aromatica (Ta 4-HBCR)* (Fig. 4g), carbon
monoxide dehydrogenase from Afipia carboxidovorans OM5 (Ac
CODH)*¢, and bovine milk xanthine dehydrogenase from Bos taurus (Bt
XDH)*” (Supplementary Fig. 13a-d). Structural superposition of the
AF3 model onto Ta 4-HBCR, an anaerobic enzyme that dehydroxylates
4-hydroxybenzoyl-CoA to benzoyl-CoA, revealed that these enzymes
have minor differences in the FAD-binding subunit (Eb UcdC and Ta 4-
HBCRp) as Ta 4-HBCR[ has an additional loop that binds a 4Fe-4S
cluster (Supplementary Fig. 13e)*. However, iron-sulfur- (Eb UcdF and
Ta 4-HBCRy) and MCD- (Eb UcdO and Ta 4-HBCRa) binding subunits
shared conserved 2Fe-2S and molybdopterin cofactor binding
domains, respectively. The predicted UcdCFO enzyme complex with
superposed ligands from Ta 4-HBCR supported a complete electron
transport chain whereby electrons would flow from reduced FAD to
two 2Fe-2S clusters, then to the MCD cofactor, and finally to uroC as
the terminal electron acceptor (Fig. 4h and Supplementary Fig. 13f, g).
Using homology modeling, we further identified the putative uroC
binding site in UcdO, which overlaps with the salicylic acid (inhibitor)
binding site in the Bos taurus xanthine dehydrogenase structure
(Supplementary Fig. 13h). The putative uroC binding site in £b UcdO
was densely populated with aromatic residues like tyrosine (Y375,
Y536, Y624, Y632), tryptophan (W345), and phenylalanine (F458,
F464), which could form -t stacking interactions with uroC, orienting
it toward the molybdenum cofactor (Supplementary Fig. 13i). In
addition, a conserved glutamate residue (E741), essential for catalytic
activity in both mammalian and bacterial xanthine dehydrogenase
family proteins*®*°, was placed near the MCD-binding site (Supple-
mentary Fig. 13h-j). Altogether, the predicted AF3 UcdCFO complex
shares structural features with xanthine dehydrogenase family pro-
teins, likely following a similar electron transfer mechanism to Ta
4-HBCRp.

Disruption of the uroC catechol rescues lag time extension

To further investigate the physiological role of urolithin dehydrox-
ylation in Enterocloster spp., we performed growth experiments in
different media conditions. We observed a concentration-dependent
increase in lag time for all uroC-metabolizing bacteria when uroC was
added prior to growth in rich medium containing hemin (mABB + H)
(Fig. 5a, b). As catechols are common structural motifs in iron-binding
siderophores®®, we hypothesized that uroC could be altering iron
availability (or vice versa) in the growth medium via its catechol moi-
ety. Incubation of Enterocloster spp. in a medium lacking added iron
(mABB) exacerbated the growth delay by uroC (Fig. 5¢ and Supple-
mentary Fig. 14a); however, this growth delay was partially rescued
upon supplementation of different iron sources (hemin, Fe(I)SO4, or
Fe(lll) pyrophosphate) (Fig. 5¢c and Supplementary Fig. 14b, c). To
validate that iron chelation could extend the lag time of Enterocloster
spp., we incubated all four uroC-metabolizers with 2,2-bipyridyl (biP)
in mABB media. As observed with uroC, biP delayed the growth of all
tested bacteria, but supplementation of Fe(I)SO4, or Fe(lll)
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Fig. 4 | The UcdCFO complex enables anaerobic electron transport from NADH
to uroC. a Quantification of urolithin concentrations in crude uroC-induced £b
lysates (n =3 biological replicates) re-treated with DMSO or uroC (350 pM) and
various coenzymes at room temperature under anaerobic or aerobic conditions
for 20 h. Treatments are indicated by gray squares. NAD(P), nicotinamide adenine
dinucleotide (phosphate); FAD, flavin adenine dinucleotide; Na,S,04, sodium
dithionite (reducing agent); HCO,Na, sodium formate (possible electron donor).
Data are represented as mean + SEM; two-way ANOVA with Dunnett’s multiple
comparisons test against the £b lysate incubated with uroC anaerobically (no
coenzyme). Statistical significance is denoted in the plot with exact P-values
when 0.05 > P> 0.0001 (****). b Volcano plot of untargeted proteomics analysis on
DMSO or uroC-treated Eb (n =3 biological replicates). Data points are colored
according to their significance (Fisher’s exact test (two-sided) with Benjamini-
Hochberg correction for multiple comparisons). Gray, P-adj > cutoff P-value
(0.00048). Blue, P-adj < cutoff P-value (0.00048). ¢ Scatter plot showing the cor-
relation between gene and protein expression (log,FC values) induced in uroC-
treated Eb using the datasets in Figs. 2g and 4b, respectively. The non-parametric

Spearman rank correlation test (two-sided) was used for statistical analysis,
approximate P < 0.0001. d Functional domains in the E. bolteae ucd operon based
on InterPro annotations. e LC-MS extracted ion chromatograms (EIC) of uroC ([M-
HJ=243) and uroA ([M-H] =227) from a representative anaerobic uroC dehy-
droxylation assay using crude lysates of R. erythropolis harboring either pTipQC2
(no insert) or pTipQC2-ucdCFO plasmids. Crude lysates were supplemented with
2 mM NADH and incubated anaerobically for 72 h at room temperature.

f Quaternary structure prediction of the proteins encoded by the Eb ucd operon
using AlphaFold3 (AF3). Small molecule ligands from the X-ray crystal structure of
PDB 1RM6 (4-hydroxybenzoyl-CoA reductase from Thauera aromatica) were
placed into UcdCFO through structural superposition. Subunits are colored in
shades of blue. g X-ray crystal structure of PDB 1RM6 (4-hydroxybenzoyl-CoA
reductase from Thauera aromatica). A single oy unit (colored in shades of orange)
of the (afly), heterohexamer is shown. h Small molecule ligands from PDB 1RM6 in
the superposed UcdCFO model. Source data and statistical details are provided as
a Source data file.

pyrophosphate could partially rescue growth delay (Supplementary
Fig. 14c). Interestingly, uroA, which lacks a catechol moiety, did not
impact the growth of the tested bacteria in either mABB or mABB + H
media compared to uroC (Fig. 5c and Supplementary Fig. 14a, b). We

therefore screened a panel of catechol- and/or pyrogallol-containing
urolithins (uroMS5, uroMé, uroD, and uroC) along with some of their
dehydroxylated products (uroM7, uroA, isouroA, uroB) (Fig. 5d) to test
whether these structural features impacted lag time. Overall, catechol-
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Fig. 5 | The catechol moiety of uroC delays Enterocloster spp. growth. a Growth
curves (optical density (OD) at 620 nm) of uroC-metabolizing Enterocloster spp.
treated with increasing concentrations of uroC in rich mABB + H media (7.7 pM
hemin) (n =3 biological replicates). Data are represented as mean + SEM.

b Quantification of the difference in lag time compared to the DMSO control for
growth curves in (a). Data are represented as mean + SEM; lines were fitted using
simple linear regression. ¢ Quantification of the difference in lag time of Enter-
ocloster spp. grown in mABB (no added iron) or mABB +H (7.7 uM hemin) com-
pared to respective DMSO controls for growth curves in Supplementary Fig.14a, b
(n=3 biological replicates). Data are represented as mean + SEM; repeated mea-
sures two-way ANOVA (matching by biological replicate) with Tukey’s multiple
comparisons test. Statistical significance is denoted in the plot with exact P-values
when 0.05 > P>0.0001 (***). d Structures of tested urolithins. e Quantification of
the difference in lag time of Enterocloster spp. grown in mABB (no added iron)

| ouroC @ uroA O 8,9-di-0-methyl-uroC|

treated with 100 pM urolithins in (d) compared to respective DMSO controls (n=3
biological replicates). Data are represented as mean + SEM; repeated measures two-
way ANOVA (matching by biological replicate) with Tukey’s multiple comparisons
test (main treatment effect). P-values for comparisons are provided in the Source
data file. f Growth curves (OD at 620 nm) of uroC-metabolizing Enterocloster spp.
grown in mABB media and treated with DMSO (vehicle), 100 uM of uroC, uroA, or
8,9-di-O-methyl-uroC (n =3 biological replicates). Data are represented as mean +
SEM. g Quantification of the difference in lag time compared to the DMSO control
for growth curves in (f). Data are represented as mean + SEM; repeated measures
two-way ANOVA (matching by biological replicate) with Tukey’s multiple compar-
isons test. Statistical significance is denoted in the plot with exact P-values

when 0.05 > P>0.0001 (***). Source data and statistical details are provided as a
Source data file.

