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Abstract

Natural products have long played a pivotal role in the development of therapeutics for a variety of
diseases. Traditionally, soil and marine environments have provided a rich reservoir from which
diverse chemical scaffolds could be discovered. Recently, the human microbiome has been
recognized as a promising niche from which secondary metabolites with therapeutic potential have
begun to be isolated. In this Review, we address how the expansive history of identifying bacterial
natural products in other environments is informing the approaches being brought to bear on the
study of the human microbiota. We also touch on how these tools can lead to insights about
microbe-microbe and host-microbe interactions and help generate biological hypotheses that may
lead to developments of new therapeutic modalities.

Introduction

A rapidly growing number of studies suggest a role for the human microbiome in complex
pathophysiological processes ranging from the regulation of the immune system to the
development of the brain and the central nervous system (Kau et al., 2011; Smith, 2015).
Mouse models highlight the necessity of native bacterial ecology for normal physiologic
functions and demonstrate that dysbiosis is associated with diseases like obesity, cancer,
diabetes, and colitis among others (Bongers et al., 2014; Garrett et al., 2007; Ridaura et al.,
2013; Smith et al., 2013). The potential future impact of human microbiome research on
human health is evident by the recent surge of clinical trials and venture capital spending in
the field (Gormley, 2016; Marchesi et al., 2016). Currently, more than 1,200 clinical trials
can be found in the National Institutes of Health clinical trials database using the search
query for “gut microbiome.” Just over half of these are active or are actively recruiting
patients (https://clinicaltrials.gov).

Despite mounting evidence linking host-associated bacteria to normal development and
disease in animal models and correlative evidence in humans, the mechanisms by which
specific bacterial functions affect mammalian or microbiome physiology (i.e., effector
functions) remain largely undefined. The central dogma of molecular biology, traditionally
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outlined as the transfer of information from DNA to RNA to protein, stops short of the
ultimate end point of much of the information flow in a biological system. In a significant
fraction of cellular processes, the end point of information flow is not a protein but is,
instead, a small molecule. This is especially true for bacteria which rely heavily on low-
molecular-weight compounds (i.e., small molecules or natural products) to interact with their
surroundings. The systematic characterization of small molecules produced by human-
associated bacteria will undoubtedly be key to deciphering the mechanistic details of the role
the human microbiome plays in our health and disease.

The study of biologically active natural products made by bacteria associated with other
ecosystems (e.g., soils and marine environments) has traditionally been a very effective
gateway to identify small molecules that have proved useful as therapeutics and as tools for
modulating complex biological systems (Cragg et al., 1997; Harvey et al., 2015; Knight et
al., 2003; Newman et al., 2000; Schreiber et al., 2002). In fact, approximately 80% of
medicines identified up to 1996 were either directly derived from or inspired by natural
products (Sneader, 1996), and half of all drugs approved since 1994 have their origins in
natural products (Butler et al., 2017; Newman and Cragg, 2016). The exploration of human-
associated bacteria for the production of small molecules with therapeutic potential is still
very much in its infancy. Whether these bacteria will prove to be a gold mine of novel
therapeutic molecules, as has been the case for bacteria from most other ecosystems,
remains to be seen.

In addition to providing a source for new natural products discovery, studying the
metabolites produced by human-associated bacteria can reveal the language of bacteria-host
communication. Such knowledge has scientific merit in itself but can also be used to guide
new therapies that seek to modulate the human microbiota. The development of therapeutic
prebiatics, which are dietary compounds not digestible by human enzymes that serve as
substrates for beneficial microbial conversions (Holscher, 2017), could prosper from a more
intricate understanding of bacterial metabolic processes in the gut (Martens et al., 2011).
Furthermore, therapeutic administration of live bacteria into patients has been used since the
mid-20™ century for a handful of diseases with limited mechanistic understanding (O’ Toole
etal., 2017). Therapeutic preparations containing live microorganisms, which are now
referred to as live biotherapeutic products (LBPs) by the U.S. Food and Drug Administration
(FDA), have been subject to increased regulatory measures over the last decade, signifying a
concerted effort to more strictly define how these bacteria function in the human body
(Dreher-Lesnick et al., 2017). Thus, defining the chemical crosstalk of human-associated
bacteria could promote an informed application of alternative therapies, such as prebiotics
and LBPs, in addition to the discovery of discrete therapeutic natural products.

