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Abstract

Undernutrition in Bangladeshi children is associated with disruption of postnatal gut microbiota
assembly; compared to standard therapy, a microbiota-directed complementary food (MDCF)
significantly improved their ponderal and linear growth. Here, we characterize a fatty acid amide
hydrolase (FAAH) from a growth-associated intestinal strain of Faecalibacterium prausnitzii
cultured from these children. This enzyme, expressed and purified from £. coli, hydrolyzes

a variety of A-acylamides, including oleoylethanolamide (OEA), neurotransmitters and quorum-
sensing A-acyl homoserine lactones, and synthesizes a range of A~acylamides, notably A-acyl
amino acids. Treating germ-free mice with N-oleoylarginine and A-oleolyhistidine, major products
of FAAH OEA metabolism, markedly affected expression of intestinal immune function pathways.
Administering MDCF to Bangladeshi children significantly reduced fecal OEA, a satiety factor
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whose levels were negatively correlated with the abundance and expression of their £ prausnitzii
FAAH. This enzyme, structurally and catalytically distinct from mammalian FAAH, is positioned
to regulate levels of a variety of bioactive molecules.
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Introduction

A central guestion in the field of human microbiome research is how microbial communities
communicate with their hosts. The pursuit of answers has revealed several examples where
the community affects the production or modifies the nature of host-derived signaling
molecules or produces pharmacologically active mimetics of host metabolites that affect
various facets of host systems physiology. These molecules include neurotransmitters, as
well as regulators of metabolic, hormonal and immune function (1-8).

Answering this central question is pertinent to understanding the contributions of the
developing gut microbiome to human postnatal development. Recent work has provided
evidence that co-development of the gut microbiome and host during the first two years of
life is an important determinant of healthy growth. Studies of healthy and undernourished
Bangladeshi children have revealed that undernutrition is associated with disruption of a
program of microbial community assembly that is normally largely completed during the
first 2-3 postnatal years (9). This disrupted development leaves undernourished children
with gut microbial communities that appear younger (more immature) than those of their
healthy, age-matched counterparts. Preclinical evidence that this immaturity is causally
related to the pathogenesis of undernutrition came from transplanting intact uncultured fecal
communities from age-matched children with normal anthropometry or with moderate or
severe acute malnutrition (MAM or SAM), into germ-free mice fed a diet representative

of that consumed by these children. Impaired growth phenotypes were transmitted by

gut communities from undernourished donors compared to those from healthy donors.
Machine-learning algorithms applied to these transplanted communities identified growth-
discriminatory bacterial taxa that were underrepresented in the immature communities (10).
These organisms served as therapeutic targets for development of combinations of culturally
acceptable, affordable foods that could increase their fitness and express beneficial functions
in the gut microbiota in gnotobiotic mouse and piglet models (11).

Based on the results of these preclinical studies, a microbiota-directed complementary
food (MDCF-2) was developed. ‘MDCF-2’; contains chickpea, soy flour, peanut paste
and green banana plus sugar, vegetable oil, and micronutrients. It was tested in a
randomized, controlled feeding study of 12—-18-month-old Bangladeshi children with
MAM (11, 12). Compared to a conventional, ready-to-use supplementary food (RUSF),
MDCEF-2 (i) improved the rate of weight gain (increases in weight-for-length Z-score;
WLZ), (ii) improved linear growth (length-for-age Z-score; LAZ), (iii) produced greater
increases in the abundances of growth-discriminatory taxa and (iv) led to greater changes
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in the levels of 75 plasma protein biomarkers and mediators of musculoskeletal and

CNS development, metabolic regulation and immune function (12, 13). Analyses of fecal
bacterial metagenome-assembled genomes (MAGSs) from the study population revealed an
MDCF-2-dependent increase in the expression of pathways involved in the metabolism of
MDCEF-2 polysaccharides in a subset of MAGs that were positively correlated with WLZ
(14).

These findings set the stage for efforts to identify the nature of signaling processes that
occur between WLZ-associated bacteria and the host that underpin the growth-promoting
effects of MDCFs. In this study, we identify and characterize a fatty acid amide hydrolase
(FAAH) from a strain of Faecalibacterium prausnitzii cultured from a healthy Bangladeshi
child who lived in the community where the MDCF clinical trial was conducted. The
enzyme is encoded by a strain-restricted gene. Expression of this gene in £. coliand
purification of its protein product (FAAH) disclosed that it possesses bidirectional catalytic
activity; it can hydrolyze a wide variety of A-acyl amides, with oleoylethanolamide (OEA)
a preferred substrate, as well as quorum sensing A-acyl homoserine lactones (AHLS). The
enzyme is also able to synthesize A-acyl amides via condensation of fatty acids with
amine groups from a broad range of substrates, with arginine the preferred amine donor.
Combining /n vitro studies with /n vivo assays in gnotobiotic mice, and quantification of
OEA and oleoylarginine in the feces of children enrolled in the clinical trial, revealed that
this strain of £ prausnitzii and its encoded FAAH regulate the levels of a pool of diverse,
pharmacologically active signaling molecules in the gut.

