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The trillions of bacteria that make up the human microbiome are
believed to encode functions that are important to human health;
however, little is known about the specific effectors that com-
mensal bacteria use to interact with the human host. Functional
metagenomics provides a systematic means of surveying commen-
sal DNA for genes that encode effector functions. Here, we examine
3,000 Mb of metagenomic DNA cloned from three phenotypically
distinct patients for effectors that activate NF-kB, a transcription
factor known to play a central role in mediating responses to envi-
ronmental stimuli. This screen led to the identification of 26 unique
commensal bacteria effector genes (Cbegs) that are predicted to
encode proteins with diverse catabolic, anabolic, and ligand-binding
functions and most frequently interact with either glycans or lipids.
Detailed analysis of one effector gene family (Cbeg12) recovered
from all three patient libraries found that it encodes for the pro-
duction of N-acyl-3-hydroxypalmitoyl-glycine (commendamide). This
metabolite was also found in culture broth from the commensal
bacterium Bacteroides vulgatus, which harbors a gene highly similar
to Cbeg12. Commendamide resembles long-chain N-acyl-amides
that function as mammalian signaling molecules through activation
of G-protein—coupled receptors (GPCRs), which led us to the obser-
vation that commendamide activates the GPCR G2A/GPR132. G2A
has been implicated in disease models of autoimmunity and athero-
sclerosis. This study shows the utility of functional metagenomics
for identifying potential mechanisms used by commensal bacteria
for host interactions and outlines a functional metagenomics-based
pipeline for the systematic identification of diverse commensal bac-
teria effectors that impact host cellular functions.
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he human body is home to hundreds of distinct bacterial spe-

cies and trillions of individual bacteria (1). Sequencing of DNA
extracted from patient samples is the most commonly used ap-
proach for studying the human microbiome (2). Human cohort se-
quencing studies have found strong correlations between changes in
bacterial populations and human pathophysiology (3-7). Mouse
models have been used to show that native bacterial ecology is
necessary for normal physiologic functions and dysbiosis causes
diseases like obesity, cancer, diabetes, and colitis among others
(8-11). Despite evidence linking changes in commensal bacteria
populations to disease in mice and correlative evidence in humans,
it is still largely unknown how specific bacterial functions affect
mammalian physiology (effector functions). Human commensal
bacteria effector functions are programmed in the metagenome of
the human microbiome, which is predicted to contain 100 times
the number of unique genes than can be found in the human
genome (12). Tremendous resources have been allocated to the
sequencing and bioinformatic organization of genes within the
human commensal metagenome; however, very few genes have
been shown to encode either for proteins or indirectly for small
molecules that affect the human host through specific cellular
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receptors (e.g., effector molecules) (3, 13, 14). Here, we use
functional metagenomics and high-content imaging to identify and
characterize human microbiome effector genes and their products.

In functional metagenomic studies, large fragments of DNA
extracted directly from an environmental sample are cloned into
a model bacterial host, and the resulting clones are examined for
phenotypes of interest. This approach circumvents the culture
barrier and allows for the simultaneous identification of effectors
from both cultured and uncultured microbes. In addition, it
couples each observed phenotype to a single fragment of cloned
metagenomic DNA, making it possible to simultaneously identify
specific effector molecules and the specific effector genes that
encode these molecules. Functional metagenomics has been
used to isolate small molecules and proteins from soil meta-
genomes (15-24); however, its application to the human micro-
biome has to date been very limited (16, 25, 26). In this study, a
set of arrayed, large-insert cosmid libraries hosted in Escherichia
coli was created from DNA isolated from the stool of three pa-
tients who, based on their phenotype, were predicted to have
different commensal bacteria cohorts. Bacterial populations in
healthy patients are more similar to each other than to bacterial
populations in patients with certain disease phenotypes including

Significance

In this study, we demonstrate a method for rapidly identifying
bacterial effector genes and gene products from human com-
mensal bacteria. Identification of specific effector genes and
small molecules improves our understanding of how bacteria
might interact with human cells and contribute to both health
and disease. The small molecules we isolated, N-acyl-3-hydrox-
yglycines, resemble endogenously produced N-acyl-amide
signaling molecules and were found to activate the human
G-protein—coupled receptor (GPCR) GPR132/G2A. G2A has po-
tentially important implications for autoimmune disease and
atherosclerosis. Finding commensal small molecules that appear
to structurally mimic host signaling metabolites provides greater
insight into how commensal bacteria may interact with human
physiology and the methods required for future discovery of
other commensal effectors.
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Fig. 1. Overview of metagenomic methods. Step 1: The human reporter cell line and individual metagenomic bacterial clones are robotically arrayed in
separate 384-well microplates. Step 2: Mature bacterial cultures are filter sterilized, and sterile spent culture broth is then transferred to plates containing the
human reporter cell line. Human reporter cells that have been exposed to spent culture broth are imaged by fluorescent microscopy to identify metagenomic
clones that activate the reporter. Step 3: Once an active metagenomic clone is confirmed, the specific effector genes are identified through sequencing and
transposon mutagenesis, and the effector molecules (proteins or small molecules) are characterized from large-scale cultures of the active metagenomic clone.

inflammatory bowel disease, obesity, cancer, cirrhosis, and di-
abetes among others. To ensure we capture the greatest diversity
of bacterial species and their encoded effector functions in our
metagenomic library collection, we created metagenomic libraries
using DNA isolated from the stool of a healthy patient, a patient
with Crohn’s disease, and a patient with ulcerative colitis. Crohn’s
disease and ulcerative colitis are collectively known as inflammatory
bowel disease (IBD), and bacterial populations in each of these
diseases are unique relative to each other and to patients without
IBD (12, 27-29).