In this Review, we will summarize the methodologies that have been used to mine the
human microbiome for metabolites demonstrating biological function (functional
metabolites) that might ultimately have therapeutic utility. This is not intended to be a
comprehensive review of the small molecules characterized from the microbiome, which
have been extensively reviewed elsewhere (Donia and Fischbach, 2015; Mousa et al., 2017,
Sharon et al., 2014). Notably, two of the most studied bacterial molecules, colibactin and
short-chain fatty acids (SCFASs), have been extensively reviewed (Balskus, 2015; Tan et al.,
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2014) and are not discussed here. Instead, we hope to broadly describe the approaches being
used by researchers to bridge the gap between bacteria and host pathophysiology through the
discovery of functional bacterial metabolites. Systematically identifying small molecules
produced by host-associated bacteria will be fundamental to the characterization of the
human microbiome. Currently, we have only a glimpse of the full scope of metabolites;
however, the studies below suggest a bright future for discovery.

Mining for Therapeutic Leads

The mining of the human microbiome for bioactive small molecules has largely come about
in the post-genomics era. Consequently, the approaches being most heavily used in these
studies tend to first leverage either molecular biology methods or sequence data rather than
analytical chemistry to identify natural products or natural product gene clusters of interest.
The availability of rapid and inexpensive sequencing of entire bacterial genomes and the
development of targeted metagenomic sequencing approaches have enabled researchers to
access molecules even if their biosynthetic genes are silent or their bacterial source is
recalcitrant to cultivation (Milshteyn et al., 2014; Rutledge and Challis, 2015). Here, we
present examples of the various complementary microbiome mining approaches that have
led to the characterization of discrete bioactive natural products with potential therapeutic
applications. These approaches fall into the broad categories of functional metagenomics,
which is aimed at identifying metabolites from metagenomic libraries that show biological
activity in functional assays (Figure 1), and sequence-based metagenomics (Figure 2), which
relies on (meta)genomic sequence information to guide the discovery of biologically active
metabolites. After presenting these approaches, we will highlight alternative paths that fall
outside of the distinction of (meta)genomics, particularly those that rely on chemical or
functional analysis of secreted metabolites from laboratory cultivation of bacteria without a
priori genetic hypotheses (Figure 4).

Functional Metagenomics: Hunting for Biological Activity in Metagenomic

Libraries

The development of sequencing technologies that revolutionized how we study bacteria has
also brought with it the recognition that culture-based studies have barely scratched the
surface of the bacterial diversity in the environment, with the vast majority of bacteria not
being amenable to culturing techniques (Rappé and Giovannoni, 2003). To overcome this
limitation, methods have been developed to capture total bacterial DNA from an
environment or a biological sample in the form of metagenomic cosmid or fosmid DNA
libraries. These methods enable culture-independent studies of the secondary metabolite
biosynthesis pathways encoded by bacteria represented in the metagenome (Brady, 2007).
Individual clones in these libraries can then be screened for the production of clone-specific
metabolites in diverse assays (Brady and Clardy, 2000; Lim et al., 2005; MacNeil et al.,
2001; Owen et al., 2012; Wang et al., 2000).

The functional metagenomic approach aims to provide access to bacterial metabolites by
screening metagenomic libraries for bioactivities of interest in a high-throughput fashion
(Figure 1A). Once a bioactive library clone is identified in a functional screen, it can be
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isolated and sequenced to identify the gene, or a collection of genes, responsible for the
production of the bioactive metabolite. This ability to connect the metabolite directly with its
biosynthetic components is one of the major strengths of functional metagenomics. In the
context of the human microbiome, where a large fraction of the bacterial species has been
fully sequenced, this can also allow the researchers to simultaneously connect the bioactive
metabolite with its function in the host and its producer in the microbiome.

Although there are as many ways to employ functional metagenomics as there are screening
methods, the most productive screening approaches to date using human microbiome
metagenomic libraries have involved screening culture broth filtrates from individually
arrayed metagenomic clones against human cell reporter assays. In the earliest such effort,
Lakhdari and co-workers used a nuclear factor-kB (NF-kB) activation screen to identify 171
clones in a 2,640-clone human gut microbiome fosmid library that appeared to modulate the
activity of the NF-kB reporter (Lakhdari et al., 2010). NF-kB is a rapidly inducible
transcription factor that plays a broad role in innumerable cellular responses (Zhang et al.,
2017). Importantly, it is intimately involved in the immuno-inflammatory response in the
gut, making it a good candidate to detect a broad range of microbe-host interactions (Hayden
et al., 2006).

Commendamide: High-Content Imaging Screen Reveals GPCR Modulator

In a more recent study, Cohen et al. (2015) used an NF-kB-driven GFP reporter construct to
identify a number of host-associated bacteria effector genes (Cbegs) from cosmid
metagenomic libraries constructed using DNA extracted from human stool samples. For this
study, a total ~ of 75,000 individually arrayed cosmid clones hosted in £. coliwere grown in
lysogeny broth medium, and filter-sterilized spent culture broth was then applied to human
cells carrying an NF-kB reporter. Library clones that triggered the reporter were then
subjected to transposon mutagenesis to identify the genes responsible. Identified effector
genes fell into three broad categories: hydrolases (catabolic), transferases (anabolic), and
binding proteins. An in-depth investigation of one identified effector gene revealed that it
encoded the production of a novel long-chain A-acyl amide, commendamide (Figure 1A),
which is structurally similar to endogenous human metabolites that are known to activate G-
protein-coupled receptors (GPCRs) (Hanus et al., 2014). Fittingly, commendamide was
found to activate a single receptor, GPR132/G2A, in a screen of 242 GPCRs using a cell-
based assay. This receptor is believed to be activated endogenously by
lysophosphatidylcholine and oxidized long-chain fatty acids and has been implicated in a
variety of immune cell functions (Kabarowski, 2009).