and/or pyrogallol-containing urolithins delayed growth more than
their dehydroxylated counterparts (Fig. 5e). This effect was most
apparent when comparing Ucd substrates and products (uroMé to
uroM7 and uroC to uroA). Curiously, uroM5 (catechol and pyrogallol
moieties) delayed growth less than uroC (catechol alone), suggesting
that compound polarity and other physicochemical properties may
influence lag time extension. To further confirm that the catechol
moiety of uroC was responsible for delaying growth, we synthesized a
methylated analog of uroC (8,9-di-O-methyl-uroC, Fig. 5d and Sup-
plementary Fig. 15a-f), and tested its effect on growth in mABB med-
ium. Like uroA, 8,9-di-O-methyl-uroC did not delay the growth of uroC-
metabolizing bacteria (Fig. 5f, g). These data demonstrate that both
the catechol moiety of uroC and iron availability are determinants of
uroC-mediated lag phase extension in Enterocloster spp.
Dehydroxylation of catechols by gut bacteria has been observed
for diverse classes of compounds like neurotransmitters, therapeutic
drugs, and diet-derived polyphenols*. Although catechol

dehydroxylation can provide a growth advantage in some species™, we
hypothesized that dehydroxylation could be a mechanism used by gut
bacteria to inactivate catechol-containing compounds that affect their
fitness. To determine whether diverse catechols can delay growth,
uroC-metabolizing bacteria and the dopamine-metabolizing Fgger-
thella lenta A2 were incubated with catechol-containing compounds
and their dehydroxylated counterparts: uroC (uroA), entacapone,
dopamine (m-tyramine), caffeic acid (m-coumaric acid) (Supplemen-
tary Fig. 16a). Surprisingly, neither dopamine nor caffeic acid (and their
dehydroxylated counterparts) delayed the growth of the tested bac-
teria (Supplementary Fig. 16b). On the other hand, both uroC and the
nitrocatechol-containing Parkinson’s drug entacapone delayed the
growth of Enterocloster spp. but did not affect E. lenta A2 (Supple-
mentary Fig. 16b)®. Thus, catechol-containing compounds show dif-
ferential effects on the growth of gut bacteria, depending on their
structure. These results prompted us to investigate the effect of uroC
on a more diverse panel of gut bacteria including E. aldenensis, E.
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Fig. 6 | The ucd operon is prevalent in metagenomes and actively transcribed in
urolithin C-metabolizing human fecal samples. a Prevalence of ucd operon (at
least one gene) and of a uroC-metabolizing species (at least one species) in fecal
metagenomes from the CuratedMetagenomicData R package. Only studies with
>200 participants are depicted. All 86 studies are available in Supplementary
Fig.17. b Summary of urolithin concentrations in human fecal slurries (n =10
healthy donors) incubated with 100 pM uroC for 48 h. Data are represented as
mean + SEM (n =3 experimental replicates). Participants (5 female, 5 male) were
aged 21-43 years with BMI between 18.1-26.3. ¢ Summary of urolithin concentra-
tions in fecal slurries (n =10 healthy donors) incubated with 100 uM uroC for 48 h.
The presence of uroC-metabolizing species and of the ucd operon is denoted above
the graph if the bacterium or operon was detected in the uroC-treated fecal slurry

(Supplementary Fig. 18b, f, g). Data are representative of 1 replicate for each donor
where DNA and RNA were also extracted from fecal slurries. d, e ucd gene-specific
RT-PCR on fecal microbiota communities from 10 healthy donors using the primer
set described in Fig. 2h. Samples are matched to the urolithin metabolism data in
(c) and 16S rRNA sequencing in Supplementary Fig. 18a-e (all from 1 replicate for
each donor). 1% agarose gel of amplicons derived from (d) uroC-metabolizing and
(e) non-metabolizing fecal slurries. Bands corresponding to the E. bolteae ucd
operon (- 3.6 kb) are labeled with red arrows. The no template control (NTC) is the
same for (d, e). See Supplementary Fig. 18h, i for the no reverse transcriptase
control PCR reactions on the same samples. Source data are provided as a Source
data file.

clostridioformis, and E. lavalensis, which do not metabolize uroC, along
with Gordonibacter spp., which produce uroC from dietary ellagic
acid®. Treatment with uroC delayed the growth of E. aldenensis, E.
clostridioformis, and E. lavalensis to varying extents (Supplementary
Fig. 16c); however, there was no difference in growth between the
DMSO-, uroC-, and uroA-treated cultures of Enterococcus faecium and
Gordonibacter spp. (Supplementary Fig. 16d, e). Thus, Enterocloster
spp., regardless of their ability to metabolize uroC, are sensitive to
uroC-mediated lag time extension, while other bacteria are insensitive
to its effects on growth.

Enterocloster spp. and ucd are prevalent in human feces

We next wondered whether uroC-metabolizing Enterocloster spp. and
their ucd operons were prevalent and active in human fecal samples.
We first utilized uniformly processed metagenomic data from the
curatedMetagenomicData R package®. After filtering for fecal samples
(86 studies, n = 21,030 subjects), we counted the prevalence of at least
one uroC-metabolizing species and at least one ucd gene homolog
(Methods). The prevalence of both features was variable across studies
(Fig. 6a for studies with >200 participants, Supplementary Fig. 17a for
all studies). Combining all studies, the prevalence of at least one uroC-
metabolizing species and at least one ucdCFO gene homolog was
9,343/21,030 (44.9%) and 4,356/21,030 (20.7%), respectively. E. bolteae
was the most prevalent and abundant uroC-metabolizing species
detected in gut metagenomes (Supplementary Fig. 17b, ¢) and corre-
lated strongly with overall ucd abundance (Supplementary Fig. 17d).
These findings suggest that uroC-metabolizing Enterocloster spp. and
ucd operon genes are prevalent in human fecal metagenomic samples

and reflect the variable urolithin metabolism profiles (metabotypes) in
the general population®*2,

Next, we performed ex vivo metabolism assays to determine
whether Enterocloster spp. could metabolize uroC in the context of a
complex community. Fecal slurries from 10 healthy individuals were
first profiled according to their uroC metabotypes (Fig. 6b)*. Indivi-
duals clustered into metabotypes A (only uroA produced), B (uroA and
isouroA/uroB), and O (no terminal urolithin metabolites). Stools JL73,
TRO6, and YE96 displayed variable metabolism patterns and did not
metabolize uroC in some experiments, likely reflecting differences in
activity between aliquots of feces (Fig. 6b). We then repeated meta-
bolism assays using fecal slurries from all 10 healthy individuals and
extracted urolithins, DNA, and RNA from each culture. In this experi-
ment, only 5/10 fecal slurries metabolized uroC to uroA (Fig. 6¢). We
hypothesized that differences in metabotypes could be explained by
microbial composition. Therefore, long-read V1-V9 16S rRNA sequen-
cing was performed on fecal slurries. Both DMSO- and uroC-treated
fecal slurries within individuals had similar microbial compositions and
diversity metrics (Supplementary Fig. 18a-d) but showed differences
in composition between individuals and metabolism status (Supple-
mentary Fig. 18a, e). Surprisingly, all samples contained 16S rRNA
sequences mapping to E. bolteae, and many non-metabolizing fecal
slurries contained E. asparagiformis (Fig. 6¢c and Supplementary
Fig. 18b). We then assayed genomic DNA from treated fecal slurries for
the presence of the ucd operon by PCR and found that 10/10 indivi-
duals (19/20 conditions) yielded a detectable amplicon of the expected
size (-3.6 kb) (Supplementary Fig. 18f, g). These data indicate that
ex vivo uroC metabolism in fecal samples cannot be reliably predicted
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based solely on the presence of uroC-metabolizing Enterocloster spp.
and ucd operon genes.

We then surmised that the ucd operon would be transcribed only
in fecal slurries actively metabolizing uroC. Using a gene-specific
reverse primer that binds to ucdO (Fig. 2h), the full-length ucd operon
was reverse transcribed and amplified in RNA extracted from DMSO-
and uroC-treated fecal slurries. An amplicon (- 3.6 kb) corresponding
to the ucd operon was only detected in uroC-metabolizing fecal slur-
ries (Fig. 6d) when treated with uroC and entirely absent from non-
metabolizing slurries (Fig. 6e). This amplicon was absent in no reverse
transcriptase controls, indicating no gDNA contamination (Supple-
mentary Fig. 18h, i). These data demonstrate that ucd transcription
correlates with uroC metabolism in complex fecal communities.

Discussion

We identified genes and proteins that are sufficient for the metabolism
of urolithins by gut resident Enterocloster spp. through a combination
of transcriptomics, comparative genomics, and untargeted pro-
teomics. Our study reveals a novel multi-subunit molybdoenzyme
(urolithin C dehydroxylase, Ucd) that specifically catalyzes the dehy-
droxylation of 9-hydroxy urolithins. By screening diverse urolithins,
we observed that dehydroxylation by Ucd was restricted to the
9-position regardless of the number or position of other hydroxyl
groups surrounding it, suggesting that the Ucd active site can speci-
fically orient the 9-position hydroxyl group towards the MCD cofactor.
This selectivity is likely mediated though polar contacts with the
3-position hydroxyl group, which remains intact throughout the uro-
lithin metabolic pathway.

Catechol dehydroxylases are widespread in gut resident Egger-
thella lenta and Gordonibacter spp'®'**. These molybdoenzymes,
which belong to the DMSO reductase superfamily®, dehydroxylate
substrates like catechol lignan (Cldh), dopamine (Dadh), DOPAC
(Dodh), hydrocaffeic acid (Hcdh), and caffeic acid (Cadh). E. lenta
dehydroxylases are predicted to form a complex composed of a bis-
MGD binding enzyme (substrate binding), a 4Fe-4S cluster-containing
protein, and a membrane anchor protein. Indeed, most catechol
dehydroxylases from E. lenta are predicted to be exported from the
cytoplasm (via the twin-arginine protein transport pathway) and
anchored to the membrane. In contrast, Gordonibacter spp. catechol
dehydroxylases, composed of a bis-MGD binding enzyme (substrate
binding) and a 4Fe-4S cluster-containing protein, are likely restricted
to the cytosol, requiring transporters to access their substrates™.
Despite catalyzing dehydroxylation reactions, dehydroxylases from
the xanthine dehydrogenase family, like Ucd and Thauera aromatic
4-HBCR®, differ significantly from DMSO reductase family dehydrox-
ylases in their subunit composition, cofactors, and coenzymes. Xan-
thine dehydrogenase family enzymes are often found as
heterohexamers in an (afy), configuration*®. In each «py heterotrimer,
a complete electron transport chain is formed between the FAD-
binding B subunit, the 2Fe-2S cluster-containing y subunit, and the
MCD-binding a subunit, enabling substrate reduction. Based on our
metabolism studies in E. bolteae and R. erythropolis, we propose that
NAD(P)H can serve as electron donors for urolithin dehydroxylation;
however, alternative low-reduction potential electron donors, like
ferredoxins, may also be suitable®.