Strain-specific F. prausnitzii degradation of N-acylethanolamides

Four- to 5-week-old germ-free C57BI/6J mice were colonized with either 13 or 14 genome-
sequenced human gut bacterial taxa; they included bacterial species previously linked with
healthy microbiota maturation in 6 to 24-month-old Bangladeshi children (11, 12, 14, 15).
The only difference between the two bacterial consortia was the presence or absence of

a strain of £ prausnitzii (Bg7063). £, prausnitzii is a butyrate-producing bacterial species
whose abundance and metabolic activity are promoted in undernourished Bangladeshi
children treated with an MDCF that significantly accelerates their ponderal and linear
growth (12,13). Both groups of animals were fed MDCF for 5 weeks (Methods). After
euthanasia, we performed shotgun sequencing of DNA isolated from cecal contents to
quantify the absolute abundances of bacterial community members (Fig. 1A), as well as
untargeted liquid chromatography-quadrupole time-of-flight mass spectrometry (LC-Qtof-
MS) to profile cecal metabolites.

Oleoylethanolamide (OEA) and palmitoylethanolamide (PEA) exhibited the greatest
differences (reductions) in their levels in animals colonized with the 14-member compared
to the 13-member consortium (table S1). OEA and PEA are N-acylethanolamides (NAES)
involved in modulating appetite and energy balance, inflammation and pain (16-19).
Follow-up targeted ultra-high performance liquid chromatography-triple quadrupole mass
spectrometry (UHPLC-QqQ-MS) of cecal contents confirmed that PEA and OEA levels
were significantly lower in animals colonized with the £ prausnitzii-containing 14-member
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consortium (Bonferroni corrected t test; p=0.0005 and p=0.0012 for PEA and OEA
respectively, Fig. 1B). Moreover, a statistically significant negative correlation was found
between the abundance £ prausnitzii and cecal levels of OEA and PEA in animals
containing the 14-member consortium (Spearman’s p = —0.9 and -0.8 respectively; FDR-
adjusted p-value < 0.001). Together, these findings suggested that ~ prausnitzii Bg7063 was
involved in utilizing or transforming these NAEs /in vivo.

Given that NAEs can be synthesized by the host in the small intestine, we hypothesized

that pharmacologic inhibition of A-acyl phosphatidylethanolamine-specific phospholipase D
(NAPE-PLD), the principal mammalian NAE biosynthetic enzyme (20, 21), might reduce
gut luminal OEA and PEA levels. However, when gnotobiotic mice were colonized with

the consortium of 14 bacterial strains, fed MDCF and then gavaged with a potent and
selective NAPE-PLD inhibitor (LEI-401, 60 mg/kg), UHPLC-QqQ-MS disclosed that levels
of OEA and PEA in serially collected fecal samples were unaltered compared to similarly
colonized animals that received a sham gavage (n=5 mice/treatment group; 1-way ANOVA
followed by post-hoc Tukey’s test; table S2A). Together, these results suggest that diet
and/or members of the microbiota are sources of these NAEs in intestinal contents.

Supplementing monocultures of £ prausnitzii Bg7063 during the exponential phase of
growth at 37 °C under anaerobic conditions with an isotope tracer (PEA-d,) followed by
UHPLC-QqQ-MS, disclosed that PEA-d, levels fell to below the limits of detection within
1 h but were unaltered in control incubations that lacked the Bg7063 strain (Fig. 1C).
Follow-up experiments revealed that this activity was present in the cell pellet, but not in
the medium and was inactivated by heat-treatment of the cell pellets (Fig. 1C). An isolate
cultured from a Malawian child’s fecal sample in our biobank (£ prausnitzii TS M3092;
(10)) and a closely related organism (£ duncaniae) had no activity in this enzymatic assay
(Fig. 1D). Moreover, there were no ‘dominant negative’ effects observed when the two
inactive strains were co-cultured with £ prausnitzii Bg7063 (Fig. 1D).

These results raised the possibility that £ prausnitzii possesses an enzymatic activity
analogous to mammalian fatty acid amide hydrolase (FAAH) (22) which confers the ability
to hydrolyze NAEs to their corresponding long-chain fatty acids. However, we found that the
activity was resistant to two potent and selective inhibitors of mammalian FAAH - PF-3845
and URB597 (table S2B). PF-3845 is piperidine/piperazine urea-based inhibitor that acts via
carbamylation of FAAH’s catalytic S241 nucleophile (23). URB597 is a carbamate-based
irreversible inhibitor of mammalian FAAH, albeit with lower selectivity than PF-3845 (24).
Taken together, our results suggested that ~ prausnitzii Bg7063 encodes an enzyme that
hydrolyzes NAEs but whose properties are distinct from human FAAH.

We subsequently employed untargeted LC-Qtof-MS coupled with tandem mass
fragmentation to analyze product formation at multiple time points following treatment of
monocultures of £ prausnitzii Bg7063 with unlabeled PEA. The most abundant reaction
product had a mass-to-charge ratio [m/z] of 413.3483 and accumulated in the culture
medium within an hour (fig. S1A). To confirm that this species was derived from PEA, we
supplemented £ prausnitzii monocultures with PEA, labeled with 13C at the carbonyl carbon
of the acyl chain, and observed that the peak shifted by exactly 1.003 Da (m/z=414.3522,;
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Fig. 2A). The high-resolution fragmentation pattern showed large daughter ions that were
also shifted by 1.003 Da and with fragments corresponding to arginine that were unchanged
(Fig. 2A); therefore, we deduced that the product was an A-acyl amino acid (NAAA) -
N-palmitoylarginine (C16:0-Arg). Verification of the molecular structure was obtained by (i)
matching the fragmentation pattern with a synthetic C16:0-Arg standard (Fig. 2A), and (ii)
purification of the product (m/z=413.3483) from larger scale monocultures using preparative
HPLC, followed by NMR spectroscopy (see Methods). Using tandem mass spectrometry, we
also confirmed that other NAAASs were present in the PEA treated monocultures, including
N-palmitoyllysine (C16:0-Lys) and A-palmitoylhistidine (C16:0-His), albeit at lower levels
than C16:0-Arg (fig. S1B).