N-Acyl Amides: Follow-Up Metagenome Mining Expands Known GPCR Modulators

In a follow-up study, Cohen et al. used bioinformatics and targeted gene synthesis to
systematically heterologously express phylogenetically diverse A-acyl amide synthase genes
found the Human Microbiome Project (HMP) datasets (Figure 1B) (Cohen et al., 2017;
Human Microbiome Project Consortium, 2012). Detailed analysis of extracts derived from
E. coli cultures transformed with these constructs revealed six distinct A~acyl amide families
that differed by amine head group and fatty acid tail. Individual N-acyl amides were found to
interact with specific GPCRs known to regulate gastrointestinal tract physiology, and it was
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observed that human microbiota-encoded A-acyl amides bear structural similarity to
endogenous GPCR-active ligands (Cohen et al., 2015). The clearest overlap in structure and
function between bacterial and human ligands was for the activators of endocannabinoid
receptor GPR119. The A-acyl serinol structures isolated in this study only differed from 2-
oleoyl glycerol by the presence of an amide instead of an ester and from oleoylethanolamide
by the presence of an additional ethanol substituent (Figure 1B). Mouse- and cell-based
models demonstrate that bacterial GPR119 agonists regulate metabolic hormones and
glucose homeostasis as efficiently as the endogenous GPR119 ligands. Colonization of mice
with £. coliengineered to produce N-acyl serinol altered glucose homeostasis in these
animals at levels similar to what is seen for synthetic GPR119 agonists. This, and other
examples, suggests that mimicry of endogenous signaling molecules may be common in
host-associated bacteria and that manipulation of microbiota biosynthetic genes provides a
new small-molecule therapeutic modality—microbiome-biosynthetic gene therapy (Cohen et
al., 2015).

Taken together, these two studies provide a clear example of how functional metagenomics
can not only uncover novel molecular mechanisms underlying microbiome-host interactions,
but also lead to identification of new therapeutic targets and strategies. Furthermore, using
patient-specific source material for metagenomic library construction allows one to take a
targeted approach to intelligently design screening strategies. Functional metagenomics still
faces a number of challenges, including the ability to capture large biosynthetic gene clusters
(BGCs) on a single clone and the expression efficiency of heterologous hosts (Gabor et al.,
2004). These two challenges have hindered the application of functional metagenomics to
environmental microbiomes and should not be overlooked in the context of mining the
human microbiome. However, they are mitigated somewhat by the fact that a large fraction
of the known, bacterially produced effectors of host pathophysiology are encoded by
individual genes or small sets of genes that can be captured on individual clones and
expressed in E. coli (Donia and Fischbach, 2015). We also know that by varying the hosts
employed for heterologous expression, a greater variety of metagenomic clones that actively
express secondary metabolites can be identified (Craig et al., 2010). As much as 35% to
65% of the bacteria comprising the human microbiome have been amenable to culture. This
pool provides many potential heterologous hosts for functional metagenomic studies of the
human microbiome (Lagkouvardos et al., 2017).

Approaches for Sequence-Guided (Meta)genome Mining of Natural
Products

Genome mining is a computationally driven small-molecule discovery approach that is
based on the predictive power of algorithms developed to identify BGCs in sequence data.
Existing algorithms largely leverage data from the conserved sequences of well-
characterized classes of BGCs to identify new gene clusters in these families (e.g.,
antiSMASH, eSNaPD, NP.searcher, ClustScan, MutliGeneBlast) (Li et al., 2009; Medema
and Fischbach, 2015; Medema et al., 2013; Reddy et al., 2014; Starcevic et al., 2008). More
recently, efforts have been made to develop algorithms, such as ClusterFinder, capable of
identifying as yet unknown BGC classes (Cimermancic et al., 2014). The computational

Cell Host Microbe. Author manuscript; available in PMC 2020 May 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Milshteyn et al.

Page 6

aspects of sequence-guided natural product discovery are covered in detail in a recent review
and will not be addressed here (Medema and Fischbach, 2015). Instead, we will focus on the
applications of sequence-based bacterial metabolite discovery methods as they pertain to
metabolite discovery from the human microbiome.