As the specific roles bacterial effectors might play in human
biology are still not clear, we initially sought to identify effectors
using a screen that would report very broadly on the ability of
metagenomic clones to perturb human cells. Nuclear factor-xB
(NF-kB) is a “rapid-acting” broadly regulated transcription fac-
tor that is involved in a myriad of normal and disease cellular
processes. Few signaling pathways have been found to respond to
a more diverse set of extracellular inducers, making it a potentially
useful reporter of a broad range of host-microbial interactions
(30). To identify bacterial effector functions, sterile spent culture
broth filtrates derived from individually arrayed metagenomic
clones were screened for NF-kxB activity using a human embryonic
kidney (HEK293) cell line stably transfected with a GFP reporter
construct under the control of NF-kB. From the screening of
~75,000 metagenomic clones, we identified 26 unique commensal
bacteria effector genes. Taxonomic analysis of the effector genes
indicates enrichment for genes from the phyla Bacteroidetes.
Detailed bioinformatics analyses of these effector genes suggest
they most frequently encode for proteins that interact with glycans
or lipids either as binding partners or substrates.

In-depth functional analysis of one of these effector gene
families led to the isolation of the previously unknown natural
product N-acyl-3-hydroxy palmitoyl glycine (1), which we have
named commendamide. We show that this natural product is
present in the culture broth of Bacteroides vulgatus, one of sev-
eral related commensal bacteria that harbor a gene highly similar
to Cbegl2. Commendamide resembles mammalian long-chain
N-acyl-amide signaling molecules that are known to specifically
activate diverse G-protein—coupled receptors (GPCRs). At an
order of magnitude lower concentration than we see induction of
NF-xB, commendamide activates the GPCR, G2A. G2A has
been implicated in autoimmune disease and atherosclerosis, which
are both diseases where host-microbial interactions are thought to
play a role (31-33). The structural similarity between commen-
damide and a broad class of eukaryotic signaling molecules is
striking and suggests that chemical mimicry may be a mechanism
used by commensal bacteria to facilitate interactions with their
human host (34, 35).
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Results and Discussion

Selection of a Patient Cohort and Construction of Metagenomic DNA
Cosmid Libraries. Demographic details for the ulcerative colitis
patient (UC) (library 1), Crohn’s patient (CD) (library 2), and
healthy control (HC) (library 3) from whom stool was collected for
this study are shown in SI Appendix. The construction of meta-
genomic libraries from patient stool samples proceeded using
methods developed for cloning DNA directly from soil (36). In
brief, high-molecular-weight environmental DNA (eDNA) was
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Fig. 2. Screen results. (A) Histogram of HEK293:NF-kB:GFP reporter activation
Z scores for all 75,003 metagenomic clones screened in this study. The per-
centage of activated cells was determined on a per-well basis and normalized
to negative control wells on the assay plate to give a Z score. The Z-score
distribution from metagenomic clones demonstrates a positive skew toward
increased GFP activation compared with negative control wells (normal curve,
black line). (B) Images of a representative negative control well and a well
from an active metagenomic clone. Nuclei appear blue (Hoechst 33442 stain).
HEK293:NF-kB:GFP cells expressing GFP appear green. (C) Table of total met-
agenomic clones screened and hit rates for each library. Active clones have
reproducible HEK293:NF-xB:GFP cell activation in a secondary assay. Effector
genes were identified by transposon mutagenesis of unique cosmids recovered
from the active hits. All hit rates are expressed relative to total metagenomic
clones screened. *Library 1 was not robotically arrayed into a microplate but
mechanically dispensed at a dilution of 0-3 metagenomic clones per well. Total
number of clones screened in library 1 is therefore an estimate based on the
number of wells screened and average number of clones per well.
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Fig. 3. Bacteroidetes species appear to be enriched in effector genes. (A) The percent identity for the top hit identified in a BlastN search of each effector gene
against either the NCBI reference genome dataset or the Swissprot dataset is tabulated. (B) The phylogenetic origin of the sequence from NCBI reference genome
dataset to which each effector gene is most closely related is tabulated [Bacteroidetes (blue), Firmicutes (orange)]. (C) A 16s gene analysis (V4 region) of each
metagenomic library was carried out to assess phylogenetic diversity in these libraries. For each library, the percentage of effector genes predicted to arise form
Bacteroidetes spp. (88%; B) is greater than the percentage of 165 genes predicted to arise from Bacteroidetes spp. (36-40%; C).

extracted directly from 4 g of stool within 24 h of collection. Crude
eDNA extracts were then gel purified, blunt ended, ligated with
the broad host-range cosmid pJWCI, packaged into lambda
phage, transfected into Escherichia coli, and the transformants were
selected using tetracycline (15 pg/mL) (20). Based on titers ob-
tained from the original transfection plates, each of the resultin%
metagenomic libraries is predicted to contain in excess of 1 x 10
unique cosmid clones, representing over 10,000 4-Mb genome
equivalents of commensal bacteria DNA.