Based on these findings, we postulated that £ prausnitzii Bg7063 contains an enzyme

or enzymes capable of hydrolyzing NEASs into their respective fatty acids, as well as
condensing liberated fatty acids with amino acids present in the culture medium to form
NAAA:s. To test this hypothesis, £ prausnitzii Bg7063 was grown in a rich medium
(LYBHI) to mid-log phase; cells were subsequently pelleted by centrifugation and a cell
lysate was prepared by sonication. Both the lysate and the culture supernatant were tested in
a reaction mixture that contained PEA-d4 without added arginine (see Methods). 76+3% of
the PEA-d,4 was degraded by the lysate in one hour; this was accompanied by the appearance
of an equimolar amount of palmitic acid-d4. In contrast, the cell-free supernatant obtained
from the centrifugation step exhibited no detectable hydrolytic activity (fig. S1C). Addition
of both arginine and PEA-dy to the lysate at the start of the reaction yielded C16:0-Arg

(Fig. 2B). Heat treatment inactivated both the degradative and putative synthetic activities
of the lysate (Fig. 2B). These observations are consistent with a two-step mechanism for
production of NAAAs from NAEs by the £ prausnitzii Bg7063 cell-associated enzymatic
activity (see fig. S1D).

Identification of a F. prausnitzii fatty acid amide hydrolase

We employed a combination of experimental and bioinformatic approaches to identify the
protein or proteins driving the proposed two-step reaction. Assays using proteins extracted
from Bg7063 with SDS, CHAPS, Triton X-100, sodium deoxycholate, NP-40, or Tween-20
disclosed that NP-40 extracts contained enzymatic activity that was significantly greater
than any of the other detergents tested (fig. S2A). We fractionated the NP-40 extract using
ion-exchange chromatography; fractions obtained at NaCl concentrations between 400 mM
and 500 mM displayed the highest PEA degradative and C16:0-Arg-d,4 synthetic activities.
Analysis of tryptic peptides generated from this fraction revealed that they mapped to

499 proteins in the known/predicted £ prausnitzii Bg7063 proteome (see Methods). To
identify candidates for the observed enzymatic activity among these proteins, we applied
two criteria: the protein(s) should (i) belong to a ceramidase, amidase, peptidase, hydrolase
or ligase family and (ii) be encoded by F. prausnitziiBg7063 but not by £ prausnitzii TS
M3092 and ~. duncaniae. Searches of the NCBI and UniProt databases revealed that 14 of
the 499 proteins were classified as either ceramidases, amidases, peptidases, hydrolases or
ligases, but only one of these was unique in £ prausnitzii Bg7063 (table S3A). This 43,355
Da protein product of the CGOBPECO 01956 locus contains 399 amino acids (table S3B),
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including a 30-residue N-terminal signal peptide and at least one predicted transmembrane
domain (InterPro domain analysis (25)).

We next expressed the protein encoded by CGOBPECO 01956in E. coliand purified it
using His-tag affinity chromatography (fig. S2B). The purified protein, as well as a NP-40
extracts of cell pellets of (i) the £. colistrain containing the vector with the inserted
CGOBPECO 01956 ORF or (ii) a control £. colistrain containing the expression vector
without the insert, were tested for A-acyl amide hydrolase/synthase activity (see Methods).
The results demonstrated that the lysate from CGOBPECO 01956-transfected E£. coli, and
the His-tagged purified protein from these cells both exhibited bidirectional enzymatic
activity similar to that observed in the £ prausnitzii Bg7063 lysate assays when PEA-d, and
arginine were used as substrates. No such activity was present in control lysates from £.
coli without the inserted CGOBPECO 01956 open reading frame (Fig. 2C), confirming that
CGOBPECO _01956'is the likely F. prausnitzii FAAH.

Comparison of CGOBPECO 01956 and human FAAH revealed no primary sequence
similarity (blastp and EMBOSS Needle (26, 27)). The conserved amidase domain present in
all known FAAHSs (28) is absent in CGOBPECO (01956 hased on InterPro domain analysis.
We then employed AlphaFold 2 (29) to predict the structure of CGOBPECO_01956.
Scoring metrics based on FATCAT (30) and TM-align (31) comparisons of the resulting

F. prausnitzii FAAH structure and the known structure of human FAAH (32) highlighted
the minimal structural similarity between the two enzymes (TM score = 0.31886; fig. S2C).
As with the earlier studies conducted in monocultures, we tested the effects of inhibitors

of human FAAH on the activity of the purified £ prausnitzii enzyme. In addition to
URB597 and PF-3845, we examined the effects of (i) PF-750, another highly selective,
piperidine/piperazine urea-based inhibitor that acts via carbamylation of FAAH’s catalytic
S241 nucleophile (34) and (ii) CAY10435 (35, 36), which contains an acyl chain similar to
those present in PEA and OEA. Notably, none of these inhibitors had any discernible effects
on PEA degradation by the purified protein at a concentration 2.5 uM, which is well above
their 1Cxps for the human enzyme (fig. S2D).