Over the past decade, extensive efforts to sequence and annotate bacteria in the human
microbiome coupled with intense interest in how the microbiota affects human health have
produced an impressive amount of sequence data specific to the human microbiome. This
includes more than 3,000 complete and partial reference genomes and thousands of
(meta)genomic shotgun sequencing datasets from both healthy and diseased patients
(Aagaard et al., 2013; Donia et al., 2014). These data are now being used to query for new
secondary metabolite BGCs in the human microbiome. The ultimate goal of these
bioinformatics-guided discovery efforts is the expression and functional characterization of
metabolites encoded by newly uncovered natural product BGCs.

Lactocillin: Gene Cluster in Human-Associated Bacterium Reveals Novel Thiopeptide

Antibiotic

One of the first efforts to define the global network of putative BGCs in the human
microbiome was performed using the ClusterFinder algorithm (Cimermancic et al., 2014).
ClusterFinder uses Pfam frequency and neighboring gene relationships learned from a large
training set of BGCs to identify known and new BGCs in sequence data. Using the
ClusterFinder algorithm to analyze the reference genomes produced by the HMP, Donia et
al. identified >14,000 BGCs predicted to encode a broad range of small molecule families,
including ribosomally encoded and post-translationally modified peptides (RiPPs),
saccharides, polyketides (PKs), nonribosomal peptides (NRPs), nonribosomal peptide
synthetase (NRPS)-independent sider phores, and a variety of hybrid BGCs (Cimermancic et
al., 2014; Donia et al., 2014). By cross referencing these BGCs with metagenomic shotgun
sequencing data generated from healthy participants of the HMP and focusing on gene
clusters that were widely distributed across body sites and samples, a subclass of highly
modified RiPPs, the thiopeptides, was identified. Based on their prevalence in HMP
sequence data, their known activity against Gram-positive bacteria, and the existence of a
semisynthetic member of the class in phase Il clinical trials for treatment of C. difficile
infection, Mullane et al. (2015) postulated that thiopeptides would be an interesting target
for therapeutic discovery in the microbiome.

One thiopeptide BGC-containing bacterium, the vaginal isolate Lactobacillus gasseri V-
V03, was found to produce the novel natural product lactocillin (Figure 2A). Consistent with
known thiopeptides, lactocillin demonstrated nanomolar-level antibiotic activity against
pathogenic bacteria, including Staphylococcus aureus and Enterococcus faecalis. Lactocillin
was not, however, active against other related Lactobacillus species common to the vaginal
microbiome, suggesting the presence of resistance within the normal niche occupied by the
producing species. Interestingly, analysis of publicly available metatran scriptomics data
revealed that, while the lactocillin BGC was not widely distributed, related thiopeptide
BGCs were actively expressed in a large number of samples originating from the oral
microbiome. These data led Donia et al. (2014) to propose that lactocillin and other
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thiopeptides may play a role in mediating microbe-microbe interactions, including
protection of the niches occupied by their producers from pathogen invasion. Notably, this
study identified a widely distributed class of antibiotics produced by the human microbiota
that demonstrated a narrow spectrum of activity. The microcin colicin V, which demonstrates
a similarly narrow antibacterial profile, was recently identified from gut bacteria using a
functional metagenomics approach (Cohen et al., 2018). The RiPP family of molecules has
been identified from chemistry-forward approaches (Donia and Fischbach, 2015; Mousa et
al., 2017) and appears to be an important mechanism by which closely related bacterial
species compete in the human body.

Humimycins: Discovery of Novel Syn-BNP Antibiotics

In a new twist on sequence-guided natural product discovery, Chu and coworkers recently
used sequence data from the HMP to demonstrate a new bioactive molecule discovery
method that combines the predictive power of bioinformatics algorithms with chemical
synthesis (Chu et al., 2016). In this approach, natural product-like structures are
bioinformatically predicted from BGCs and then chemically synthesized in the lab, resulting
in small molecules that are inspired by bacterial biosynthetic systems but not physically
derived from bacteria (Figure 2B). Such molecules have been termed synthetic-
bioinformatic natural products or syn-BNPs. The major highlight of this methodology is that
it bypasses the need to isolate metabolites from large-scale bacterial fermentations, a process
that can be arduous for many reasons, including poorly expressed or silent BGCs, low
natural titers of metabolites, and time-consuming analytical methodology.