By identifying the genetic basis for uroC metabolism by Enter-
ocloster spp., we found a novel 9-hydroxy urolithin-metabolizing spe-
cies: E. pacaense. Our data suggests that ucd-containing Enterocloster
spp. are some of the main drivers of urolithin A production in the gut
microbiota based on their prevalence in metagenomes and transcrip-
tional activity in uroC-metabolizing fecal samples. However, we cannot
conclude that Enterocloster spp. are solely responsible for this activity.
Rare, strain-specific urolithin A production has been reported for
Bifidobacterium pseudocatenulatum INIA P815*, Streptococcus ther-
mophilus FUA329%, and Enterococcus faecium FUA027%, which may be

a result of horizontal gene transfer since dehydroxylase activity is not
shared by other members of these taxa. In addition, enzymes acting on
the same substrate could arise in phylogenetically distant organisms
through convergent evolution. This is relevant in the context of uro-
lithin dehydroxylases as Ellagibacter isourolithinifaciens can metabo-
lize uroC, albeit at the 8-position hydroxyl group. Thus, further
enzyme discovery efforts are necessary to understand urolithin pro-
duction in these bacteria.

Although multiple urolithin-metabolizing gut bacteria have been
identified, the physiological role of urolithin dehydroxylation has
remained elusive. In this study, uroC, and related catechol and
pyrogallol-containing urolithins, delayed the growth of Enterocloster
spp. when added prior to growth (lag phase). This growth-delaying
activity was most pronounced in media lacking added iron but could
be partially rescued through iron supplementation. These findings
may suggest that uroC is sequestering iron under low iron conditions
through its catechol, leading to a decrease in the concentration of this
micronutrient, similar to a recent study on entacapone*®. However,
alternative explanations like oxidative stress though Fenton
chemistry®”” or complexation of toxic uroC with increasing iron con-
centrations could explain the observed results. We validated that the
growth-delaying activity of uroC was dependent on its catechol moiety
since dehydroxylation to uroA and methylation of the uroC catechol
inhibited lag time extension. Other taxa like E. lenta, Gordonibacter
spp., and E. faecium were unaffected by uroC, suggesting that Enter-
ocloster spp., regardless of Ucd expression, are sensitive to catechol-
containing urolithins, though not to all catechols. Thus, we propose
that urolithin dehydroxylation by Enterocloster spp. may indirectly
limit the toxicity of urolithins by removing their catechol structural
motifs. In Eggerthellaceae, dehydroxylation of catechols can promote
bacterial growth and ATP generation through their use as alternative
electron acceptors***°, Similar mechanisms may apply to Enter-
ocloster spp. as uroC is a terminal electron acceptor, though further
mechanistic work is needed to support this hypothesis.

While uroA is the most common terminal metabolite following
ellagitannin consumption in humans, its production varies widely**. In
our hands, the ability of a fecal sample to produce uroA from uroC
ex vivo did not correlate with the presence nor abundance of wide-
spread uroC-metabolizing Enterocloster spp. or a ucd operon homolog.
This observation could be explained by poor viability, metabolic
inactivity, abundance, or transcriptional repression of Enterocloster
spp. in fecal samples. However, active transcription of the ucd operon
correlated perfectly with metabotypes. These findings further
emphasize the importance of functional assays such as tran-
scriptomics and ex vivo metabolism to understand the metabolism of
xenobiotics by the gut microbiota.

In conclusion, our studies reveal the genetic and chemical basis
for urolithin A production by gut bacteria and broaden our under-
standing of the molecular mechanisms underlying urolithin metabo-
types in human populations. Since diet can modulate gut microbiota
function and host health, elucidating the xenobiotic metabolism genes
encoded by gut bacteria will be key to developing dietary interventions
targeting the gut microbiota.

Methods

Anaerobic bacterial strains and culturing conditions

Bacterial strains and other materials used in this study are listed in
Supplementary Table 1. All bacterial stains were validated by sequen-
cing the 16S rRNA gene. The same culture used for validation was used
to make 25% glycerol stocks. Anaerobic strains were grown from gly-
cerol stocks on mABB +H or BHIS (ATCC Medium 1293) agar plates
(recipe below) for 48-72 h at 37 °C in a vinyl anaerobic chamber, which
was maintained with a gas mixture of 3% H,, 10% CO,, 87% N,. To make
overnight cultures, a single colony was inoculated into 5 mL of liquid
mABB or mABB + H medium and incubated at 37 °C between 16-48 h,
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depending on the bacterium (16-24 h for Enterocloster spp. and E.
faecium, and 48 h for E. lenta and Gordonibacter spp.).

Human fecal sample collection

Human fecal samples were collected under the approval of protocol
A04-M27-15B by the McGill Faculty of Medicine Institutional Review
Board. Informed written consent was received from the participants
for the use of human samples. Participants were compensated with 10
CAD. Eligibility criteria for the healthy participants were as follows: no
diagnosed gastrointestinal disease, no ongoing therapeutic treatment,
and no antibiotic usage 3 months prior to the start of the study. Subject
information was recorded at the time of sampling and is provided in
Supplementary Table 2. Participants (5 female, 5 male) were between
21-43 years old with BMI between 18.1-26.3. Fresh fecal samples were
collected between 2017-2019 and placed immediately in an anaerobic
chamber, aliquoted, and stored at — 70 °C until use.

Modified anaerobe basal broth (mABB and mABB + H)

For 1L of modified anaerobe basal broth (mABB), the following com-
ponents were dissolved in MilliQ water, then autoclaved: 16 g peptone,
7 g yeast extract, 5 g sodium chloride, 1g starch, 1g D-glucose mono-
hydrate, 1g sodium pyruvate, 0.5g sodium succinate, 1g sodium
thioglycolate, 15g agar (for plates). The autoclaved solution was
allowed to cool, then the following filter-sterilized solutions were
added aseptically: 10mL of 100 mg/mL L-arginine-HCI, 10 mL of
50 mg/mL L-cysteine, 8 mL of 50 mg/mL sodium bicarbonate, 50 pL of
10 mg/mL vitamin K1, 20 mL of 50 mg/mL dithiothreitol, and, for
mABB + H, 10 mL of 0.5 mg/mL haemin. The media was then placed in
the anaerobic chamber and allowed to reduce for at least 24 h prior to
its use in experiments.

Genomic DNA extraction of isolates and identity validation

The identities of all bacteria in this study were validated by full-length
(V1-V9) 16S rRNA sequencing. DNA was first extracted from 0.5-1 mL of
overnight culture using the One-4-All Genomic DNA Miniprep Kit
(BioBasic) according to the manufacturer’s instructions. The purified
genomic DNA (2 pL, ~ 20 ng) was used as a template for PCR reactions
(25 pL reaction volume) using the Q5 High-Fidelity polymerase (NEB).
PCR tubes were placed in a thermal cycler and targets (- 1.5 kb) were
amplified according to the following cycling conditions: 30 s at 98 °C,
30 cycles (10 s at 98 °C, 20 s at 60 °C, 45 s at 72 °C), 2 min at 72 °C, and
hold at10 °C. 5 pL of the reaction was mixed with 6X loading buffer and
loaded onto a 1% agarose gel (made with 1X TAE buffer) containing
SafeView Classic (Abm). PCR product sizes were compared to the
ExcelBand 100 bp +3 K DNA Ladder (SMOBIO).

PCR products (-1.5kb) were purified using the Monarch PCR &
DNA Cleanup Kit (NEB) according to the manufacturer’s instructions
for products < 2 kb. Purified 16S PCR products were eluted in nuclease-
free water, quantified using the Qubit dsDNA HS assay kit (Invitrogen),
and adjusted to 30 ng/pL. Samples were submitted to Plasmidsaurus
for long-read sequencing using Oxford Nanopore Technologies (v14
library preparation chemistry, R10.4.1 flow cells).

Treatments with urolithins and other catechols

Treatments used in this study (urolithin M5, urolithin M6, urolithin M7,
urolithin D, urolithin C, urolithin A, isourolithin A, urolithin B, 8,9-di-O-
methyl-urolithin C, dopamine, m-tyramine, caffeic acid, m-coumaric
acid, entacapone, and 2,2-bipyridyl) were dissolved in DMSO to a
concentration of 10 mM.

Treatment prior to growth (metabolism only). Overnight cultures of
bacteria were diluted 1/50 into fresh media. Treatments (10 mM stocks
solutions, dissolved in DMSO) were added to the diluted bacterial
suspension to a final concentration of 100 pM, and samples were
incubated for 24 h at 37 °C in an anaerobic chamber.

Treatment during growth (spike-in). Overnight cultures of Enter-
ocloster spp. were diluted 1/50 into fresh media and incubated at 37 °C
in an anaerobic chamber. After 5h of incubation (- ODg,o from a
200 pL sample ~ 0.4), 10 mM urolithins (or an equivalent volume of
DMSO) were added to the growing cultures at a final concentration of
50 or 100 pM for protein expression or RNA expression, respectively.
For protein expression analyses and inducibility tests, the cultures
were incubated for an additional 4 h. For RNA expression analyses, the
cultures were incubated for an additional 2 h.