We analyzed the strain specificity of CGOBPECO 01956 by examining all publicly
available, fully sequenced genomes of £ prausnitzii in the NCBI genome database. Of
430 genomes, 16 encode this protein (table S3C). A BLASTP search for orthologs

of CGOBPECO 01956 in the NCBI non-redundant database using strict thresholds
(Score=400, Identity=>50%, e-value<1075) revealed that the closest 37 orthologs are all
found in strains belonging to the genus Faecalibacterium (scores: 544-817; identities:
68%-100%) (fig. S3; table S4). CGOBPECO 01956 possesses lower amino acid sequence
similarity with proteins with similar annotations in other Firmicutes, e.g., those present

in Christensenellaceae sp. (68% identity), Oscillospiraceae sp. (64%), Flavonifractor sp.
(62%), Parablautia sp. (58%), Lachnospiraceae sp. (57%), Subdoligranulum variabile (56%),
Amedibacterium intestinale (55%), and Butyrivibrio sp. (50%) (table S4). These putative
orthologs are annotated as ‘C45 family peptidases’, ‘linear amide C-N hydrolases’, ‘acyl-
CoA-6-aminopenicillanic acid acyltransferases’, and ‘carcinine hydrolase/isopenicillin-N
N-acyltransferase family proteins’. It remains to be determined whether these predicted
proteins share NAE hydrolytic activity with CGOBPECO _01956. However, E-64, a
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compound that covalently binds to catalytic cysteine nucleophiles (36) of the type found
in enzymes in the C45 peptidase clan, had no impact on the catalytic activity of the FAAH
(fig. S2D).

Catalytic properties of the purified enzyme

We further assessed the enzymatic activities of the purified recombinant FAAH towards

(i) PEA-d4 and (ii) palmitic acid-d3q in the presence of arginine. The results revealed

that enzyme’s hydrolytic and synthetic activities peaked at pH 7 (fig. S4A) and were not
dependent upon the presence of metal ions (fig. S4B). We subsequently quantified reaction
rates for the hydrolytic activity of FAAH against PEA, OEA, C18:1-Arg, and C18:1-Lys
(Fig. 2D), and the rate of its condensation of palmitic and oleic acids with arginine (Fig.
2E). The results demonstrated that both the 7 vitro hydrolytic and synthetic activities of
this bacterial FAAH exceed 4 nmol/min/mg. However, akin to human FAAH, F. prausnitzii
FAAH exhibits a preference for the hydrolytic reaction, e.g., for C18:1-Arg, hydrolytic
activity is significantly higher compared to synthetic activity (48.2+3.4 versus 21.1+0.9
nmol/min/mg enzyme, respectively; p<0.0001; Mann-Whitney U test) (fig. S1D).

Two key questions emerged from these findings; which fatty acids can act as substrates

for N-acyl amide synthesis and what amine-containing compounds can serve as donors

for condensation with a given acyl chain? To address these questions, we first performed
assays using the purified enzyme, arginine and a panel of 25 saturated and unsaturated
fatty acids whose chain lengths ranged from C2-C24 (table S5A). Our results indicated that
C10-C20 fatty acids are preferred substrates for this FAAH synthetic activity (Fig. 3A). £
prausnitzifis a notable producer of butyrate, a C4 fatty acid that functions as a histone
deacetylase inhibitor, is a ligand for several GPCRs, and benefits both intestinal epithelial
energy metabolism and gut barrier function (37). However, butyric acid did not serve as a
substrate in the /n vitro assay. Moreover, the presence of double bonds in the acyl chain
affects activity, e.g., while stearic acid (C18:0) was not a substrate, oleic acid (C18:1),
which contains a single C9 cis double bond, was the preferred fatty acid substrate among
those tested (Fig. 3A). Finally, we examined whether £ prausnitzii FAAH could synthesize
two major mammalian endocannabinoids, anandamide and 2-arachidonoy! glycerol. No
synthetic activity was detected when arachidonic acid was co-incubated with ethanolamine
or glycerol in the presence of the enzyme (fig. S4E).

We also tested 39 amines (table S5B) in reactions containing the purified enzyme and

oleic acid; these amines included 20 L-amino acids, several D-isomers of these amino
acids, neuroactive compounds (dopamine, gamma-aminobutyric acid and its methylene
homolog, aminovaleric acid) as well as tyramine, taurine, spermidine, spermine, putrescine,
cadaverine and ethanolamine. Twenty-one of these amines served as substrates under the /n
vitro reaction conditions employed (Fig. 3B). Arginine emerged as the preferred substrate
followed by lysine and histidine. Only the naturally occurring L-isomers of arginine and
lysine served as substrates. Incubating purified £ prausnitziif FAAH with oleic acid and
arginine at concentrations typically found in the intestinal lumen (100 uM and 10 pM,
respectively; refs. 11, 38, 39) produced levels of C18:1-Arg of 74.33 £ 5.6 nM after 1 h (fig.
S4C); this concentration is comparable to the binding affinity of the NAE, anandamide, to
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the cannabinoid CB receptor (40, 41). To determine if C18:1-Arg was present in the gut,
we conducted solid phase extraction of cecal contents from mice colonized by 14-member
and 13-member communities followed by UHPLC-gqTOF-MS. Notably, C18:1-Arg was only
detected in samples from mice harboring the 14-member community (37.2 + 20.8 nM) (fig.
S4D), suggesting that £~ prausnitzii Bg7063 utilized luminal OEA or oleic acid and arginine
to synthesize C18:1-Arg.

We hypothesized that £ prausnitzii FAAH might be able to hydrolyze a broad spectrum
of A-acyl amides, including but perhaps not limited to its own synthetic products. This
hypothesis was tested using a range of A-acyl amides and the purified enzyme. The
enzyme exhibited broad activity against a range of substrates with acyl chains ranging
from C12-C20, including PEA, OEA and C18:1-Arg, C18:1-Lys and C18:1-His (Fig. 3C).
Interestingly, while glycine and taurine were not substrates for the synthesis reaction /in
vitro, their acylated forms, lauroylglycine, arachidonoylglycine, and arachidonoyltaurine,
were efficiently hydrolyzed. Similarly, just as stearic acid (C18:0) was not a substrate for
the condensation reaction, its serotonin conjugate, stearoylserotonin, was a substrate for
hydrolysis, albeit at low efficiency compared to arachidonylserotonin (Fig. 3C).