NRPs are some of the most common and diverse bacterial natural products in the
environment (Charlop-Powers et al., 2015; Doroghazi et al., 2014). Unsurprisingly, large
numbers of NRPS BGCs were identified in the global human microbiome biosynthetic
analysis generated using ClusterFinder as described above (Donia et al., 2014). Following
bioinformatic prediction of a pool of NRP structures from human microbiome-associated
BGCs and production of these peptides by solid-phase peptide synthesis (Minowa et al.,
2007; Rottig et al., 2011; Stachelhaus et al., 1999; Weber et al., 2015), Chu et al. (2016)
screened the resulting molecules for antibiotic activity against a panel of human commensal
and pathogenic bacteria. This screen led to the identification of two novel antibiotics,
humimycins A and B (human microbiome mycins) (Figure 2B), which mapped back to
NRPS gene clusters encoded by closely related species Rhodococcus equi and Rhodococcus
erythropolis. These antibiotics were broadly active against Firmicutes and some
Actinobacteria, with particularly potent activity against S. aureus and Streptococcus
pneumoniae, including a number of common methicillin-resistant S. aureus isolates. This
initial application of the syn-BNP approach focused, once again, on the identification of
antibiotics. However, NRPs have an extremely broad range of biological and
pharmacological activities, including antifungal (bacillomycin D), cytostatic (bleomycin),
and immunosuppressive (cyclosporine), and are also known to be toxins (HC-toxin),
siderophores (enterobactin), surfactants (surfactin), and pigments (indigoidine) (Caboche et
al., 2008). Thus, the application of the syn-BNP method could extend beyond antibiotic
discovery to yield NRPs that interact directly with the host.
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Dipeptide Aldehydes: Genome Mining for Widespread Gene Clusters of Unknown Function

The previous stories have touched on how specific genes related to known bioactive classes
of natural products have been intentionally sought for their potential to produce molecules
with therapeutically useful bioactivities. Genome mining can also be used to gain insight
into BGCs that are interesting because of other characteristics, such as the frequency or
unique distribution pattern across human-associated bacteria. Drawing on their earlier
analysis of the HMP sequence data (Donia et al., 2014) and extending it to include the most
recent data from the HMP, Guo et al. (2017) identified a family of 47 NRPS BGCs of
unknown function that were present in >90% of HMP stool samples. What made this family
interesting was the fact that nearly all of these BGCs were identified in anaerobic Firmicutes
from the Clostridia class residing in the guts of humans and other mammals, with very few
instances observed in non-gut inhabiting, related organisms. This analysis suggested that the
small-molecule product of these BGCs may play a role in the biology of host colonization.
Heterologous expression studies revealed that this family of BGCs encodes production of a
large family of pyrazinones and dihydropyrazinones (Figure 2A), and analysis of a publicly
available transcriptomics dataset suggested that these gene clusters were actively expressed
under host colonization conditions (Franzosa et al., 2014). Guo et al. (2017) suggest that
these cyclic metabolites are derived via a non-enzymatic mechanism in which the terminal
aldehyde is attacked by the primary amine on the opposite terminus to form a heterocycle
that is prone to oxidation. Furthermore, they suggest that the precursor to this non-enzymatic
step is biologically active as an electrophilic acceptor of proteinaceous nucleophiles.
Electrophilic substrates, particularly aldehydes, have been known to covalently inhibit the
active sites of serine and cysteine proteases and the proteasome (Siklos et al., 2015). The
peptide aldehydes in this study showed preferential inhibition of cathepsin-type cysteine
proteases /n vitro. Cathepsins are implicated in diverse human diseases (Kramer et al.,
2017). They are known to play a role in immune surveillance, particularly in the lysosome,
leading Guo et al. (2017) to propose that these peptide aldehydes could modulate immune
responses to a subset of bacteria.

Indoleacrylic Acid: Genome Mining for Mucin Utilizers Generates IBD Hypotheses

Finally, we describe an example of how genome mining was used in an effort to better
understand how the gut microbiota is affected by physiological changes to the gut, which led
directly to a mechanistic hypothesis regarding a specific bacterial metabolic pathway and
inflammatory bowel disease (IBD). An omnipresent layer of complexity in the
gastrointestinal tract is the network of highly O-glycosylated mucin proteins, particularly
mucin 2 (MUC2), between the epithelial cells apical surface and the dynamic flow of the
lumen (Birchenough et al., 2015). Knowing that decreased intestinal mucus layers at the
interface between bacteria and host epithelium are common in IBD, Wlodarska et al. (2017)
reasoned that populations of mucin-utilizing bacteria could be important to IBD pathology.
By compiling a dataset of genes that are likely to be involved in utilization of mucin and
using it to query the existing metagenomic sequencing datasets from healthy participants in
the HMP, Wlodarska and colleagues found that predicted mucin utilizers were more
abundant in Bacteroidales and Clostridiales orders than was previously thought. A
particularly robust mucin utilizer, Peptostreptococcus russellii, was found to have protective
properties in the dextran sodium sulfate (DSS)-induced colitis model in mice. Differential
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analysis of metabolic genes in the genomes of £ russellii and a related strain that did not
protect from colitis led to the identification of a specific aromatic amino acid metabolic
pathway in £ russellii. This cluster, fldA/BC, encoded enzymes that produced indoleacrylic
acid, 3-indolepropionic acid, and 3-(4-hydroxyphenyl)propionic acid from amino acid
substrates (Figure 3). Wlodarska et al. (2017) used cytokine profiling and gene expression
analysis to interrogate the /n vitro anti-inflammatory effect of these three metabolites on
various immune cell lines in traditional or spheroid cultures and patient-derived peripheral
blood mononuclear cells. Most importantly, stool metagenomic samples from patients with
IBD were analyzed, and the f/dA/BC cluster was found in a lower percentage of patients
with either ulcerative colitis or Crohn’s disease, relative to healthy patients. These data
indicate that a healthy mucus layer can promote the colonization of bacteria that secrete anti-
inflammatory aromatic amino acids and that dysbiosis caused by decreased mucus layers
could eliminate an ecological niche for these protective species.