Treatment prior to growth (growth curves). Overnight cultures of
Enterocloster spp. were diluted 1/25 into mABB (with or without added
15.4 uM iron source), depending on the experimental design. Sepa-
rately, treatments (10 mM stocks solutions, dissolved in DMSO) were
prepared in mABB (with or without added 15.4 pM iron source) to a
final concentration of 200 pM. In each well of a 96-well plate, 100 pL of
1/25 bacteria and 200 pM treatment were combined. These were pla-
ted in technical duplicates. The final concentration of treatment was
100 uM (unless otherwise specified in concentration-response
experiments), and the final dilution of bacteria was 1/50.

Urolithin extraction from bacterial cultures

Frozen (-70°C) fecal slurries or bacterial cultures were thawed at
room temperature. For quantification of urolithin concentrations,
urolithin standards (stock 10 mM in DMSO) were spiked into separate
media aliquots immediately before extraction.

Extraction method A. This method was used for cultures. Salicylic acid
(3mg/mL in DMSO) was spiked-in as an internal standard at a final
concentration of 50 pg/mL. The cultures and standards were then
extracted with 3 volumes of ethyl acetate + 1% formic acid (e.g., 600 pL
solvent to 200 uL thawed culture). The organic phase (top) was
transferred to a new tube and dried in a vacuum concentrator (Heto
Lab) connected to a rotary evaporator (Buchi). After solvent removal,
samples were redissolved in 0.5 volumes (relative to the starting cul-
ture) of 50% MeOH:H,0. Samples were centrifuged at 20,000 x g for
5min to pellet insoluble material, then transferred to LC-MS vials.
Urolithins were then analyzed by LC-MS.

Extraction method B. This method was used for cultures and pre-
induced cell suspensions. Samples were diluted with an equal volume
of MeOH, vortexed briefly, and incubated at room temperature for
10 min. Samples were centrifuged at 20,000 x g for 5min to pellet
insoluble material, then transferred to LC-MS vials. Urolithins were
then analyzed by LC-MS.

Extraction method C. This method was used to extract urolithins from
crude bacterial lysates. Lysates were diluted with 3 volumes of MeOH,
vortexed briefly, and incubated at room temperature for 10 min.
Samples were centrifuged at 20,000 x g for 5min to pellet insoluble
material, then transferred to LC-MS vials. Urolithins were then ana-
lyzed by LC-MS.

LC-MS method to quantify urolithins

Samples (10 pL) were injected into a 1260 Infinity Il Single Quadrupole
LC/MS system (Agilent) fitted with a Poroshell 120 EC-C18 4.6 x 50 mm,
2.7um column (Agilent) incubated at 30°C. The mobile phase was
composed of MilliQ water +0.1% formic acid (solvent A) and acetoni-
trile + 0.1% formic acid (solvent B). The flow rate was set to 0.7 mL/min.
The gradient was as follows: 0-8 min: 10-30 %B, 8-10 min: 30-100 %B,
10-13.5min: 100 %B isocratic, 13.5-13.6min: 100-10 %B, then
13.6-15.5min: 10 %B. The multiple wavelength detector was set to
monitor absorbance at 305 nm. The mass spectrometer (API-ES) was run
in the negative mode in both selected ion monitoring (SIM) and scan
(100-1000 m/z) modes to validate peak identities. The capillary voltage
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was set to 3000V, drying gas to 10.0 L/min, nebulizer pressure to
30 psig, and drying gas temperature to 350 °C. Peaks were validated
based on retention times compared to spike-in standards and mass-to-
charge ratios. To quantify urolithins, integrated peak areas (derived
from Agilent ChemStation software) for the compounds of interest were
compared to spike-in standards of known concentrations. When stan-
dards were not available or overlapped with other peaks, the extracted
ion chromatogram peak area was used: urolithin M5 ([M-H]: 275), uro-
lithin E ([M-HT: 259), urolithin D ([M-H]: 259), urolithin M7 (IM-H]: 243),
urolithin M6 ([M-H]: 259), urolithin C ([M-H]: 243), urolithin G ((M-H]:
243), urolithin A ([M-HJ: 227), isourolithin A ([M-H]: 227), urolithin B ([M-
HJ: 211). Blank runs of 50% MeOH were included at the beginning and
end of LC-MS sequences to ensure proper column washing,.

Cell suspension assay to test inducibility

E. asparagiformis and E. bolteae (10 mL growing cultures in mABB + H
media) were grown with 50 pM uroC (or an equivalent volume of
DMSO) as detailed in the Treatment during growth (spike-in) section
above and incubated for 4 h at 37 °C. Cultures were then pelleted at
6500 x g for 3 min, and the supernatants were discarded. The cells
were washed with 10 mL of pre-reduced PBS (placed in the anaerobic
chamber 24 h before), re-pelleted, and resuspended in 2 mL of pre-
reduced PBS. For each condition tested, a 200 pL aliquot of the cell
suspension was transferred into a sterile 1.5 mL tube, and 10 mM uro-
lithins (uroM6, uroC, isouroA, or DMSO) were added at a final con-
centration of 100 uM. Cell suspensions were briefly vortexed and
incubated at room temperature in the anaerobic chamber for 16 h
prior to freezing and urolithin extraction using Extraction Method B.

RNA extraction from isolates

A volume of 1.5 mL of treated (100 pM urolithin C for 2 h) Enterocloster
spp. culture (see Enterocloster spp. urolithin C treatments) was pelleted
(6500 g for 3 min), and the supernatant was removed for later LC-MS
analysis. The pellet (suspended in 200 pL of media) was then mixed
with 800 pL TRI reagent (Zymo Research) and transferred to a ZR
BashingBead lysis tube (Zymo Research). Samples were lysed in a Mini
Beadbeater 16 (Biospec) according to the following sequence: 1 min
ON, 5 min OFF. For RNA sequencing, bead beating was done for a total
of 5min ON. For RT-(q)PCR, bead beating was done for a total of 2 min
ON to preserve longer transcripts. RNA isolation was then performed
using the Direct-zol RNA Miniprep Kit (Zymo Research) according to
the manufacturer’s instructions (including an on-column DNase
digestion). To ensure complete DNA removal, an additional DNA
digestion step was performed on the isolated RNA using the Ambion
DNA-free DNA Removal Kit (Invitrogen) according to the manu-
facturer’s instructions. The DNA-free RNA was then cleaned up using
the OneStep PCR Inhibitor Removal Kit (Zymo Research). RNA con-
centration and quality were initially verified by NanoDrop and 1 %
agarose gel electrophoresis. For RNA sequencing, RNA integrity was
assessed by Génome Québec using a Bioanalyzer 2100 (Agilent). RNA
integrity (RIN) values ranged between 7.5-7.8 for E. asparagiformis
DSM 15981 and 7.0-7.3 for E. bolteae DSM 15670.

RNA-seq of uroC-treated Enterocloster spp
Total RNA was sent to Génome Québec for library preparation and
RNA sequencing. Briefly, total RNA was prepared for Illumina
sequencing using the NEBNext rRNA Depletion Kit (Bacteria) (NEB) kit
to remove rRNA and using the NEBNext Multiplex Oligos for Illumina
(NEB) kit (stranded/directional). Prepared libraries were quality-
checked with a Bioanalyzer 2100 (Agilent) prior to sequencing.
Sequencing was performed on a NovaSeq 6000 (Illlumina) with the
following flow cell/settings: S4 flow cell, 100bp, 25M reads,
paired-end.

Analysis of RNA-seq reads was done using Galaxy bioinformatics
cloud computing (https://usegalaxy.org/) hosted by Compute Canada

Genetics and Genomics Analysis Platform (GenAP) (https://www.
genap.ca/). Genomes and annotations were fetched from the NCBI
genome browser: E. bolteae (ASM223457v2) (accessed 2022/05/11) and
E. asparagiformis (ASM2514912v1) (accessed 2023/09/19). Raw reads
were first verified for quality using FastQC (v0.73, https://github.com/
s-andrews/FastQC) with default parameters. FastQC reports were
aggregated into MultiQC (v1L11, https:/github.com/MultiQC/
MultiQC)®°. The mean sequence quality scored were above 35 for all
samples. Raw reads were then trimmed using Cutadapt (v3.7, https://
github.com/marcelm/cutadapt)® to trim adapter sequences
(R1 sequence: AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC, and
R2 sequence: AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT) that
were not removed after sequencing using default parameters for
paired-end reads. Trimmed reads were then aligned to reference
genomes for each bacterium using HISAT2 (v2.2.1, https://github.com/
DaehwanKimLab/hisat2)®®> with paired-end parameters and reverse
strandedness (RF). Aligned read counts were assigned to features in
annotation files (.gtf) using featureCounts (v2.0.1)** with the following
parameters: reverse strandedness, count fragments instead of reads,
GFF feature type filter = “gene”, multi-mapping and multi-overlapping
features included (-M -O), minimum mapping quality per read of 0, and
the rest of the parameters were kept as default. Differential gene
expression analysis was then performed using DESeq2 (v2.11.40.7)%*
using default parameters. Differential expression tables were anno-
tated with the Annotate DESeq2/DEXSeq output tables tool (v1.1.0) in
Galaxy to include the following: GFF feature type = “CDS”, GFF feature
identifier = “gene_id”, GFF transcript identifier = “transcript_id”, GFF
attribute to include = “protein_id, product”. The “protein_id” was used
to query the NCBI database and the NCBI Sequence Viewer was used to
investigate the genomic context surrounding genes of interest.