N-acyl homoserine lactones (AHLS) are bacterial lipids crucial for intercellular
communication via quorum sensing; they influence biofilm formation and recognition of
pathogenic bacteria. Analysis of 12 AHLs (table S5C) that encompass key quorum sensing
molecules with acyl chain lengths ranging from C4 to C18, indicated that the purified

F. prausnitzii FAAH could hydrolyze several medium and long-chain AHLs (Fig. 3D).
Substrates included N-3-oxo-dodecanoyl-L-homoserine lactone (3-oxo0-C12-HSL) which is
produced by Pseudomonas aeruginosa and (i) impacts various aspects of the innate and
adaptive immune system (42, 43), (ii) disrupts the integrity of intestinal barrier by altering
tight junctions (44, 45) and (iii) has proapoptotic effects on neutrophils and modulates
macrophage function to decrease inflammatory responses (46, 47). Taken together, these
results indicate that this FAAH has dual synthetic and hydrolytic capabilities, with the
hydrolytic activity being particularly notable for the broad range of substrates that can be
utilized.

In vitro assays of the biologic activities of F. prausnitzi FAAH-derived NAAAs

Endogenous fatty acid amides have long been recognized for their ability to serve as ligands
for of G-protein coupled receptors (GPCRs) and nuclear hormone receptors (NHRs), such
as peroxisome proliferator-activated receptors (PPARS), that are involved in regulating a
diverse range of cellular processes (48). In addition, several gut bacteria-derived A-acyl
amides have been described that modulate the activity of mammalian GPCRs (49, 50).
Therefore, we examined whether the conversion of OEA to other A-acyl amides could

have potential pharmacologic implications through effects GPCR- and/or NHR-mediated
signaling. To do so, we employed the DiscoverX cell-based reporter assay platform (see
Methods) to compare OEA with three of the most prominent A-acyl amino acids produced
by FAAH in our /n vitro assays (i.e., C18:1-Arg, C18:1-His and C16:0-Arg), for their ability
to act as agonists of 73 orphan GPCRs and 18 NHRs. All compounds were chemically
synthesized, purified to >99%, and were assayed at 10 uM (a concentration chosen based
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on their levels document in the intestines of gnotobiotic mice and humans; see below). The
results (table S6) disclosed that these compounds were agonists of various GPCRs, albeit
with differing specificities and potencies. Signaling through six distinct GPCRs (GPCRs

6, 31, 39, 84, 132 and 139) was activated by at least one of the compounds (threshold,
>50% activation). GPR84, which was strongly activated by OEA, has been implicated

in NLRP3 inflammasome activation in macrophages in the colonic mucosa of patients

with active ulcerative colitis (51). The A-acyl amino acid products of OEA hydrolysis by

F. prausnitzii FAAH were much weaker agonists of this GPCR, falling below the 50%
activation threshold. Three of the four compounds (C18:1-His, C16:0-Arg and OEA) were
agonists of GPR 132, an orphan GPCR recognized for its response to various fatty acid
amides (49, 50) and its roles in immune regulation, cell migration, macrophage activation,
and hematopoiesis (52). GPR31, which enhances immune responses by inducing dendrite
protrusion of intestinal CX3CR1™ cells (53), was activated by C16:0-Arg. In addition, OEA
was a strong agonist of PPARS and to a lesser extent PPARa, whereas the three A-acyl
amino acids lacked this activity. Mice with an intestinal epithelial cell-specific deletion

of PPARS have enhanced susceptibility to diet-induced obesity (54); in the context of
undernutrition, the hydrolysis of OEA by £ prausnitzii FAAH and potentially other NAEs in
the gut might dampen signaling through PPARS and promote weight gain.

In vivo effects of F. prausnitzi FAAH-derived N-acylamino acids

The results of these Jin vitro reporter assays provided evidence that substrates and products
of £ prausnitzii FAAH activity have the potential to affect host physiology via a variety of
signaling pathways. As an initial evaluation of their potential to elicit biological responses /n
vivo, we tested the effects of the two prominent NAAA products of the F. prausnitzif FAAH
synthetic activity /n vitro, C18:1-Arg and C18:1-His, as well as OEA in separate groups of
4-5-week-old C57BI/6J germ-free mice fed MDCF (Fig. 4A). A dose of 8 mg/kg/day of
each compound was administered as a single gavage, on experimental days 1, 2, 3, and 4.
This dose was selected to achieve NAAA levels in feces in the range of 100 ng/g based on
our earlier findings that (i) the level of OEA was >1000 ng/g in cecal samples harvested
from gnotobiotic mice colonized with the 14-member defined community that contained £~
prausnitzif (Fig. 1B) and (ii) the measured maximum conversion of OEA to C18:1-Arg with
the purified FAAH was 11.2 + 1.6%; fig. S4E). The concentration of C18:1-Arg, C18:1-His,
and OEA was quantified by LC-QqQ-MS of cecal contents collected on experimental day 5.
(n=5 animals/treatment group). A control group of animals was gavaged with vehicle alone
(see Methods for details about the development of the dosing protocol).