(Meta)genome mining is an approach that has revitalized small-molecule discovery and is
indispensable in the present, post-genomic age of studying microbial natural products. A key
advantage of mining DNA over cultivating bacteria is that biosynthetic pathways are
revealed even when the metabolites they encode cannot be detected in the broth of a
laboratory fermentation. These types of analysis have been particularly powerful for finding
novel incorporations of known chemical motifs (Ju et al., 2015). However, newer algorithms
are starting to address the reliance on sequence homology and accurate annotation, offering
prospects for discovery of new classes of useful bacterial metabolites (Medema and
Fischbach, 2015). As bioinformatics tools used to predict natural product biosynthetic gene
clusters from (meta)genome sequences continue to advance and the number of sequenced
bacteria that can be explored continues to rapidly grow, (meta)genome mining will continue
to be an increasingly powerful methodology.

Primary Metabolite Derivatives: Putative Functions of Simple Molecules

It is worth noting that the story of indoleacrylic acid adds to a growing body of evidence that
suggests a role for simple metabolites produced by the human microbiota (Figure 3) (Devlin
et al., 2016; Marcobal et al., 2013). One such class is the biogenic amines, which are
chemically simple, amine-containing molecules that are produced from amino acid
precursors, namely, the aromatic amino acids phenylalanine, tryptophan, tyrosine, and
histidine (Figure 3) (Fan et al., 2017). This class of metabolites is produced by both
eukaryotes and prokaryotes and consists of the major neurotransmitters serotonin, dopamine,
epinephrine, norepinephrine, and histamine, as well as functionally diverse trace amines,
which includes many of the biosynthetic precursors or derivatives of the listed
neurotransmitters. Included in this latter group are the decarboxylated aromatic amino acids:
tryptamine, tyramine, and phenylethylamine (Figure 3). These metabolites can be further
diversified with functionalization, such as hydroxylation (e.g., octopamine), methylation
(e.g., A-methyltyramine), or a variation of aromatic substitution pattern (e.g., m-
octopamine).

With knowledge that simple metabolites (1) are produced in both bacteria and humans via
simple enzymatic pathways, (2) have myriad effects upon binding their cognate receptor,
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and (3) are easily accessible from the large quantities of amino acid precursors taken in
through diet, it is no surprise that they have been some of the most oft-reported gut
microbiome-associated metabolites in recent years (Gao et al., 2018). While their structural
complexity does not compare to that of many of the well-known biomedically relevant
natural products isolated from soil bacteria, their inferred biological relevance derived from
their chemical similarity to important human signaling molecules, particularly
neurotransmitters, has made them an intriguing subset of metabolites to explore in the
human microbiome, particularly in the context of the gutbrain axis (Sarkar et al., 2016).
Tryptophan derivatives, including tryptamine, 3-indolepropionic acid, indoleacrylic acid,
and indole itself, have been widely described by the distribution of their biosynthetic genes
within the human microbiome (Lugman et al., 2018; Williams et al., 2014), their systemic
distribution in the circulatory system known to be solely due to gut bacteria (Dodd et al.,
2017), their putative use as biomarkers for neurological disorders (Coppen et al., 1965;
Herkert and Keup, 1969; Smith and Kellow, 1969), and agonism of important
gastrointestinal receptors, such as the serotonin receptors (5-HTRs) (Jones, 1982), as well as
newly identified receptors (Khan and Nawaz, 2016). In many of the studies of tryptophan-
based metabolites, similar molecules resembling other aromatic amino acids are detected,
such as phenylalanine and tyrosine, which can be derivatized similarly to tryptophan by both
substrate specific and promiscuous enzymes (Lugman et al., 2018). While it remains to be
seen whether modulation of simple metabolic pathways can be used to guide the creation of
probiotics, their prominence as functional metabolites is undeniable.