High-Throughput Fluorescent Microscopy to Identify Bacterial Effector
Genes That Activate NF-xB. The reporter cell line (HEK293:NF-xB:
GFP) that we used in this study consisted of HEK293-TN cells
stably transfected with the pGreenFire lentiviral NF-xB GFP-
luciferase plasmid (Systems Biosciences). This plasmid contains a
minimal CMV promoter in conjunction with four copies of the
NF-kB consensus transcriptional response element to control the
expression of GFP (25). HEK293 cells were specifically selected
for use in our functional metagenomic screen because they lack
native TLR2 and TLR4 expression ensuring low baseline ac-
tivation from E. coli host membrane lipids and glycans (37). An
overview of the screening protocol used to identify clones pro-
ducing effectors that activate NF-kB is depicted in Fig. 1. Briefly,
clones from the three patient libraries were arrayed into 384-well
microtiter plates (~50,000 clones library 1, ~12,500 clones library
2, ~12,500 clones library 3) and allowed to grow for 4 d in LB me-
dium. Sterile spent culture broth was collected from each well by
passage through a 0.45-pm filter, and then a defined volume (20 pL)
transferred to wells containing the HEK293:NF-xB:GFP reporter
cell line. After 24 h of incubation in the presence of the sterile spent
culture broth filtrate, GFP expression in each well was measured by
high-throughput fluorescent microscopy. The percentage of viable
human cells showing GFP expression in each test well was normal-
ized to data from negative control wells on the same assay plate, and
the extent of GFP induction for each well was then reported as a Z
score (Fig. 2 and SI Appendix).

Metagenomic clones from wells exhibiting Z scores greater than 3
were recovered from archived arrayed clone plates and rescreened
in quadruplicate under the same assay conditions. A total of 143
clones with the ability to reproducibly activate GFP expression were
identified from the screening of ~75,000 wells. This corresponds to
1 activating clone per 526 metagenomic clones or 1 active clone per
10-15 Mb of screened eDNA. De novo sequencing of cosmids from
these activating clones identified 24 unique genomic regions. A
representative cosmid from each unique genomic region identified
in a patient library was selected for detailed analysis. This included
12 clones from library 1, 6 clones from library 2, and 6 clones from
library 3 (SI Appendix). To identify specific bacterial effector genes,
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individual cosmids were transposon mutagenized, reintroduced into
Escherichia coli, and screened for mutants that no longer induced
GFP expression. The sequencing of loss-of-function mutants iden-
tified transposons in either one or two genes in each cosmid to give
a total of 26 commensal bacteria effector genes (Cbegs).

Comparative Phylogenetic and Functional Analysis of Effector Genes.
To identify the source of its closest relative, each effector gene
was aligned (BLASTn) against the National Center for Biotech-
nology Information (NCBI) reference genome dataset, including
1,512 complete genomes from commensal bacteria species. All
effector genes mapped to a commensal bacteria reference genome
at >93% nucleotide identity (Fig. 3 A and B, and SI Appendix). The
most closely related sequences identified for each Cbeg derived
from just two phyla, either Bacteroidetes (23 of 26 genes) or Fir-
micutes (3 of 26 genes). Even though all libraries were screened
using the Proteobacterium E. coli as a host and Proteobacterial 16S
sequences represent 11-33% of the 16S sequences observed in
each library, none of the effector genes are most closely related to
genes found in Proteobacterial reference genomes, which might
have been expected if there were a host expression bias (Fig. 3 B
and C). The high proportion of genes predicted to derive from
Bacteroidetes spp. (88%) is greater relative to the fraction of
Bacteroidetes DNA predicted to be present in our metagenomic
libraries based on 16S RNA gene analysis (36-40%) (38). The
observation that Bacteroidetes species may be enriched for effec-
tors that interact with human cells is not unexpected as Bacte-
roidetes are a dominant phyla in the intestine and have likely
adapted to interact extensively with human hosts (2).

Although effector genes show high identity to sequences in the
NCBI-curated commensal reference genome dataset, a BLASTp
search of a similarly manually curated dataset of functionally
characterized proteins, SwissProt, returned only a single hit with
greater than 50% identity (Fig. 34 and SI Appendix). The discor-
dance between sequence identity and specific functional annotation
of commensal genes exemplifies the historical context in which the
microbiome has been studied. In particular, a tremendous effort has
been put into the sequencing and cataloguing of genes from the
human microbiome, yet the detailed functional characterization of
these genes remains rare. A BLASTp search of conserved protein
domains found in the broader NCBI nr database suggests that ef-
fector genes encode diverse transcriptional, catabolic, anabolic, and
ligand-binding functions and that they most frequently interact with
either sugars or lipids (Figs. 4 and 5, and SI Appendix).

Effectors That Likely Induce Changes in the E. coli Host. Nine effector

genes including unique examples from all three patient libraries
are homologs of the (p)ppGpp biosynthesis enzymes spoT/relA
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(SI Appendix). This is the most common effector gene function
detected. The alarmone, (p)ppGpp, controls the stringent re-
sponse, an adaptive response to environmental stressors that in-
volves changes in the expression level of hundreds of different
genes across the bacterial genome (39, 40). Three other effector
genes (Cbegl and 2/3) are structurally related to TonB-dependent
transporters (TBDT). TonB-dependent transport is a mechanism
for active transport of environmental chemicals across the Gram-
negative outer membrane (41-43). This uptake process is fre-
quently accompanied by changes in transcription in response to
the chemicals taken up from the environment. At this point, we do
not know whether spoT or TBDT expression induces the E. coil
host to produce a single effector molecule or a large collection of
effectors due to global transcriptional changes. Whether this type
of host-specific response is functionally relevant to commensal
human interactions or an artifact of the heterologous expression
system remains to be seen. It is interesting to note that we only
identified effector genes with high sequence identity to Bacteroides
spp., despite the presence of ppGpp synthesis enzymes and
TBDTs in most bacterial phyla. Although the reason for this
finding not clear, it is possible that some Bacteroides spp. homo-
logs of these proteins are either constitutively active or more
sensitive to common environmental stimuli when introduced into
this heterologous expression system.