Oral administration of OEA did not elevate levels of OEA in cecal contents above those

in control mice (p>0.18; t-test; Fig. 4B), presumably due to small intestinal absorption/
metabolism. However, administration of C18:1-Arg and C18:1-His resulted in significantly
higher levels of these molecules in cecal contents (to 208.49 + 47.44 ng/g and 504.81 +
110.21 ng/g, respectively); their levels were below the limit of detection in control animals
(p<0.0001;1-way ANOVA followed by post-hoc Tukey’s test) (Fig. 4B). Neither C18:1-Arg
or C18:1-His were detected in portal vein blood sampled at the time of euthanasia. Since
OEA, C18:1-Arg and C18:1-His were administered by gavage at equivalent doses, these
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results indicate that C18:1-Arg and C18:1-His are either absorbed in the small intestine less
efficiently and/or are more resistant than OEA to degradation in the gut.

The effects of C18:1-Arg and C18:1-His on intestinal gene expression in these mice

was ascertained by performing RNA-Seq on jejunum, ileum, colon, and liver samples
collected at the time of euthanasia (see table S7 for log,-fold change and FDR adjusted
p-values). It is challenging to relate changes in gene expression using bulk RNA-Seq to
activation of specific orphan GPCRs in the intestine of germ free animals in response to
previously uncharacterized ligands due to limited understanding of the downstream target
genes of these receptors. With this caveat in mind, we turned to Gene Set Enrichment
Analysis (GSEA) to identify Gene Ontology (GO) Biological Pathway terms that were
significantly enriched for differentially expressed genes; the results, summarized in table
S8A,B, identified 46 pathways that were significantly enriched by treatment with both
NAAA:s in the jejunum and ileum, but not in the colon or liver (Fig. 4C). All these
pathways are related to immune responses (table S8C) and included significant decreases
in the expression of genes involved in (i) various facets of B-cell regulation (CD22, a
critical modulator of B cell receptor (BCR) signaling, Cd180, Ly6d, Ighm, Bank1, Fcrl1,
and Cd79b) (51-53), (ii) T cell activation/regulation (BTLA, Cd28 and Egr3) (54-56), (iii)
formation and maintenance of lymphoid tissue (CCR®6, Ltb) (57, 58) and (iv) the MHC class
I1 complex (H2-O) (59).

Effects of MDCF-2 administration on fecal levels of NAEs in undernourished children

To examine the relevance of these /in vitroand in vivo results to the human gut

microbiota, we turned to fecal samples obtained from 12-18-month-old Bangladeshi
children with moderate acute malnutrition who were enrolled in the clinical trial that
compared the efficacy of dietary supplementation with MDCF-2 versus a standard ready-
to-use-supplementary food (RUSF). This 3-month study revealed that compared to RUSF,
MDCEF-2 treatment increased the rate of weight gain in recipient children and increased the
abundance of several bacterial taxa, including £ prausnitzii, in their gut communities (12).
LC-MS measurements of NAE levels in fecal samples collected before and after treatment
revealed that levels of OEA were significantly reduced by MDCF-2 but not by RUSF
(p=0.002 and 0.17 respectively; Wilcoxon matched-pairs signed rank test; n=234 samples
from 117 children) (Fig. 4D). PEA levels were not significantly affected by either dietary
intervention (Fig. 4D).

Shotgun sequencing of serially collected fecal samples from trial participants had previously
allowed us to identify 75 metagenome assembled genomes (MAGS) that were positively
correlated with WLZ, including those assigned to £ prausnitzii (14). Among the 13 ~
prausnitzif MAGs in this dataset, only MAG Bg0005 had a complete ORF matching that

of £, prausnitzii FAAH (CGOBPECO_01956) (table S9). A statistically significant inverse
correlation was observed between fecal OEA levels and the abundance of MAG Bg0005 in
feces from MDCF-2-treated children (Spearman’s p = —0.228, p-value = 0.014). Analysis of
microbial RNA-Seq data generated from the same fecal samples (14) disclosed a significant
negative correlation between expression of the £ prausnitziif FAAH and fecal OEA levels
(Spearman’s p = —0.31, p-value = 0.007) (table S10).
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We subsequently applied a solid-phase extraction protocol (see Methods) to 26 fecal samples
from children in the MDCF-2 arm of the clinical trial. Samples were selected based on the
abundance of MAG Bg0005 (n=17 samples comprising a ‘low MAGBg0005 group’ where

it represented <0.1% of total MAGs, and n= 9 in a *high MAG Bg0005 group’ where it
comprised 215% of all MAGSs). UHPLC-qTOF-MS analysis disclosed that (i) C18:1-Arg
was the most consistently detected A~acyl amino acid (23 of 26 samples) (table S11),

and (ii) fecal levels of this NAAA were significantly lower in the *high’ compared to the
‘low” MAG Bg0005 group (p=0.02; Mann-Whitney test; Fig. 4E). Furthermore, the negative
correlation between MAG Bg0005 abundance and levels of C18:1-Arg was statistically
significant (Spearman’s p = —0.4, p-value = 0.04). Together, these results provide support for
the notion that £ prausnitzii FAAH modulates gut luminal levels of A-acylamides.

Discussion

The initial motivation for our study was to determine if a microbiota-directed
complementary food (MDCF) that improves the growth of children with moderate acute
malnutrition could induce chemical changes in the gut luminal metabolic environment
through effects mediated by one or more of the bacterial targets of the MDCF. We have
identified a microbial FAAH in a human gut bacterium, £ prausnitzii that exhibits both
hydrolytic and synthetic activities towards a broad range of A-acylated amides. The presence
of a predicted transmembrane domain and rapid hydrolysis of labelled PEA administered

to monocultures of £ prausnitzii with appearance of labeled products in the culture

medium suggest that this FAAH is an extracellular facing enzyme. While further structural
and mechanistic studies are required for a comprehensive characterization, its discovery
underscores how regulation of A-acylamides in the gut luminal environment has a microbial
dimension and defines a potentially manipulatable pool of diverse metabolites with various
functions.