Chemistry-Forward Approaches for Natural Product Discovery from Human

Microbiome

So far, we have highlighted studies using advanced genomicsbased tools for discovering
secondary metabolites with therapeutically relevant bioactivities. Nonetheless, there are
innumerable additional examples that did not rely on these genome-centric approaches. In
fact, at the most fundamental level, secondary metabolites from pathogenic and
nonpathogenic bacteria alike have been characterized for decades primarily via laboratory
cultivation and analytical chemistry. These /n vitro interrogations of individual bacteria have
resulted in the accumulation of a substantial list of molecules, with varying complexity and
biological implication, that have been systematically considered throughout recent reviews
(Donia and Fischbach, 2015; Mousa et al., 2017). As the human microbiome is currently
undergoing intense scientific scrutiny, there is now a desire to seek deeper biological context
for secondary metabolites discovered /n vitro, a component that has not always been at the
forefront of classical natural product discoveries. Strong foundations of chemistry-forward
discovery techniques are now more regularly being used to generate interesting biological
hypotheses based on the identified natural products.

Pyroglutamic Acids: Modern Chemical Analysis of Targeted Bacteria

The following study is one of many examples in which a classical analytical chemistry
platform, featuring liquid chromatography mass spectrometry (LC-MS), is used to examine
the metabolites produced by a human-associated bacterium /n vitro. However, this study also
demonstrates how supplemental /n7 vivo experiments can be used to generate biological
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hypotheses to explain the benefit of a common probiotic bacterium. In 2009, multiple
studies reported that the beneficial probiotic Lactobacillus plantarum could decrease
inflammation /n vivo and that the spent media from L. p/antarum culture could do so by
modulating NF-kB /n vitro (Bansal et al., 2010; Petrof et al., 2009; van Baarlen et al., 2009).
In an effort to pinpoint the mechanism of this bacterial-induced phenotype, Zvanych et al.
(2014) applied principal component analysis to the data generated by LC-MS to identify
metabolic fluctuations throughout the growth stages of a L. plantarum culture. Their
analyses resulted in the discovery of four dipeptide molecules (pyro-phenylalanine, pyro-
leucine, pyro-isoleucine, and pyro-tryptophan) each containing a unique pyroglutamic ring
(Figure 4). Introduction of pyro-phenylalanine and pyro-tryptophan into the peritoneum of
mice led to decreased splenic production of IFN-g, suggesting that these molecules may be
an important part of the mechanism by which L. plantarum inhibits inflammatory pathways
in vivo. While the mechanistic details of this inhibition must still be defined, this study
highlights the use of comparative chemical analysis to provide novel insights into the
chemistry of known, biologically relevant microbes. Many of the bacteria used in probiotics
contain Lactobacillus species (O’ Toole et al., 2017); however, the mechanisms by which
they elicit a benefit, if they do at all, are severely lacking in detail. Systematically
interrogating the biological activities of the molecules that Lactobacillus and other probiotic
species secrete into the gastrointestinal milieu would undoubtedly bring a more detailed
molecular understanding to these probiotic therapies.

Lugdunin: Functional Screening of Nasal Bacteria Reveals a Novel Antibiotic

Functional screening of secreted bacterial metabolites, a mainstay of studies screening the
environmental microbiota for many years, has also proved to be a successful method for
discovering novel natural products from the human microbiome. A typical experimental
setup requires the /n vitro cultivation of bacteria followed by the direct, or indirect via
chemical extraction, application of the resulting secreted metabolite mixture to a biological
assay with a robust readout. Queried bacteria with bioactivity of interest can then be
fermented in large-scale format, after which the secreted molecules are collected,
concentrated, and submitted to bioassay-guided purification using the original antibiotic
activity as a guide for serial chromatography methods to ultimately arrive at a pure, active
compound. At this point, a variety of techniques, including infrared and ultraviolet-visible
spectroscopy, low-resolution and high-resolution mass spectrometry (HRMS), and nuclear
magnetic resonance (NMR), can be used to deduce molecular structure.

In the world of pathogenic infections, the most problematic bacteria are commonly
opportunistic pathogens that survive in a dormant state in the body until a traumatic
physiological event, such as surgery or immunosuppression, causes maleficent expansion
(Arias and Murray, 2009; Wertheim et al., 2005). S. aureus is one such opportunistic
pathogenic species of bacteria that resides in the nasal cavities of 30% of the population and
is prone to be multi-drug resistant (DeLeo et al., 2010; Wertheim et al., 2005). The diverse
flora in the human body suggests that host-associated bacteria are proficient in controlling
other bacterial species (Hibbing et al., 2010)—a suggestion that has been gaining evidence,
as described throughout this Review. In a functional, chemistry-forward approach to find
antibiotics produced by nasal microbiota against methicillin-resistant S. aureus (MRSA),
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Zipperer et al. (2016) assayed a collection of bacteria isolated from the nasal passages of
healthy volunteers using a simple agar plate diffusion assay (Figure 4). They found that the
S. lugdunensis IVK28 strain produced a novel antibiotic, lugdunin, which demonstrated a
broad range of activity across Gram-positive bacteria, including MRSA, vancomycin, and
glycopeptide-intermediate resistant strains. Not only could the pure compounds reduce skin
infections in murine models, but inoculation of rat models with IVK28 reduced S. aureus
levels, while an 1VK28 strain with a mutated lugdunin biosynthetic gene cluster did not.
Finally, Zipperer et al. (2016) found, in the nasal swabs of 187 patients, that there was a
strong inverse relationship between S. lugdunensisand S. aureus, suggesting a putative
inhibitory effect of lugdunin. The therapeutic value of antibiotics, such as lugdunin, active
against drug-resistant pathogens cannot be overstated; however, an even more exciting
conclusion is that application of functional screening, which has been perfected since the
golden age of antibiotics, may be ripe for more discoveries of novel antibiotics when applied
to culturable, human-associated bacteria.