Effector Genes Lead to the Production of Low- and High-Molecular-
Weight Products That Interact with Human Cells. The remaining ef-
fectors are predicted to be ligand-binding proteins (Cbeg4, -5),
hydrolytic enzymes (Cbeg7, -8, -9, -10, -11), and anabolic enzymes
(Cbegl2, -13, -14, -15). Cbegd and -5 contain CBM6-35-36-like
glycan binding domains but no obvious catalytic domains. They
both have secretion signals, suggesting they could be secreted and
activate NF-kB through direct interactions with epitopes on the
human cell (SI Appendix). Among predicted hydrolytic effector
enzymes, a conserved domain analysis suggests their substrates
likely include glycans (Cbeg7, -8, -9), peptide bonds (Cbeg10), and
acyl thioesters (Cbegll). A number of predicted catabolic en-
zymes resemble peptidoglycan hydrolyzing enzymes with different
arrangements of NIpC/p60-like cell wall peptidase domains and

Cohen et al.

lysozyme-like glycosyl hydrolase domains. For example, Cbeg7 has
both an NlpC/p60 and a lysozyme-like domain, whereas Cbeg8
and -9 have either an NlpC/p60 (Cbeg9) or lysozyme-like (Cbeg8)
domain in addition to either a M23 zinc metallopeptidase (Cbeg9)
or LysM carbohydrate binding domain (Cbeg8) (44-46). The do-
main architecture seen in Cbeg8 is typical of bacterial autolysins
that are associated with both reorganizing cell membranes for cell
division and host invasion by pathogens (47). Cbeg7 was identified
in a two-gene operon with Cbeg6. Cbegb is predicted to contain
seven-transmembrane helices (48), suggesting an association with
the membrane and potentially a role in exporting the catabolic
products of Cbeg7 or even Cbeg?7 itself (SI Appendix).

Cbegs predicted to be anabolic enzymes are expected to use
either sugars (Cbegl3, -14, -15) or acyl groups (Cbegl2) as sub-
strates. Cbegl3 and -15 are related to enzymes involved in the
synthesis of bacterial cell wall glycans. Cbegl3 is related to MdoB,
which catalyzes the transfer of phosphoglycerol to periplasmic
glycans in E. coli, and Cbegl5 is related to MurG, which catalyzes
the formation of the p1-4 glycosidic bonds between the peptido-
glycan sugars GIcNAc and MurNAc in E. coli (49, 50). Cbeg14 has
a small region of similarity to membrane associated glycosyl-
transferases (PFAM 02366) (51). The fact that effector proteins
are commonly predicted to interact with glycans may reflect the
abundance of glycans in the intestine which provides both an ac-
cessible and diverse resource for facilitating host interactions.

Characterization of Small-Molecule Elicitors Produced by Cbheg12. Of
the predicted catabolic and anabolic Cbegs, only one gene family,
Cbegl2, was recovered from all three patient libraries. The Cbegl2
family is composed of two distinct sequences that are 98% identical
to one another. One Cbegl2 sequence was recovered from library 2
(Cbegl2-1), and the other Cbeg sequence was recovered from
library 1 (Cbegl2-2) and library 3 (Cbegl2-3). Because of its
potential common occurrence in diverse human microbiomes, we
elected to study this Cbeg in more detail. Cbegl2 is predicted to
be a member of the acetyltransferase-5 family of enzymes, which is
part of the lysophospholipid acyltransferase superfamily (PFAM
CL0257) common to every domain of life (52). Enzymes from the
acetytransferase-5 family are not known to produce commensal
bacteria effectors, although acetyltransferase-5 enzymes from soil
metagenomes are known to make N-acylated amino acids (15, 20,
21). A BLAST search of the NCBI database found that genes
highly similar to Cbegl2 (>70% protein identity) were almost ex-
clusively restricted to commensal Bacteroidetes species suggesting
these effector genes may be specific to commensal host-microbial
interactions (see Fig. 7). All closely related sequences are currently
generically annotated as either acyl transferases [e.g., lysophospho-
lipid acyltransferase (LPLAT)] or hemolysins (53). No small-mole-
cule products have been associated with this Bacteroidetes-derived
family of genes.

Our transposon mutagenesis studies indicated that Cbegl2 was
necessary for NF-xB activation. To determine whether Cbegl2
was sufficient for NF-kB activation, one representative Cbegl2
gene (Cbegl2-1) and its promoter were subcloned and retrans-
formed into E. coli. Spent culture broth from the resulting strain
was subsequently rescreened in the HEK293:NF-kB:GFP assay.
As seen with the full-length cosmid clone, spent culture broth
from the Cbegl2 subclone reproducibly induced GFP expression
in the reporter assay (SI Appendix), indicating that Cbegl2 is both
necessary and sufficient for activating the NF-«kB reporter.

