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The Gut Feeling: GPCRs Enlighten the Way
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Abstract

Host-microbiome interactions affect host physiology, but the underlying mechanisms are not well
understood. Recent papers from Chen et al. (2019) and Colosimo et al. (2019) in this issue of Cell
Host & Microbe demonstrate that metabolites produced by several members of the gut microbiota
can efficiently activate host G protein-coupled receptors and influence host physiology.

Host-microbiome interplay and crosstalk are now well established as a key paradigm in the
modulation and fine-tuning of host physiology at multiple levels. It is now also being
integrated into strategies for designing novel therapeutics. Human gut microbiota in
particular, which harbors a wide range of microorganisms and produces a broad spectrum of
metabolites, has come to the center stage, in terms of directly influencing the host
physiological responses. Understanding the mechanisms of action of the metabolites
produced by gut microbiota is of utmost importance to delineate the specifics of their
crosstalk with the host. Previous focused studies have indicated that microbiota-derived
molecules may act as ligands for specific G protein-coupled receptors (GPCRs) and
influence, for example, gastrointestinal physiology (Cohen et al., 2017; Husted et al., 2017).
In two recent studies, screening of a large number of metabolites produced by several
members of the gut microbiota against nearly all non-olfactory GPCRs identified several
metabolites as GPCR agonists capable of triggering distinct host physiological responses
(Chen et al., 2019; Colosimo et al., 2019) (Figure 1).

GPCRs constitute a large class of seven transmembrane receptors that are activated by a
diverse range of ligands. They are critically involved in nearly every physiological process in
our body, making them an important class of drug targets (Sriram and Insel, 2018). These
receptors couple to two distinct transducers, namely the heterotrimeric G proteins and -
arrestins (Barrs) (Lefkowitz and Shenoy, 2005). As there are several subtypes of G proteins,
each with a distinct downstream response, screening of a large set of molecules across the
entire GPCRome to identify potential agonists requires multiple assays. On the other hand,
there are only two isoforms of Barrs, both of which directly interact with nearly every GPCR
(Srivastava et al., 2015). Therefore, GPCR-Barr interaction can be utilized as a streamlined
readout for identification of agonists across the entire repertoire of GPCRs. Accordingly,
Chen et al. used a recently described transcriptional outcome-based Barr recruitment assay,
referred to as PRESTO-Tango (Kroeze et al., 2015), to screen the metabolites produced by
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individual cultures of more than 100 different bacterial isolates against the entire non-
olfactory GPCRome (Chen et al., 2019). These bacterial isolates were derived from the gut
microbiota of patients with inflammatory bowel disease (Palm et al., 2014).

Interestingly, the metabolite mixtures produced by these bacterial isolates were able to
stimulate a broad set of GPCRs, although a clear correlation between the bacterial
phylogeny and subfamily of the activated receptors was not apparent, except for a few
selected examples. A number of metabolite mixtures appear to activate several different
aminergic GPCRs, including the dopamine and histamine receptors. Nevertheless, some
metabolites appear to exhibit preferential selectivity toward different receptor subtypes. For
example, the metabolite mixture produced by Morganella morganii efficiently activated
dopamine receptor subtypes 2—-4 (DRD2-4) but failed to activate the other two subtypes, i.e.,
DRD1 and DRD5. Metabolomic analysis revealed a major enrichment of PEA
(phenethylamine) over dopamine and tyramine in the supernatant M. morganii, and indeed
purified PEA showed the same subtype selectivity pattern as observed with the supernatant.

Do these observations recorded /n vitro have a direct /n vivo correlation? Colonization of
germ-free mice with a specific M. morganii strain C135, which produces histamine, resulted
in enhanced levels of histamine in the intestine and serum. Moreover, these mice exhibited
significantly higher fecal output, a measure of intestinal motility, compared to control mice,
which were colonized with bacterial isolates not able to produce histamine. Interestingly, the
patients suffering from Crohn’s disease display not only a higher level of histamine but also
an enrichment of histidine decarboxylase gene encoded by M. morganii, an enzyme that
catalyzes the conversion of histidine to histamine. It is particularly noteworthy because the
enhanced level of histamine in Crohn’s disease patients was previously thought to be derived
primarily from the host. Colonization of mice with M. morganii also resulted in an increase
in the levels of PEA, a DRD2-4 selective G protein-biased ligand, although its detection
required inhibition of monoamine oxidases (MAQs), which may metabolize biogenic amines
including PEA. Increased levels of PEA led to lethargy and mortality in mice within a few
days, and this may be a potential mechanism to explain a significant variability among
patients who are prescribed MAO inhibitors as anti-depressants.