Comparative genomics

The nucleotide sequence for the Enterocloster bolteae DSM 15670 ucd
operon (NCBI NZ_CP022464.2 REGION: complement
(4417875.4421605)) was used as a query for BLASTn (megablast)
searches using the refseq genomes database limited to Bacteria
(taxid:2). The NCBI multiple sequence alignment (MSA) viewer was
used to download alignment figures.

Comparisons between ucd operon genomic contexts were per-
formed using CAGECAT (v1.0, https://cagecat.bioinformatics.nl/)
using the clinker tool for visualization. GenBank files of ucd operon
genomic contexts (E. asparagiformis: NZ_CP102272.1
[3012635.3088318], E. bolteae: NZ_CP022464.2 [4368517.4444988], E.
citroniae: NZ_KQ235877.1[350511.426194], E. pacaense: NZ_1S999946.1
[186864.253810]) were downloaded from the NCBI Sequence Viewer,
and partial genes were trimmed from.gbk files using a text editor to
prevent execution errors in the clinker. The identity threshold was set
to 0.6, and proteins were manually recolored to highlight conserved
features and potential regulators.

Phylogenetic tree construction

Phylogenetic trees based on single copy marker proteins. Trees for
Enterocloster spp. and Eggerthellaceae family members were con-
structed using PhyloT (v2, https://phylot.biobyte.de/index.cgi) using a
pruned tree from the Genome Taxonomy Database (GTDB) for Bac-
teria release 214%. Trees were visualized in iTOL (v7, https://itol.embl.
de/)%e.

Phylogenetic trees based on whole genomes and proteomes. Trees
were constructed using the Type (Strain) Genome Server (TYGS,
https://tygs.dsmz.de)”*® with the following GenBank genome acces-
sions: E. aldenensis (GCA_003467385.1), E. asparagiformis
(GCA_025149125), E. bolteae (GCA_000154365), E. clostridioformis
(GCA_900113155), E. lavalensis (GCA_003024655), E. pacaense
(GCA_900566185). For E. citroniae, the Integrated Microbial Genomes
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ObjectID was used: E. citroniae (2928404274). Further information on
nomenclature and taxonomy was obtained from the List of Prokaryotic
names with Standing in Nomenclature (LPSN, available at https://Ipsn.
dsmz.de). Taxa names in figures were updated according to the GTDB.

Ucd protein phylogenetic trees. The NCBI RefSeq accessions for
UcdC: WP_002569575.1, UcdF: WP_002569574.1, and UcdO:
WP_002569573.1 of Enterocloster bolteae DSM 15670 were used as
queries for BLASTp searches against the refseq_protein database (max
target sequences=250) limited to Bacteria (taxid:2). The FASTA
(complete sequence) files for all 3 queries were downloaded and used
as inputs for multiple sequence alignment using the MAFFT L-INS-i
(v7.525, https://mafft.cbrc.jp/alignment/software/source.html) tool
with the following settings: -maxiterate 1000 -localpair -treeout
—-amino. Outputs were then trimmed using trimAl (v1.4, https://github.
com/inab/trimal) using the -gappyout setting. IQ-TREE (v2.0.7, http://
www.iqtree.org/) was used to construct a maximum likelihood phylo-
genetic tree with the following settings: -st AA -m TEST -bb 1000 -alrt
1000. Trees were visualized in iTOL.

RT-PCR analysis to determine ucd structure

Isolated RNA samples (500 ng) were reverse transcribed using the
LunaScript® RT Master Mix Kit (Primer-free) (NEB) in a reaction volume
of 10puL containing the ucdCFO_RT-PCR_r primer (Supplementary
Table 3) at a final concentration of 1 uM. The No-RT Control included in
the kit was used as a no-enzyme control for reverse transcription. The
reaction mixtures were incubated in a thermal cycler: 10 min at 55 °C,
1min at 95°C. PCR reactions were conducted using the OneTaq 2X
Master Mix with Standard Buffer (NEB). The ucdCFO_RT-PCR primer
pair (Supplementary Table 3) was added to the master mix (to a final
concentration of 0.2uM), and 1uL of template (cDNA, -RT, no tem-
plate, or gDNA) was added for a total reaction volume of 20 uL. PCR
tubes were placed in a thermal cycler, and targets were amplified
according to the following conditions: 20 s at 94 °C, 31 cycles (20 s at
94 °C, 30 s at 62 °C, 3 min at 68 °C), 5 min at 68 °C. A volume of 5 pL of
reaction was directly loaded onto a 1% agarose gel (made with 1X TAE
buffer) containing SafeView Classic (Abm). PCR product sizes were
compared to the Quick-Load® Purple 1kb Plus DNA Ladder (NEB). The
rest of the PCR product was then run on a 1% agarose gel, and bands
corresponding to the desired products were cut out and purified using
the Monarch DNA Gel Extraction Kit (NEB). DNA was quantified using
the Qubit dsDNA HS assay kit (Invitrogen) and submitted to Plas-
midsaurus for long-read sequencing using Oxford Nanopore Tech-
nologies (GenBank PQ855390.1).

RT-qPCR analysis of E. bolteae ucd genes

Isolated RNA samples (500 ng) were reverse transcribed using the
iScript Reverse Transcription Supermix (Bio-Rad) in a reaction volume
of 10 pL. The iScript No-RT Control Supermix was used as a no enzyme
control for reverse transcription (-RT). The reaction mixtures were
incubated in a thermal cycler: 5 min at 25 °C, 20 min at 48 °C, and 1 min
at 95 °C. Both cDNA and -RT controls were diluted 1/20 in nuclease-free
water before use. qPCR reactions were conducted using the Luna
Universal qPCR Master Mix kit (NEB). The Eb_ucdO_gPCR,
Eb_ucdF_qPCR, Eb_ucdC_qPCR, and Eb_dnaK_Ref qPCR primer pairs
(Supplementary Table 3) were added to their respective master mixes
(final primer concentration of 250 nM) and 6.6 or 4.4 pL of diluted
template (cDNA, -RT, no template) were added to 26.4 or 17.6 pL of
master mix for triplicates or duplicates, respectively. All cDNA samples
were run in technical triplicates, while other sample types were run in
technical duplicates. Replicate mixes were pipetted (10 pL/well) into a
MicroAmp Fast 96-Well Reaction Plate (Applied Biosystems), and the
plates were sealed, then spun down for 2 min to eliminate air bubbles.
The qPCR detection parameters were as follows: SYBR Green detec-
tion, ROX reference dye, 10 pL reaction volume. The thermal cycling

conditions were: 1 min at 95 °C, 40 cycles (15s at 95 °C, 30 s at 60 °C),
then melt analysis (60-95 °C). Data were analyzed according to the
224t method® with the dnaK gene serving as the reference gene
(E. bolteae dnaK RNA-seq log,FC = 0.122).

Protein extraction from Enterocloster spp

All steps other than sonication were carried out under anaerobic
conditions. To extract proteins, 10 mL of treated (50 pM urolithin C for
4 h) Enterocloster spp. culture (see Treatment during growth (spike-in))
were pelleted (6500 g for 3 min), and the supernatant was discarded.
The pellet was washed with 10 mL of pre-reduced PBS, pelleted again,
and resuspended in 0.6 mL of pre-reduced lysis buffer. For urolithin
metabolism assays, the lysis buffer was1 X PBS, 1 mM DTT, 1% Triton X-
100, and 1 tablet/100 mL SIGMAFAST protease inhibitor (EDTA-free).
For proteomics, the lysis buffer was 20 mM Tris, pH 7.5, 500 mM Na(l,
10 mM MgS0O,4, 10 mM CaCl,, and 1 tablet/100 mL SIGMAFAST pro-
tease inhibitor (EDTA-free). The resuspended pellet was then soni-
cated on ice using a Misonix Sonicator 3000 set to power level 2/10
according to the following sequence (aerobically, in a cold room): 20 s
ON, 40s OFF, for a total of 2min ON. Tubes were centrifuged at
20,000 x g for 2 min to pellet insoluble particles, and 0.4 mL of lysate
was transferred to a new 1.5mL tube (kept on ice). Lysates used in
metabolism assays were transported to the anaerobic chamber in a
sealed plastic bag containing an anaerobic gas generating system to
minimize loss in activity.

Urolithin metabolism assays in E. bolteae lysates

Protein lysates (described above) were aliquoted (50 pL aliquots) into
1.5 mL tubes, then treated with DMSO or urolithin C (10 mM stock) at a
final concentration of 350 pM. Cofactors (NADPH, NADH, NADP, NAD,
and FAD), each dissolved to a final concentration of 30 mM in lysis
buffer (immediately before the assay was run) were added individually
to the lysates at a final concentration of 1mM. In select samples,
sodium formate (HCO,Na) was added to a final concentration of 2 mM
(from a 40 mM stock solution in lysis buffer) and sodium dithionite
(Na,S,04) was added to a final concentration of 5mg/mL (from a
100 mg/mL stock solution in lysis buffer). The lysates were incubated
at room temperature in an anaerobic chamber for 20 h prior to
freezing at —70°C. Samples were then extracted using Extraction
Method C.

To assess the oxygen sensitivity of crude lysates from uroC-
induced E. bolteae, samples were prepared as described above. After
adding DMSO or uroC and NAD(P)H (under anaerobic conditions),
tubes were either incubated at room temperature inside the anaerobic
chamber or just outside of the chamber for 20 h. Afterwards, samples
were frozen at =70 °C and then extracted using Extraction Method C.