The first step in our characterization of the Cbegl12 effector was
to determine whether the effector molecule present in Cbegl2
E. coli culture broth was a large molecule (i.e., Cbegl?2 itself) or a
small molecule (i.e., a product of Cbegl2). To do this, spent cul-
ture broth from Cbegl2 E. coli cultures was passed through a
10-kDa cutoff membrane and the flow-through was assayed for
the ability to induce GFP expression in the HEK293:NF-xB:GFP
assay. We found that the low—molecular-weight flow-through
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Fig. 6. Characterization of commendamide. (A) Electrospray ionization (ESI)-mass spectroscopy (MS) traces of culture broth extracts from E. coli transformed

with an empty pJWC1 cosmid vector (i), cosmid Cbeg12-1 (ii), cosmid Cbeg12-2
Cbeg12-1 gene (v), Cbeg12-1 subcloned into pJWC1 (vi), and synthetic com

(iii), cosmid Cbeg12-3 (iv), cosmid Cbeg12-1 with a transposon insertion in the
mendamide (vii). (B) Key NMR correlations used to define the structure of

commendamide (1), the major clone-specific peak found in cultures of E. coli transformed with Cbeg12-1, are shown. (C) The structures for three minor clone-
specific metabolites related to commendamide (compounds 2-4) were also determined using NMR and MS data. (D) Purified commendamide activates the

HEK293:NFkB GFP reporter assay. (E) Endogenous long-chain N-acyl-amides
agonists for numerous receptors, including many GPCRs. Such signaling system
depression, obesity, and diabetes.

retained all inducing activity present in spent culture broth, in-
dicating that a small molecule, likely a N-acylated metabolite and
not the Cbegl2 protein itself (37 kDa), was responsible for
activating NF-xB.

Many N-acylated small molecules are hydrophobic and can
therefore be extracted from spent culture broth using organic
solvents. Ethyl acetate extracts of cultures of E. coli expressing
Cbegl2 showed potent clone-specific NF-kB-inducing activity.
Bioassay-guided fractionation of this activity from large-scale
ethyl acetate extracts led to the isolation of four clone-specific
metabolites that induce GFP expression in the HEK293:NF-«xB:
GFP assay (Fig. 6 and SI Appendix). When examined by liquid
chromatography-mass spectrometry (LC-MS), extracts of E. coli
cultures transformed with either Cbeg12-1, Cbegl2-2, or Cbegl2-3
gene-containing metagenomic cosmid clones showed the presence
of the same set of four clone-specific molecules (Fig. 6). The
structure of each metabolite was determined using a combination
of 1D and 2D NMR and high-resolution mass spectroscopy.
The most active metabolite, which is also the major clone-specific
metabolite produced by cultures transformed with Cbegl2, is
N-acyl-3-hydroxypalmitoyl glycine (1) (Fig. 6). The three minor ac-
tive clone-specific metabolites found in the culture broth extract are
long-chain N-acyl glycine derivatives with different 3-hydroxy fatty
acid side chains [C16:1 (2), C18:1 (3), C14 (4)]. A 30H-C15:0 de-
rivative is also predicted to be present based on the mass of another
minor clone specific peak seen in the LC-MS trace. To confirm the
structure of compound 1, synthetic N-acyl-3-hydroxypalmitoyl
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that are structurally related to commendamide are reported to function as
s have been therapeutically targeted for the treatment of pain, inflammation,

glycine was produced from glycine and 3-hydroxypalmitic acid.
Synthetic N-acyl-3-hydroxypalmitoyl glycine was found to be iden-
tical by both NMR and LC-MS to the natural metabolite (Fig. 6).
To the best of our knowledge, N-acyl-3-hydroxypalmitoyl glycine
has never been described as a natural product. We have given this
compound the trivial name commendamide (commensal mimick-
ing endogenous amide).

A small group of long-chain N-acyl amino acids have been
characterized from eDNA clones found in soil DNA metagenomic
libraries (15, 20, 21). The most common of these are long-chain
tyrosine, phenylalanine, and tryptophan N-acyl derivatives, and in
no cases are these reported to contain hydroxylated fatty acids.
3-Hydroxylated fatty acids are constituents of membrane phos-
pholipids in a number of bacteria (54). N-3-(Acyloxyacyl)glycines
have been identified as metabolites produced by the marine bac-
terium Cytophaga sp. In these compounds, a 3-hydroxy branch
chained fatty acid is appended to the nitrogen of glycine and a
second unsaturated branched chained fatty acid is appended to the
hydroxyl group on the fatty acid. Although these metabolites ac-
tivate N-type calcium channels, no N-type calcium channel acti-
vation was seen with simple N-acylated glycines (55). N-Acyl amino
acid synthases (NAS) cloned from soil eDNA also fall into the
acetyltransferase-5 family of N-acyl transferases, but they are only
distantly related to one another (SI Appendix). Soil bacteria derived
enzymes have been shown to use acyl carrier protein (ACP) linked
fatty acids as a source of the acyl substituent (56). The source of the
acyl groups used by Cbegl2 enzymes is not yet known.
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Fig. 7. Phylogeny of the commendamide N-acyl synthase. A BLASTn search
of the three Cbeg12 genes against the NCBI reference genome dataset.
Genes similar to Cbeg12 at >70% identity are represented in a phylogenetic
tree annotated by reference genome. All genes are from commensal bac-
teria except Desulfosporosinus acidophilus SJ4, which was isolated from an
acid mine. B. vulgatus ATCC 8482 is 100% identical to Cbeg12-1, and Bac-
teroides dorei HS1 is 100% identical to Cbeg12-2 and Cbeg12-3. B. vulgatus
ATCC 8482 was purchased from ATCC and grown for 14 d in LY-BHI medium
under anaerobic conditions. The B. vulgatus culture was extracted 1:1 with
ethyl acetate, and crude extracts were fractionated by flash column chro-
matography (water:methanol, 0.1% TFA). MS [electrospray ionization (ESI)]
analysis of extract fractions identified a metabolite with the same mass and
retention time as commendamide in the B. vulgatus culture broth.