Human FAAH has received much attention due to its central role in regulating
endocannabinoids - compounds that are crucial in controlling various physiological
functions including appetite, mood, memory, and pain (16). FAAH, which is highly
conserved across eukaryotes, regulates levels of these A-acylamides through a conserved
amidase domain; this enzyme has also recently been shown to have the capacity to
synthesize and hydrolyze A-acyl amino acids (60). The £~ prausnitzii FAAH, while

also possessing dual hydrolase/synthase activity, lacks the signature amidase domain of
mammalian FAAH. Moreover, it is not sensitive to existing FAAH inhibitors and lacks
sequence similarity to its eukaryotic counterparts. Further, the bacterial enzyme has limited
phylogenetic distribution, being restricted to a small number of published genomes that
belong to members of the genus Feacalibacterium, with lower similarity to predicted
proteins in other gut Firmicutes, such as Christensenellaceae sp., Oscillospiraceae sp. and
Flavonifractor sp. 1t remains to be determined whether putative FAAH orthologs encoded
by these microbiota members are expressed /n vitroand in vivo and if enzymatically active,
what their substrate preferences and products are. This knowledge is important given that
F. prausnitzii does not exist in isolation and it is possible that hydrolytic and/or synthetic
activities of FAAH orthologs encoded by other community members contribute to the host
effects of FAAH-derived metabolites.
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Human gut-derived £ prausnitzif FAAH has a broad range of substrates, with the ability

to irreversibly hydrolyze N-acylethanolamines (NAEs) while being capable of reversible
hydrolysis and synthesis of variety of bioactive A-acylamides, including A-acylated amino
acids and A-acylated forms of neuroactive compounds (dopamine, GABA). Our results
provide a rationale for a comprehensive, albeit ambitious effort to characterize the potential
of these newly identified £~ prausnitzii FAAH products to act at physiologically relevant
levels as agonists and/or antagonists of different receptors, including GPCRs and NHRs.

OEA, whose levels increase in the intestinal epithelium levels after food intake, signals

via peroxisome proliferator activated receptors (PPARs) to control the expression of

genes involved in absorption and metabolism of fatty acids and activates hypothalamic
oxytocinergic neurons to induce satiety (61, 62). Given that undernutrition is associated with
poor appetite (63), it is intriguing that in a randomly controlled clinical trial, MDCF-2
treatment of Bangladeshi children with acute malnutrition improved their growth and
reduced fecal OEA levels compared to standard therapy. Future studies are needed to assess
the relationship between intestinal OEA levels, FAAH abundance/activity and appetite;

this includes application of validated tools to assess appetite and satiety in children in
low-income settings (64), as well as measurements of circulating levels of key regulators of
appetite such as GLP-1, leptin and ghrelin.

While there is already considerable interest in developing £ prausnitzii as a next-generation
probiotic for its butyrate producing and anti-inflammatory activities (65), the substrate
flexibility of its FAAH offers the potential for hydrolysis and synthesis of a multitude of
compounds with a variety of pharmacological activities. For example, administration of an
FAAH containing £ prausnitzii strain could shift the equilibrium in the pool of gut A-acyl
amides by converting these compounds into other A~acyl amine derivatives. This might

be advantageous in certain immunoinflammatory states: e.g., in patients with inflammatory
bowel diseases, where elevated levels of PEA and OEA have been associated with reduced
levels of £ prausnitzii (66, 67). An additional therapeutic approach could be to administer
selected dietary ingredients in a synbiotic formulation with FAAH-containing F. prausnitzii
to enable the synthesis of specific, functionally active A-acyl amides in the gut. Finally, the
potent hydrolyzing capability of £ prausnitzii FAAH against medium to long chain N-acyl
homaoserine lactones, also has therapeutic implications. AHLSs, used in quorum sensing

by Gram-negative bacteria, are crucial for the virulence of pathogens such as Sa/monella
enteritidis and Pseudomonas aeruginosa. Notably, 3-oxo-C12-HSL and C12-HSL, known for
their toxicity to innate and adaptive immune systems (68), can be degraded by £ prausnitzii
FAAH, potentially offering host protection.

In summary, the identification of a gut bacterial FAAH with broad substrate specificity and
the ability to regulate levels of a variety of bioactive metabolites at the gut mucosa has the
potential to provide new insights into how members of our gut microbial community control
the levels of signaling molecules with direct effects of host and gut community functions.
Moreover, the discovery of this enzyme opens the door to future development of small
molecule regulators of the enzyme’s synthetic versus hydrolytic activities that have potential
therapeutic applications.
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Materials and methods summary