Proteomics analysis of uroC-treated E. bolteae

Extracted proteins were submitted for proteomic analysis at the RI-
MUHC. For each sample, protein lysates were loaded onto a single
stacking gel band to remove lipids, detergents, and salts. The gel band
was reduced with DTT, alkylated with iodoacetic acid, and digested
with trypsin. Extracted peptides were re-solubilized in 0.1% aqueous
formic acid and loaded onto a Thermo Acclaim Pepmap (Thermo,
75um ID X 2 cm C18 3 um beads) precolumn and then onto an Acclaim
Pepmap Easyspray (Thermo, 75um ID X 15 cm with 2 um C18 beads)
analytical column separation using a Dionex Ultimate 3000 uHPLC at
250 nL/min with a gradient of 2-35% organic (0.1% formic acid in
acetonitrile) over 3 h. Peptides were analyzed using a Thermo Orbitrap
Fusion mass spectrometer operating at 120,000 resolution (FWHM in
MSI1) with HCD sequencing (15,000 resolution) at top speed for all
peptides with a charge of 2 + or greater. The raw data were converted
into *mgf format (Mascot generic format) for searching using the
Mascot 2.6.2 search engine (Matrix Science) against Enterocloster bol-
teae DSM 15670 proteins (NCBI assembly GCF_002234575.2) and a

Nature Communications | (2025)16:999

12


https://lpsn.dsmz.de
https://lpsn.dsmz.de
https://mafft.cbrc.jp/alignment/software/source.html
https://github.com/inab/trimal
https://github.com/inab/trimal
http://www.iqtree.org/
http://www.iqtree.org/
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-56266-2

database of common contaminant proteins. Mascot was searched with
a fragment ion mass tolerance of 0.100 Da and a parent ion tolerance
of 5.0 ppm. 0-63 of pyrrolysine, carboxymethyl of cysteine and j + 66
of leucine/isoleucine indecision were specified in Mascot as fixed
modifications. Deamidation of asparagine and glutamine and oxida-
tion of methionine were specified in Mascot as variable modifications.

The database search results were loaded into Scaffold Q + Scaf-
fold 5.0.1 (Proteome Sciences) for statistical treatment and data
visualization. Scaffold (v5.3.0) was used to validate MS/MS based
peptide and protein identifications. Peptide identifications were
accepted if they could be established at greater than 95.0% probability
by the Peptide Prophet algorithm’ with Scaffold delta-mass correc-
tion. Protein identifications were accepted if they could be established
at greater than 99.0% probability and contained at least 2 identified
peptides. Protein probabilities were assigned by the Protein
Prophet algorithm’. Proteins that contained similar peptides and
could not be differentiated based on MS/MS analysis alone were
grouped to satisfy the principles of parsimony. Proteins sharing sig-
nificant peptide evidence were grouped into clusters. Protein quanti-
fication and differential expression were determined in Scaffold using
the following parameters: Quantitative method was set to total spec-
tra, the minimum value was set to 0.5 in case proteins were not
detected in one condition, and statistical tests were performed using
Fisher’s exact test (two-sided) with the Benjamini-Hochberg multiple
test correction at a significance level set to 0.05.

Protein structures and homology modeling

The amino acid sequences (single copies) for the E. bolteae UcdC
(WP_002569575.1), UcdF (WP_002569574.1), and UcdO
(WP_002569573.1) were used as inputs for AlphaFold3 (AF3) modeling
using the AlphaFold server (https://alphafoldserver.com/). In parallel,
the UniProt accession for UcdO (AS8RZR2) was queried in the Alpha-
Fold Protein Structure Database (https://alphafold.ebi.ac.uk/) and the
integrated FoldSeek tool (https://github.com/steineggerlab/foldseek)
was used to generate a list of proteins with similar structures from
solved crystal structures in the Protein Data Bank (PDB)”’. Foldseek hits
of published X-ray crystal structures PDB 1RM6 (4-hydroxybenzoyl-
CoA reductase from Thauera aromatica), PDB 1ZXI (Carbon monoxide
dehydrogenase from Afipia carboxidovorans OMS), and PDB 3UNI
(Xanthine dehydrogenase from Bos taurus) were fetched from the PDB
and imported into PyMOL (v2.4.1). The UcdO subunit (chain C) in the
predicted AF3 UcdCFO complex was superposed onto the following
chains in the published PDBs using the “super” command: PDB 1RMé6:
chain A; PDB 1ZXI: chain B; PDB 3UNI: chain A.

Active site modeling of Bt XDH (PDB 3UNI) was performed by
highlighting (showing as sticks) amino acid residues surrounding the
salicylic acid ligand (active site inhibitor) and key residues identified in
the literature (e.g., E1261). Active site modeling of the AF3 UcdCFO
complex was performed by first superposing the structure onto PDB
1RMS6, as described above. Then, amino acids (from the AF3 UcdCFO
model) surrounding the Mo metal (from 1RM6) were selected and
shown as sticks.

Multiple sequence alignments based on protein sequences of Eb
UcdO (UniProt A8RZR2), Ta 4-HBCDa (UniProt 033819), Ac CoxL
(UniProt P19919), and Bt XDH (UniProt P80457 - amino acids 1-523
removed) were generated in Benchling using the Benchling Clustal
Omega sequence alignment tool (https://benchling.com).

Plasmid construction and transformation

Plasmid construction in E. coli NEB10f. Primers flanking the E. bolteae
ucd  operon (NCBI NZ_CP022464 REGION: comple-
ment(4417875.4421605)) were designed in Benchling using the Pri-
mer3 tool. Tails including 6 bases, followed by restriction sites for Ndel
and Xhol were included on the forward and reverse primers, respec-
tively (ucdCFO: Eb_ucdCFO_Ndel f and Eb_ucdCFO_Xhol_r; ucdCFO-His:

Eb_ucdCFO_Ndelf and Eb_ucdCFO-His_Xholr) (Supplementary
Table 3). In the Eb_ucdCFO-His_Xhol_r primer, the stop codon of ucdO
in the ucd operon was mutated to an alanine, yielding a C-terminal
His¢-tagged protein.

PCR was performed using the Q5 High-Fidelity polymerase (NEB)
with E. bolteae DSM 15670 genomic DNA as a template. The target was
amplified according to the following cycling conditions: 30 s at 98 °C,
30 cycles (10 s at 98 °C, 20 s at 60 °C, 80 s at 72 °C), 2 min at 72 °C. The
ucdCFO PCR product was purified using the Monarch PCR & DNA
Cleanup Kit (NEB) according to the manufacturer’s instructions for
products =2 kb. The resulting purified PCR product and the pTipQC2
plasmid (Hokkaido Systems Science Co.) were digested overnight
(16 h) with Ndel and Xhol (both from NEB) in rCutSmart buffer
according to the manufacturer’s instructions (- 600-1000 ng DNA per
50 pL reaction). Double-digested DNA was migrated on a 0.6% agarose
gel and bands corresponding to the desired products were cut out and
purified using the Monarch DNA Gel Extraction kit (NEB). The purified
products were ligated using the Hi-T4 DNA Ligase (NEB): a ~3:1
insert:plasmid molar ratio ligation reaction was set up on ice, then
incubated at room temperature for 2 h. The ligation mixture (2 uL) was
electroporated (1.8 kV, 25 puF, 200 Q) into 40 pL electrocompetent E.
coli NEB1O cells (according to the Quick-n"-Dirty Electrocompetent E.
coli protocol (dx.doi.org/10.17504/protocols.io.bjpykmpw)) using
0.1 cm gap cuvettes (Bio-Rad). The cuvette was immediately filled with
1mL pre-warmed LB post-shock and cells were allowed to recover at
37 °C for 30 min before plating on LB + 100 pg/mL ampicillin. After an
overnight incubation at 37°C, colonies were picked and grown in
selective LB +100 pg/mL ampicillin. Plasmids were purified using the
Plasmid DNA Miniprep Kit (BioBasic), and size was confirmed with a
diagnostic restriction digest (10 pL reactions). The final plasmid con-
structs (pTipQC2-ucdCFO and pTipQC2-ucdCFO-His) was submitted to
Plasmidsaurus for long-read sequencing using Oxford Nanopore
Technologies (v14 library preparation chemistry, R10.4.1 flow cells)
(GenBank PQ855388.1 and PQ855389.1, respectively).

pTipQC2-ucdCFO transformation into Rhodococcus erythropolis
DSM 43066. Electrocompetent R. erythropolis DSM 43066 were pre-
pared according to a modified protocol from P. Lessard 2002 (Elec-
trocompetent Rhodococcus erythropolis AN12). Briefly, 50 mL LB were
inoculated with 1mL of a stationary phase (48-72h growth from a
single colony) R. erythropolis DSM 43066 culture and grown aero-
bically for 16 h at 30 °C with shaking at 200 RPM. The next day, cells
were pelleted at 5000 x g for 10 min at 4 °C and washed according to
the following sequence: 2 washes of (10 mL of ice-cold sterile MilliQ
water), 10 mL of ice-cold sterile 10% glycerol. The final pellet was then
resuspended in 5 mL of ice-cold sterile 10% glycerol. The resuspended
electrocompetent R. erythropolis DSM 43066 were aliquoted (50 pL/
aliquot), then 3 pL (-~ 0.5-1 pg) of pTipQC2-ucdCFO plasmid was added
to appropriate tubes and incubated for 30 min on ice. Cells with
plasmid were transferred to 0.1cm gap cuvettes (Bio-Rad) and elec-
troporated (1.8kV, 25pF, 200Q). Time constants were between
4.3-4.6 ms. The cuvette was immediately filled with 1 mL LB post-shock
and cells were allowed to recover at 30 °C for 2.5h before plating
100 plL dilutions (1/10 dilution, undiluted, and concentrated recovery
culture) on LB + 30 pg/mL chloramphenicol at 30 °C. After 2-3 days of
incubation, colonies were picked and grown in selective liquid LB +
30 pg/mL chloramphenicol at 30°C with shaking at 200 RPM.
Plasmid-positive colonies were identified by colony PCR using the
pTipQC2-ucdCFO_cPCR primer set (Supplementary Table 3) and vali-
dated by diagnostic restriction digests and whole-plasmid sequencing.