Commendamide Is Produced by Bacteroides spp. In a BLAST search
of publically available sequenced genomes, three sequenced com-
mensal Bacteroides spp. (Bacteroides vulgatus, Bacteroides dorei, and
Bacteroides massiliensis) were found to contain genes that encode
for proteins that are essentially identical to Cbegl2 (>98% amino
acid identity). The full-length metagenomic cosmid clones on
which the Cbeg12-1 and Cbegl2-2 genes are found are most similar
to genomic sequences from B. vulgatus and B. dorei, respectively (SI
Appendix). To determine whether commendamide is natively pro-
duced by commensal bacteria, ethyl acetate extracts from anaero-
bically grown cultures of B. vulgatus were analyzed by LC-MS.
Although peaks corresponding to the minor clone-specific metab-
olites (2—4) were not detected in these extracts, a compound with
the same retention time and mass as commendamide (1) was, in-
dicating that commendamide is natively produced by commensal
Bacteroides (Fig. 7).

Commendamide and Structurally Related Endogenous Long-Chain N-Acyl-
Amides Activate Discrete Human Receptors. A number of long-chain
N-acylated glycines and ethanolamines that are close structural
relatives of commendamide have been described as endogenous
metabolites in humans and other mammals. The best studied of
these is N-arachidonylethanolamide (anandamide), an endogenous
ligand for the cannabinoid GPCR CB1 (57). Other endogenous
long-chain N-acyl glycines and ethanolamines are reported to ac-
tivate diverse receptors including many GPCRs (34, 35, 58, 59). For
example, N-arachidonyl-glycine activates GPR18 and T-type cal-
cium channels; N-palmitoyl-ethanolamide activates GPR119, GPRS55,
and PPARq; and N-palmitoyl-glycine is believed to act through
an unidentified GPCR in sensory nerves (Fig. 6).

Because of the structural relation between commendamide and
endogenous GPCR activating metabolites, we explored the possi-
bility that commendamide might also activate a specific human
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GPCR. When commendamide was screened at 10 pM for agonist
activity against a library of 242 GPCRs, including 73 orphan
GPCRes, it was found to activate a single receptor, GPCR132/G2A
(ECso, 11.8 uM) (Fig. 8). This activity was confirmed using a syn-
thetic sample of commendamide (Fig. 8). In addition to synthetic
and natural commendamide, we also examined the GPR132 ago-
nist activity of compounds with changes in fatty acid length (natural
2, 3-OH-C16:1; natural 4, 3-OH-C14:0; synthetic 3-OH-decanoyl-
glycine) and changes in head group (synthetic 3-OH-palmitoyl-
tyrosine) (Fig. 8). We elected to specifically look at a tyrosine analog
because long-chain N-acyl tyrosine producing clones are frequently
found in soil eDNA libraries (15, 20, 21, 36, 56, 60). All of the
commendamide analogs tested, whether they contained changes
in the head group or acyl chain, showed reduced GPR132/G2A
activity. In fact, the tyrosine and decanoyl analogs were completely
inactive toward the GPR132/G2A receptor at even the highest
concentrations tested.

GPR132/G2A was first described as a transcriptional target of
the BCR-ABL tyrosine kinase attenuating B-cell expansion in vitro
and arresting cells at G, during mitosis (61). Oxidized long-chain
fatty acids, lysophosphotidylcholine, 9(S)-HODE and (+)11-HETE
have been reported to be potential endogenous ligands of G2A
(62, 63). G2A-knockout mice have increased susceptibility to ath-
erosclerosis and develop late-onset autoimmunity (31). These
phenotypes are thought to arise from disruption of G2A-dependent
modulation of immune cell function including differentiation
and chemotaxis (62, 64-71). This suggests that Bacteroides spp.
could influence host immune systems through G2A activation
via the production of commendamide. Interestingly, GPCR-medi-
ated signaling pathways modulated by endogenous N-acyl-amides
that are structurally related to commendamide have been exten-
sively explored as targets for the therapeutic modulation of pain
sensation, depression, diabetes, and inflammation (72-75). The
fact that commendamide is produced by a commensal bacterium
suggests that bacteria may already represent a natural exogenous
delivery system for these types of metabolites and thus a potential
method for the therapeutic delivery of such metabolites. The
characterization of small molecules produced by commensal bac-
teria will undoubtedly provide not only insights into how com-
mensal bacteria and their human hosts interact but also ways of
modulating host-microbial interactions as a means of improving
human health and preventing disease.