Supplementary Materials include details of methods employed for gnotobiotic

mouse husbandry, £ prausnitzii Bg7063 monoculture experiments, purification of
palmitoylarginine and NMR analysis, targeted LC-QqQ-MS untargeted LC-Qtof-MS
analyses, purification of FAAH activity from £ prausnitzii Bg7063, expression and
purification of £ prausnitzii FAAH from E. coli. In addition, we provide descriptions

of methods used for measurement of N-acyl amide hydrolase/synthase activities, FAAH
inhibitor studies, the GPCR/NHR screen of NAAAs, administration of NAAAs to germ-free
mice, host RNA-Seq, solid phase extraction of Aacyl amides from human fecal samples and
phylogenetic analysis of £ prausnitziif FAAH orthologs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. F. prausnitzii strain-specific degradation of N-acylethanolamines.
(A) Absolute abundances of organisms comprising the bacterial consortium in cecal

contents collected at the time of euthanasia. (B) Oleoylethanolamide (OEA) and
palmitoylethanolamide (PEA) levels in the cecal contents of animals from each of the two
treatment groups. Each dot represents a sample from a mouse. Mean values + SD are shown.
***x P < (0.0001; ***P< 0.001 (t-test followed by Bonferroni correction). (C) Quantification
of PEA-d, levels using targeted UHPLC-QqQ-MS of medium and cell pellets prepared

from £ prausnitzii Bg7063 monocultures after incubation with PEA-d, for 1 h. Each dot
represents a biologic replicate in the indicated treatment group. Mean values + SD are
shown. ****P < (0.0001; ***P< 0.001 (1-way ANOVA followed by post-hoc Tukey’s test).
(D) Quantification of PEA-d,4 levels in monocultures of the indicated £ prausnitzii strains
treated with PEA-d4 for 1 h. NS, not significant (1-way ANOVA followed by post-hoc
Tukey’s test).
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Figure 2. Characterization and identification of F. prausnitzi FAAH.
(A) Tandem mass spectrometry fragmentation profile of A-palmitoylarginine (C16:0-Arg)

in £, prausnitzii Bg7063 monocultures incubated with (i) unlabeled PEA (indicated in
green), C16:0-Arg produced from PEA labelled with 13C (blue asterisk) at the carbonyl
carbon (highlighted in blue) and a chemically synthesized unlabeled C16:0-Arg standard
(indicated in red). (B) Quantification of labeled PEA (PEA-d,), palmitic acid-d4 (C16:0-dy)
and A-palmitoyl-L-arginine-d4 (C16:0-Arg-d,) in reactions containing £ prausnitzii Bg7063
cell lysates. (C) Quantification of PEA-d,4 and C16:0-Arg-d,4 levels in reaction mixtures
containing a cell lysate from E. coli transformed with a CGOBPECO_01956 expression
vector, a lysate from E. coli containing the empty vector, purified protein (2 pg) or a

no addition (water) control. (D) Reaction rates for purified £ prausnitzii FAAH catalyzed
hydrolysis of PEA, OEA, C18:1-Arg, and C18:1-His at 100 uM (see Methods). (E) Reaction
rates for purified £~ prausnitzii FAAH catalyzed condensation of C16:0 or C18:1 (100 pM)
with arginine (100 mM). Mean values = SD are plotted in panels B-D. All assays involved 3
replicates per condition.
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Figure 3. F. prausnitzii FAAH synthetic and hydrolytic activity.
(A) Acylation activity determined in reactions containing the indicated fatty acid (100

UM), arginine (100 mM) and purified £ prausnitzii FAAH (20 pg/ml) (see Methods).

The mass spectrometry ion intensity peak area of the most prominent acylation product,
oleoylarginine (C18:1-Arg), was set as 100%. The relative utilization preference of the
indicated fatty acid as a substrate for FAAH was calculated by dividing the peak area of the
corresponding acylarginine by the peak area of C18:1-Arg. (B) Amine donor condensation
activity measured by incubating each amine (10 mM) with the oleic acid (100 pM), in the
presence of £ prausnitzii FAAH (20 pg/mL). The mass spectrometry ion intensity peak
area of the most favored condensation product, C18:1-Arg, was set as 100%. The relative
condensation activity of each amine was then calculated by dividing the peak area of the
corresponding C18:1-amine by the peak area of C18:1-Arg. (C) FAAH hydrolytic activity
for a variety of N-acyl amides with different acyl chains and amine donors. Results are
expressed as a percentage of the hydrolytic rate of the indicated A-acyl amide divided by
the hydrolytic rate of C18:1-Arg. (D) Reaction rates for £ prausnitzii FAAH catalyzed
hydrolysis of quorum sensing A-acyl homoserine lactones. Mean values + SD are plotted in
panels A-D. All assays involved 3 replicates per condition.
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Figure 4. Host effects of F. prausnitzi FAAH synthetic products and correlation between F.
prausnitzi FAAH abundance and fecal levels of N-acyl amidesin undernourished children.

(A) Experimental design. Groups of 4-5-week-old male germ-free animals received the
indicated metabolite by oral gavage on experimental days 1, 2, 3, and 4 (n=5 mice/treatment
group). Cecal levels of OEA, C18:1-Arg, and C18:1-His in germ-free mice were measured
using LC-QqQ-MS. Each dot represents a sample from a mouse in the indicated treatment
group. Mean values + SD are plotted. NS, not significant (1-way ANOVA followed by post-
hoc Tukey’s test). (B) Heatmap of log2-fold change in levels of significantly differentially
expressed transcripts (rows) that contribute to the 46 pathways (table S8C) whose expression
was significantly enriched in both the ileum and jejunum upon treatment with C18:1-Arg
and C18:1-His. (C) Fecal levels of OEA and PEA in children (n=117) prior to- and
3-months after initiation of RUSF or MDCF-2 treatment. Data are visualized using violin
plots; median values for each analyte are shown. p-values shown were based on Wilcoxon
matched-pairs signed rank test. NS, not significant. (D) Fecal levels of C18:1-Arg in samples
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obtained from the ‘low MAGBg0005 group’ and ‘high MAGBg0005 group’. The p-value
was calculated using a Mann-Whitney test.
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