Heterologous expression of UcdCFO

All growth steps below were performed in selective media (LB + 30 pg/
mL chloramphenicol) in aerobic conditions at 30 °C with shaking at
220 RPM. Single colonies of R. erythropolis DSM 43066 harboring the

Nature Communications | (2025)16:999

13


https://alphafoldserver.com/
https://alphafold.ebi.ac.uk/
https://github.com/steineggerlab/foldseek
https://benchling.com
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-56266-2

pTipQC2 (empty plasmid), pTipQC2-ucdCFO, or pTipQC2-ucdCFO-His
were inoculated into 15 mL selective media and grown for 72h to
produce overnight cultures. Overnight cultures were then thoroughly
resuspended and diluted 1:10 into 20 mL fresh selective media and
grown for ~ 8 h until ODgg values reached -~ 0.6. Thiostrepton (5 mg/
mL in DMSO) was added to a final concentration of 1 pug/mL and cul-
tures were incubated aerobically for 16 h at 30 °C to induce protein
expression. The next morning, cultures were pelleted and resus-
pended in 0.2 volumes of lysis buffer (1 X PBS, 1mM DTT, 1% Triton X-
100, 2mg/mL lysozyme, and 1 tablet/100 mL SIGMAFAST protease
inhibitor (EDTA-free)). If lysates were destined for further purification
by immobilized metal affinity chromatography, lysis buffer was sup-
plemented with 15 mM imidazole. The resuspended cells in lysis buffer
(4 mL) were incubated on ice for 1 h with shaking, then sonicated on ice
using a Misonix Sonicator 3000 set to power level 3/10 according to
the following sequence (aerobically, in a cold room): 20 s ON, 40 s OFF,
for a total of 4 min ON. Crude lysates were transported to the anae-
robic chamber in a sealed plastic bag containing an anaerobic gas
generating system to minimize loss in activity. To evaluate dehy-
droxylase activity, crude lysates or protein fractions were treated in
the same manner detailed in Urolithin metabolism assays in E. bolteae
lysates with the following modifications: lysates were treated with PBS
or NADH (-2mM final concentration in PBS), and incubations
lasted 72 h.

Enrichment of UcdCFO-His proteins

Immobilized metal chelate affinity columns were freshly prepared by
loading 1 mL of nickel-nitrilotriacetic acid (Ni-NTA) agarose (QIAGEN)
slurry into Bio-Spin chromatography columns (Bio-Rad). The Ni-NTA
agarose bed (0.5 mL) was then washed with 5 mL wash buffer (1X PBS,
1mM DTT, 15 mM imidazole). Crude lysates described above (Hetero-
logous expression of UcdCFO) were centrifuged for 2 min at 20,000 x g
to pellet insoluble materials, and the entire supernatant (4 mL) was
loaded onto the Ni-NTA column. The flow-through was collected and
re-loaded onto the column to maximize the binding of UcdO-His and
associated proteins. The column was washed with 14 mL of wash buf-
fer, then bound proteins were eluted with 4 mL of elution buffer (1X
PBS, 1 mM DTT, 200 mM imidazole) and 1 mL fractions were collected.
The first fraction, which was the most active, was carried forward for
further analyses (SDS-PAGE and activity assays).

SDS-PAGE analysis of UcdCFO proteins

Crude lysates described above (Heterologous expression of UcdCFO)
were centrifuged for 2min at 20,000 xg. The insoluble pellet was
separated from the soluble supernatant. The insoluble pellet (from
100 pL of crude lysate) was resuspended in 100 pL of 1X reducing
loading dye (62.5 mM Tris-HCI (pH 6.8), 2% (w/v) SDS, 10% glycerol,
0.01% (w/v) bromophenol blue, 38 mM DTT). The soluble fraction was
diluted with 3X reducing loading dye to a final concentration of 1X. All
samples were heated at 95 °C for 5 min, then 10 pL were loaded onto a
10% bis-tris polyacrylamide protein gel. Gels were fixed and stained
with GelCode Blue Stain Reagent (Fisher) according to the manu-
facturer’s instructions or using homemade 10X colloidal Coomassie
solution (0.4% (w/v) Coomassie Brilliant Blue R250, 10% (w/v) citric
acid, 8% (w/v) ammonium sulfate, and 20% (v/v) methanol).

Growth curves

Overnight cultures of Enterocloster spp. were treated as described in
the Treatment prior to growth (growth curves) sub-section of Treat-
ments with urolithins and other catechols. Once plated, 96-well plates
were sealed with a Breathe-Easy membrane and placed in a pre-
warmed plate reader inside the anaerobic chamber (BioTek Epoch 2).
The optical density at 620 nm was recorded every 30 min for 48 h.
Kinetic analysis was performed in BioTek Gené Software (v1.03.01)
using the built-in kinetic analysis.

curatedMetagenomicData meta-analysis

All 93 metagenomic studies (22,588 samples and their metadata)
available in the curatedMetagenomicData R package (v3.8.0,
10.18129/B9.bioc.curatedMetagenomicData) were downloaded locally
(ExperimentHub snapshotDate(): 2023-04-24, accessed on 2023-06-
06) and transferred to the Narval cluster hosted by the Digital
Research Alliance of Canada. Metagenomic data for urolithin
C-metabolizing Enterocloster spp. were obtained by querying the
“relative_abundance” (pre-processed using MetaPhlAn3) and “gene_-
families” (pre-processed using HUMANN3) entries in individual study
datasets”. For individual taxa (containing partial strings “bolteae”,
“citroniae”, “asparagiformis”, “asparagiforme”, “Enterocloster”, or
“47FAA” (corresponding to E. pacaense)), relative abundance (%) was
extracted from the rows of the “relative_abundance” datasets using the
stringr R package (v1.5.0, https://github.com/tidyverse/stringr). Pre-
valence (relative abundance in sample >0) was then calculated for
each sample.

For specific genes, the NCBI protein accessions for each gene of
the ucd operon (ucdO, ucdF, ucdC) was used to search the UniProt
database. UniRef90 accession numbers corresponding to hits
(C5EGQ4, G5HFF3, A8RZRS5, respectively) were then extracted from
the rows of the “gene_families” datasets using the stringr R package.
Prevalence (abundance in sample >0) was then calculated for each
sample. R scripts and RData files are available in Zenodo (see Code
Availability section).

Fecal slurry preparation and treatment

Frozen (-70°C) fecal samples were brought into the anaerobic
chamber and allowed to thaw. The samples were suspended in 1 mL
mABB medium per 0.1g feces and homogenized by breaking apart
large pieces with a sterile loop and by vortexing. Large particles were
pelleted by centrifuging the tubes at 700 x g for 3 min. The super-
natants (containing bacteria) were transferred to new tubes and cen-
trifuged at 6500 x g for 5 min to pellet the cells. The supernatants were
discarded, and the cell pellets were washed with 5 mL of fresh media.
The cell suspensions were once again centrifuged at 6500 x g for 5 min,
and the resulting cell pellets were resuspended in 600 pL. media per
0.1g feces. Resuspended cells were treated with either 100 uM uro-
lithin C or an equivalent volume of DMSO and incubated at 37°C
anaerobically for 48 h. 200-300 pL volumes were removed from the
batch cultures and immediately frozen at — 70 °C for later extraction of
urolithins (using Extraction Method A), DNA, and RNA.

Genomic DNA extraction from fecal slurries

A 300 pL fecal slurry aliquot was pelleted (10,000 g for 5 min), and the
supernatant was removed for later LC-MS analysis. The pellet (between
50-100 mg wet weight) was then mixed with 750 pL of ZymoBIOMICS
lysis solution (Zymo Research) and transferred to a ZR BashingBead
lysis tube (Zymo Research). Samples were lysed in a Mini Beadbeater 16
(Biospec) according to the following sequence: 1 min ON, 5 min OFF for
a total of 5min ON. DNA was then purified using the ZymoBIOMICS
DNA Miniprep Kit (Zymo Research) according to the manufacturer’s
instructions (including the OneStep PCR Inhibitor Removal step).
Purified DNA samples were quantified using the Qubit dsDNA HS assay
kit (Invitrogen).