Conclusion

To our knowledge, commendamide is the first successful example
of using functional metagenomics to identify a commensal me-
tabolite involved in host-microbial interactions. The structural
similarity of commendamide to the endogenous human signaling
N-acyl-amides supports the potential use of chemical mimicry by
commensal bacteria as a mechanism for mutualistic interactions.
Our findings suggest that it will be interesting to examine whether
commendamide might either induce tolerance to Bacteroides spp.
or reduce the inflammatory response in the host through GPR132/
G2A-mediated immune functions (31, 64, 66). Insights gained from
the characterization of biologically active metabolites encoded by
commensal bacteria should facilitate the development of more
detailed mechanistic hypotheses about host commensal interact-
ions that are important to human health and disease.

Many organisms throughout nature use mimicry to avoid de-
tection, send signals, or gain access to nutrients (76). In the human
microbiome, pathogenic bacteria and viruses are known to use
chemical mimicry to subvert host defenses (77, 78). It would not be
surprising that such a widely used adaptive strategy is part of how
commensal bacteria might interact with their host environment.
We predict that mimicry of endogenous eukaryotic signaling mol-
ecules and signaling through GPCRs are likely to be common
themes among effectors produced by commensal bacteria.
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Fig. 8. Commendamide activates the human GPCR G2A. (A) Using the
B-arrestin Pathunter assay (DiscoveRx), commendamide was screened (10 pM)
for agonist activity against a panel of 242 GPCRs including 73 orphan GPCRs.
For each GPCR, percent activity is expressed relative to baseline activity of the
receptor. (B) Dose-response of natural and synthetic long-chain N-acyl-amides
in the Pathunter assay using the receptor G2A. Synthetic (green) and natural
product (blue) commendamide are equipotent. Two of the minor metabolites
(compound 2: 3-OH-16:1; and compound 4: 3-OH-14:0) activate G2A but are
slightly less potent than commendamide. Dramatic changes in either the
amino acid head group (glycine to tyrosine) or fatty acid tail (3-OH-16:0 to
3-OH-10:0) result in analogs that do not appreciably activate the G2A receptor.

As with Cbegl2 encoding the production of commendamide,
the 23 additional unique commensal bacteria effector genes
identified in this study represent starting points for the more
specific interrogation of commensal bacteria—host interactions.
Bioinformatics analyses of these other Cbegs suggests the fre-
quent use of glycans as anabolic or catabolic substrates or as
direct binding partners for the purpose of host interaction. This
is not surprising in light of the abundance of carbohydrates in the
human intestine and the frequent appearance of genes predicted
to interact with carbohydrates in the genomes of commensal
bacteria (2, 5). When considering a common function such as
glycan hydrolysis, numerous closely related genes that are cur-
rently indistinguishable by bioinformatics are found throughout
commensal genomes. A key advantage of functional metagenomics
is the ability to differentiate specific effector genes from related
genes involved in bacterial functions or processes independent of
host interaction.

This study highlights important differences between functional
metagenomic approaches and the sequencing and bioinformatics
approaches that currently dominate the study of the human
microbiome. In particular, because functional metagenomics cou-
ples each observed phenotype to a small fragment of cloned DNA,
it is possible to not only identify effector molecules (e.g., proteins,
small molecules) but also identify functionally important genes
from among the tremendous biosynthetic diversity that is found in
the human microbiome. Functional metagenomics can be easily
adapted to identify a wider variety of bacterial effectors from the
human microbiome by simply changing the source of metagenomic
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DNA, changing the host used for heterologous expression or ex-
panding the repertoire of reporter assays used.

Materials and Methods

Study Population and Sample Collection. Patients were recruited at Mount
Sinai and Rockefeller Hospitals (New York, NY) from July 2011 to September
2011 under institutional review board-approved consents (#11-0716 Mount
Sinai; SBR 0752 Rockefeller). Patients with a well-established diagnosis of UC
or CD were identified by their primary gastroenterologists at Mount Sinai.
All patients were over 18 y old, free of intestinal surgery including cholecys-
tectomy, and without antibiotic use for more than 6 mo. Basic demographic
and medical information was collected and for patients with CD or UC a dis-
ease activity index calculated—the Harvey Bradshaw index (79) for CD and
simple clinical colitis activity index for UC (80). Patients with IBD had active
disease as defined by a Harvey Bradshaw index of greater than 5 for CD and
simple clinical colitis activity index of greater than 4 for UC. After informed
consent, patients provided a single stool sample into a sterile container. Six
grams of the sample was immediately placed at —20 °C. DNA was extracted
from the frozen sample within 12 h.