In addition to a direct interplay of metabolites produced by specific bacteria with the host
physiology, a crosstalk among different bacterial species constituting the gut microbiota may
also play an important role. For example, one bacterial species can convert metabolites
produced by other bacteria into new derivatives, which can directly influence the host
physiology. Such metabolic exchanges between two bacterial species, or possibly even
among several species, may encode a broader diversity of microbiota metabolites depending
on dynamic distribution of microbiota population. Chen et al. discover a specific strain of
Bacteroides thetaiotaomicron (B. thetd) that produces the essential amino acid phenylalanine
(L-Phe), which not only serves as an agonist for adhesion GPCRs (GPR56 and GPR97) but
can also be processed by M. morganiiinto PEA, which is a dopamine receptor agonist as
described earlier. This interesting observation in mice colonized with defined bacterial
species hints at a larger picture of metabolic exchanges in gut microbiota taking place /n
vivo, which may significantly influence and fine-tune host physiology under normal and
disease conditions.
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Another study by Colosimo et al. in this issue of Cel/ Host & Microbe employs a similar
approach to identify several bacterial metabolites that are capable of activating a diverse set
of GPCRs (Colosimo et al., 2019). This study carries out a functional screening of
metabolites produced by seven different bacterial species that constitute a small group
referred to as the simplified human microbiomes (SIHUMIs) (Kovatcheva-Datchary et al.,
2019). This study also uses parr recruitment as the primary readout against more than 200
GPCRs and then follows up by purifying the selected metabolites and characterizing their
chemical structures. Once again, a number of neurotransmitter receptors are found to be
activated by bacterial metabolites, highlighting an interplay along the gutbrain axis, which is
likely to have immense therapeutic implications. Furthermore, colonization of germ-free
mice with SIHUMI strains resulted in an enrichment of those metabolites, which were
identified from monocultures of these individual strains /n vitro, providing a strong in vivo
corollary for the findings.

An interesting aspect of both studies is the identification of microbiota metabolites as
agonists for orphan GPCRs, for example, the members of adhesion GPCR subfamily such as
BAI1, GPR56, and GPR97. Considering the importance of GPCR deorphanization from a
drug-discovery point of view, these studies have far-reaching implications and suggest that
looking outside the box may be key going forward. It is also important to note that
metabolites analyzed in the initial screening process are collected from individual cultures of
the bacterial isolates. It is plausible that there are specific qualitative and quantitative
variations in the metabolites produced by the gut microbiota under /n vivo conditions, a
potential aspect that can be addressed in future. Moreover, allosteric modulation of GPCRs
continues to be an intense focus of investigation from a therapeutic perspective, and
therefore, it is tempting to speculate that screening the microbiota metabolites as allosteric
modulators may reveal even further surprises and interesting leads.

In conclusion, these studies firmly establish a direct connection between metabolites
produced by the gut microbiota and their ability to influence host physiology through
GPCRs. Considering the widespread expression pattern of GPCRs in the body and their
diverse role in human physiology, a comprehensive conceptual and experimental framework
of host-microbiome interaction may significantly contribute in GPCR targeted novel drug
discovery efforts.
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Gut microbiota PRESTO-Tango assay used to

identify activated GPCRs
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Figure 1. Microbiota M etabolites I nfluence Host Physiology through G Protein-Coupled
Receptors

(A)Screening of metabolites produced by the individual members of human gut microbiota
identifies several GPCR agonists. Chen et al. used culture supernatants from 144 unique
bacterial isolates to measure the activation of non-olfactory GPCRs using GPCR-Barr
interaction as readout. Microbiota metabolites activate a diverse spectrum of GPCRs with a
predominant effect on aminergic receptors. Interestingly, some of the metabolites exhibit
receptor subtype selectivity as well as functional selectivity. Moreover, bacterial metabolites
such as L-Phe (phenylalanine) also activate orphan GPCRs belonging to the adhesion
subfamily such as GPR56 and GPR97.

(B)The ability of isolated bacterial cultures to produce GPCR agonists is recapitulated /7
vivo. Germ-free mice colonized with Morganella morganii (M. morganii) display enhanced
levels of histamine and L-Phe (phenylalanine). Feeding M. morganii monocolonized mice
with L-His(histidine), a precursor of histamine, further substantiates histamine levels and
results in increased colonic motility in mice. Furthermore, M. morganii colonization also
results in enhanced level of PEA and leads to lethargic behavior in mice treated with MAO
(monoamine oxidase) inhibitor.

(C)Metabolic exchange between two bacterial isolates is observed in mice colonized with
defined bacterial species. Germ-free mice were colonized with Bacteroides thetaiotaomicron
(B. theta) and Morganella morganii (M. morganii). L-Phe (pheylalanine) produced by B.
theta can be processed into PEA (phenethylamine), a dopamine receptor agonist, by M.
morganiiand leads to lethargic behavior in mice treated with monoamine oxidase (MAO)
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inhibitor. This figure is designed based on the findings described recently by Chen et al.
(2019).
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