Long read 16S rRNA sequencing in fecal slurries

Long-read 16S PCR reactions were conducted using the Platinum
SuperFi Il Green PCR Master Mix (Invitrogen). The ONT_16S_27F_GGK
and ONT_16S_1492R_GGK primer pairs (Supplementary Table 3) were
added to their respective master mixes (final primer concentration of
0.2 uM), and 1 pL of template (- 10 ng) was added (for a total reaction
volume of 25 pL). PCR tubes were placed in a thermal cycler, and tar-
gets were amplified according to the following cycling conditions: 30 s
at 98 °C, 30 cycles (10 s at 98°C, 10 s at 60 °C, 30 s at 72 °C), 5min at
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72°C, and hold at 4 °C. Amplicons were quantified using the Qubit
dsDNA HS assay kit (Invitrogen) to verify that amplicon concentrations
were reasonably balanced (range =18.36-24.00 ng/pL). Barcoding of
amplicons was performed with 2 pL of PCR reaction according to the
manufacturer’s instructions (for ONT kit SQK-AMB111-24). Barcoding
reactions were incubated in a thermal cycler for 10 min at 65 °C, then
for 2 min at 80 °C. 10 pL of each barcoding reaction were pooled, and
proteins were digested using heat-labile proteinase K (NEB) by incu-
bating the pooled library for 15 min at 37 °C, followed by heat inacti-
vation for 10 min at 55 °C. Amplicons were purified using Agencourt
AMPure XP beads (Beckman Colter) using 0.7 volumes of beads-to-
library. Following 70% EtOH washes and drying steps, the library was
eluted using 15 pL of the provided elution buffer (EB), yielding a library
with a concentration of 30 ng/pL using the Qubit dsDNA HS assay kit
(Invitrogen). 11 pL of the eluted DNA library were transferred to a new
tube and combined with 1 pL of Rapid Adapter T (RAP T). This mixture
was incubated at room temperature for 10 min. Since the library was
concentrated, it was diluted 1:2 in EB before combining with SB Il and
LB II, then loaded into a primed Flongle Flow Cell (R9.4.1) in a MinlON
device following the manufacturer’s instructions. Sequencing was
allowed to proceed for ~20 h until pore exhaustion or enough reads
were obtained. Base calling & demultiplexing was performed using
Guppy (v6.4.6) using the “SUP” super high accuracy model for R9.4.1
flow cells. The raw reads were filtered for a length between
1500 +200 bp. Filtered reads were assigned to taxa using Emu’™
(v3.4.4, https://github.com/treangenlab/emu) by mapping 16S rRNA
sequences to the emu_database database (based on the NCBI 16S
RefSeq with the entry for E. asparagiformis changed to the sequence
obtained by ONT sequencing (GenBank accession PP280819) since the
RefSeq sequence for this bacterium contained multiple N nucleotides
that biased the assignment of E. asparagiformis to E. lavalensis). Data
were not rarefied or scaled. Count tables were then used to create a
phyloseq (v1.44.0, https://github.com/joey711/phyloseq) object in R”.
Stacked bar plots were generated using ggnested (v0.1.0, https://
github.com/gmteunisse/ggnested) and fantaxtic (v0.2.0, https://
github.com/gmteunisse/Fantaxtic). Diversity analyses were per-
formed using Microbiome Analyst (v2.0, https://www.
microbiomeanalyst.ca/)’®.

Total RNA extraction from fecal slurries

A 300 pL fecal slurry aliquot (treated with either 100 uM urolithin C or
an equivalent volume DMSO for 48 h) was thawed and pelleted (6500 g
for 3 min). The pellet (in 200 uL media) was then mixed with 800 uL TRI
reagent (Zymo Research). Samples were lysed in a Mini Beadbeater 16
(Biospec) according to the following sequence: 1 min ON, 5 min OFF for
a total of 5 min ON. RNA isolation was then performed using the Direct-
zol RNA Miniprep Kit (Zymo Research) according to the manu-
facturer’s instructions (including an on-column DNase digestion). To
ensure complete DNA removal, an additional DNA digestion step was
performed on the isolated RNA using the Ambion DNA-free DNA
Removal Kit (Invitrogen) according to the manufacturer’s instructions.
The DNA-free RNA was then cleaned up using the OneStep PCR Inhi-
bitor Removal Kit (Zymo Research). RNA concentration and quality
were verified by Qubit RNA BR assay kit (Invitrogen) and 1% agarose gel
electrophoresis.

RT-PCR analysis of the ucd operon in fecal slurries

Total RNA was extracted from frozen fecal slurries as previously
described (see Total RNA extraction from fecal slurries), and subse-
quently reverse transcribed as described above (see RT-PCR analysis to
determine ucd structure) in a reaction volume of 5uL. PCR reactions
were conducted using the OneTaq 2X Master Mix with Standard Buffer
(NEB). The ucdCFO_RT-PCR primer pair (Supplementary Table 3) was
added to the master mix (to a final concentration of 0.2 uM), and 1 uL of
the template (cDNA, -RT, or no template) was added for a total reaction

volume of 20 pL. PCR tubes were placed in a thermal cycler, and targets
were amplified according to the following conditions: 30 s at 94 °C, 45
cycles (30 s at 94 °C, 1 min at 61°C, 4 min at 68 °C), 5min at 68 °C. A
volume of 10 pL of reaction was directly loaded onto a 1% agarose gel
(made with 1X TAE buffer) containing SafeView Classic (Abm). PCR
product sizes were compared to the Quick-Load® Purple 1 kb Plus DNA
Ladder (NEB).

PCR analysis of ucd operon prevalence in fecal slurries
Genomic DNA (gDNA) was extracted from frozen fecal slurries as
previously described (see Genomic DNA extraction from fecal slurries).
PCR reactions and product visualization was conducted on the gDNA
as described above (see RT-PCR analysis of the ucd operon in fecal
slurries). In this case, 5uL of PCR product was loaded onto the gels
instead of 10 pL.

Synthesis of di-O-methyl-urolithin C
Di-O-methyl-urolithin C (3-Hydroxy-8,9-dimethoxy-6H-dibenzol[b,d]
pyran-6-one, CAS 126438-35-5) was synthesized based on previously
reported Ullmann-type coupling conditions for urolithin derivatives”.
Resorcinol (213 mg, 2 mmol) and 2-bromo-4,5-dimethoxybenzoic acid
(261 mg, 1 mmol) were dissolved in 1 mL of 8% w/v NaOH (in MilliQ
H,0) and heated in a thermo-shaker set to 100 °C for 20 min (in 1.7 mL
tube). Then, 200 pL of a 10% w/v Cu(Il)SO,4 pentahydrate solution was
added, and the reaction was heated at 100 °C for 1h. The reaction
solution (pink-red coloration) contained an insoluble precipitate
which was collected by centrifugation (20,000xg for 30s). The
insoluble pellet was washed 7 times with 1 mL of MilliQ H,O until the
pH of the wash solution was equal to the pH of MilliQ H,O (- pH 6). The
pellet was dried by lyophilization for 16 h (0.0010 mbar, — 90 °C) and
the product was recovered as a pale pink solid (94 mg, 35% yield).
'HNMR (600 MHz, (CD3),S0)): 6=10.22 (s,1H),8.21(d,/=8.76 Hz,
1H), 7.69 (s, 1H), 7.54 (s, 1H), 6.83 (dd, /=8.67, 2.37 Hz, 1H), 6.74 (d,
J=2.34Hz, 1H), 4.02 (s, 3H), 3.89 (s, 3H); HRMS: m/z [M + Na]" calcu-
lated for C;sH;;NaOs: 295.0577, found: 295.0585.

Statistical analyses and graphing

Statistical methods were not used to determine sample sizes, experi-
ments were not randomized, and the investigators were not blinded.
Data points for in vitro and ex vivo assays were assumed to be normally
distributed, though this was not formally tested. Correlation analyses
were performed using the non-parametric Spearman rank correlation
(p). Statistical tests on bacterial relative abundances were performed
using the Kruskal-Wallis test on untransformed relative abundance
values, which are skewed toward 0. Statistical analyses for large data-
sets are detailed in the relevant methods sections. Details related to
each test performed are supplied in the Figure legends, and statistical
test results are provided in the Source data file for each figure panel,
where applicable. In all cases, a = 0.05 and tests were two-tailed. Data
were plotted in GraphPad Prism (v10.0.0) or using the ggplot2 (v3.4.2,
https://ggplot2.tidyverse.org/) R package. Figures were assembled in
Affinity Designer (v1.10.6.1665).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

RNA sequencing reads were deposited in the NCBI SRA BioProject ID
PRJNA996126 under BioSample accession codes SAMN36514640
(Enterocloster bolteae DSM 15670) [https://www.ncbi.nlm.nih.gov/
biosample/SAMN36514640/] and SAMN36514641 (Enterocloster
asparagiformis DSM 15981) [https://www.ncbi.nlm.nih.gov/biosample/
?term=SAMN36514641]. Untargeted proteomics data have been
deposited to the ProteomeXchange Consortium via the PRIDE partner
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repository with the dataset identifier PXD048514. Oxford Nanopore
16S rRNA sequencing reads of healthy human fecal slurries were
deposited in the NCBI SRA BioProject ID PRJNA1073957. The 16S rRNA
sequence for E. asparagiformis DSM 15981 used in the Emu database
search was deposited in GenBank under accession PP280819.1 [https://
www.ncbi.nlm.nih.gov/nuccore/PP280819]. The partial ucd operon
cDNA sequence related to Fig. 2i was deposited in GenBank under
accession  PQ855390.1  [https://www.ncbi.nlm.nih.gov/nuccore/
PQ855390]. The plasmid sequences for pTipQC2-ucdCFO and
pTipQC2-ucdCFO-His were deposited in GenBank under accessions
PQ855388.1 [https://www.ncbi.nlm.nih.gov/nuccore/PQ855388] and
PQ855389.1 [https://www.ncbi.nlm.nih.gov/nuccore/PQ855389],
respectively. Previously published X-ray crystal structures are available
in the Protein Data Bank (PDB) under accessions 1IRM6, 1ZXI, and 3UNL
Source data for Figs. 1-6 and Supplementary Figs. 3, 10-12, 14-18 are
provided as Source data files. Source data are provided in this paper.

Code availability
All code, tables, and RData files obtained from the analysis of cur-
atedMetagenomicData were deposited in Zenodo [https://doi.org/10.
5281/zenodo.8302320].
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