eDNA Isolation and Metagenomic Library Construction. Stools from one pa-
tient with active UC, one patient with active CD, and one healthy control were
resuspended in 0.9% NaCl to a total volume of 40 mL and then centrifuged
(800 x g, 5 min, 4 °C). The resulting pellets were resuspended in 40 mL of
0.9% NaCl and pelleted once again (3,200 x g, 30 min, 4 °C). Washed stool
samples were resuspended in 5 mL of 0.9% NaCl. A volume of 750 pL of this
sample was layered on 500 pL of Nycodenz in a 1.5-mL Eppendorf tube (20).
After centrifugation (21,130 x g, 10 min, room temperature), the top layer
was removed and mixed with 500 pL of 0.9% NaCl in a 15-mL conical tube,
and bacteria were collected by centrifugation (5,800 x g, 10 min, room
temperature). This pellet was resuspended in 8 mL of bacterial lysis buffer
[100 mM Tris-HCI, 100 mM Na EDTA, 1.5 M NadCl, 1% (wt/vol) cetrimonium
bromide, 2% (wt/vol) SDS, pH 8.0] and incubated at 70 °C for 2 h. Crude
eDNA was precipitated with addition of 0.7 vol of isopropanol, collected by
centrifugation (4,000 x g, 30 min), washed with 70% (vol/vol) ethanol, and
then resuspended in 50 pL of TE buffer (10 mM Tris-HCl, 1 mM Na EDTA, pH
8.0). eDNA was separated from the crude extract by preparative agarose
(0.7% agarose) gel electrophoresis (3 h, 100 V). The gel slice containing high-
molecular-weight DNA was excised from this gel and collected by electro-
elution (100 V, 2 h). Purified high-molecular-weight eDNA was then blunt
ended (End-It; Epicentre), ligated into Scal-digested pJWC1 cosmid vector,
packaged into lambda phage in vitro (MaxPlax Packaging Extracts; Epicentre),
and transfected into E. coli EC100 (20). Titers were determined for packag-
ing reaction, and the three libraries were expanded until they each con-
tained ~1.5 million clones. In total, 20-50,000 individual clones from each
library were robotically arrayed into 384-well microplates and stored as
frozen glycerol stocks.

Generation of Sterile Spent Culture Broth Filtrates. Arrayed metagenomic
clones were pin transferred into sterile deep-well 384-well microplates
containing 150 pL of LB (tetracycline, 15 pg/mL) per well. Arrayed clones
were grown for 18 h at 37 °C, and then subcultured (40 nL) into microplates
containing LB (tetracycline, 15 pg/mL). These plates were incubated at 30 °C
without shaking for 4 d. Mature culture plates were centrifuged at 1,600 x g
for 15 min to pellet the E. coli. Eighty microliters of supernatant was then
transferred to a Pall 384-well filter plate (0.45-pm membrane, low binding
GHP membrane), and sterile spent culture broth filtrate collected by cen-
trifugation (800 x g, 2 min).

High-Throughput Fluorescent Microscopy Screening of Metagenomic Clone for
NF-kB Activators. HEK293-TN cells stably transfected with the pGreenFire
lentiviral NF-xB GFP-luciferase plasmid from Systems Biosciences were used
as a fluorescent reporter cell line (HEK293:NF-xB:GFP). Cells were grown at
37 °C 5% CO, in 75-cm? cell culture flasks with DMEM (10% FBS, 2 mM glu-
tamine, 1% penicillin/streptomycin). For the purpose of the assay, cells were
grown in a single large culture and then frozen as 1-mL aliquots (growth
media with 10% DMSO) in liquid nitrogen. For each assay, cells were thawed,
media replaced at 24 h, and cells grown to 85% confluence. Cells were then
trypsinized, counted (Countess; Invitrogen), diluted to 2,000 cells per 25 pL,
and dispensed into wells of 384-well clear-bottom microplates (uClear; Grenier)
using a liquid dispensing robot (Multidrop Thermoscientific). To identify clones
that produce effector molecules, 20 pL of sterile spent culture broth obtained
from each arrayed metagenomic clone was transferred to a unique well in a
384-well plate seeded with HEK293:NF-xB:GFP reporter. HEK293:NF-kB:GFP
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were exposed to the spent culture broth for 24 h (37 °C 5% CO,). Two hours
before imaging, 10 pL of a 1:10,000 dilution of Hoechst 33442 (10 mg/mL;
Invitrogen) and a 1:150 dilution of propidium iodide (1 mg/mL; Sigma) were
added to each well. Each plate was then transferred to an ImageXpress XLS
Widefield High Content Microscope (Molecular Devices) and imaged with a 10x
objective. The following fluorescent filters were used for imaging: propidium
iodide: Tx red (562/624); GFP: FITC 482/536; Hoechst 33442: DAPI (377/447)
(excitation/emission).

Images were analyzed using MetaXpress High Content Image Acquisition
Software (Molecular Devices). Nuclei were identified based on Hoechst 33442
staining. Cells were considered dead if they costained with propidium iodide.
GFP expression was calculated for live cells and used as a measure of NF-xB
activation. For each well, the total number of nuclei, dead cells, and GFP-
expressing live cells was recorded. NF-xB activation was then expressed as
a percentage of total live cells expressing GFP. Each microplate contained
two columns of negative control wells (columns 2, 12). Population statistics,
including the mean and SD of NF-kB active cells (SPSS Statistics IBM) were
calculated for the negative control wells, and each test well was then given a
Z score based on the population statistics from the negative control wells on
the same plate: Z score = (MEANTest — MEANontro)/(SDcontrol)- Wells on the
outer of edge of the plate (column 1, 24, and row A, P) were not used due to
poor reproducibility of these wells.

Based on the distribution of negative control and test population Z scores,
we chose a Z score greater than 3 to be considered an initial screening hit.
Each hit was isolated from its corresponding glycerol stocked freezer plates
and arrayed into a 96-well microplate. This plate was grown overnight, and
then using a 96- to 384-well plate replicator, each well from the 96-well was
inoculated into four corresponding wells in a 384-well plate (i.e., four rep-
licates were created). Replicate plates were then grown and assayed as de-
scribed above. A clone was only carried forward from this reassay step if at
least two of the four replicate wells showed a Z score of greater than 2.5.
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