Metabolomics as a Tool to Determine Chemical Fingerprints of the Human Microbiota

Arguably, the most powerful tools to examine the chemical fingerprint of the human
microbiota are metabolomics platforms featuring HRMS. While NMR has been used to
measure bacterial metabolites in the past (Jacobs et al., 2008), technological advances
allowing for molecular deconvolution of complex biological samples have increasingly made
MS the technique of choice in more laboratories (Cameron and Takéts, 2018). There are a
variety of ways in which targeted metabolomics has been used to interrogate the chemical
fingerprint of the human microbiota (Lamichhane et al., 2018). Promising results have
compared primary metabolic derivatives between germ-free and colonized mice (Wikoff et
al., 2009), provided biomarkers for cardiovascular health (Brown and Hazen, 2017), and
discovered molecules capable of partially resolving neurological disease in mouse models
(Hsiao et al., 2013). A full scope of metabolomics in the context of the gut microbiota has
been thoroughly reviewed elsewhere (Holmes et al., 2012; Lamichhane et al., 2018).
Overall, MSbhased metabolomics platforms have been successful in characterizing known
metabolites for which reference samples can be used to generate a searchable feature;
however, untargeted metabolomics for unknown complex secondary metabolites, such as the
antibiotics discussed previously, has yet to yield therapeutic leads. Front-end (data
collection) and back-end (data analysis) strategies have been proposed to overcome these
challenges (Peisl et al., 2017), which provides hope that mining for novel chemistry using
HRMS may be a possibility in the future.

The chemistry-forward approaches outlined above are representative of traditional natural
products discovery process, in which bacterial isolates are cultured in the laboratory and
their secreted molecules are assessed analytically (e.g., LC/MS, NMR) and assayed for a
desired biological effect (e.g., anticancer, antibiotic, antifungal). The strength of these
methods is that they do not rely on prediction but instead start with the identification of a
physical, active molecule. However, the total biosynthetic potential of the cultured bacterium
may not be realized in the cultivation flask, as not all BGCs are highly expressed under
laboratory conditions (Rutledge and Challis, 2015). Additionally, the inability to culture
fastidious bacteria under laboratory conditions can hamper these efforts; albeit, this caveat is
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not exclusive to chemistry-forward approaches. Perhaps, the biggest challenge of such
approaches is the rediscovery of known molecules. This pitfall could be alleviated with
earlier genetic insight. Although, in the context of the human microbiome, rediscovery
becomes less relevant because what matters is linking the molecule to its biological function
in the microbe-host relationship and not the novelty of its chemical structure.

Conclusion

We separated the approaches outlined in this Review into categories based on the
methodologies driving them. It is clear, however, that the studies described here, and others
that were not, which have yielded small molecules from the human microbiota, have
benefited greatly from multi-disciplinary approaches. Large datasets continue to accumulate,
including taxonomy-driven lists of bacteria in defined patient sets, genomic sequences of
known host-associated bacteria, metagenomes of human-derived microbiome samples, and
metabolic signatures generated by metabolomics of biological samples from patients. In the
future, laboratories will hopefully use these diverse resources to generate additional testable
hypotheses that, as a whole, will paint a more complete picture of microbe-host interactions
mediated through the bacterial metabolome.

At present, the human microbiome appears to be an inexhaustible source of biological
hypotheses regarding interactions between the microbes, the host, and the constant flux of
xenobiotics. The methodologies outlined here suggest that we are gradually building a
toolbox capable of interrogating these complex networks and finding novel chemical
effectors. While the therapeutic potential of the natural products that have been discovered to
date remains to be seen, accumulating (meta) genomic data suggest that there is likely to be
a plethora of both known and new chemical motifs within the human microbiome whose
functions have yet to be described. Metabolic investigations are uncovering not only
complex bioactive natural products, like those commonly associated with bacteria isolated
from many other environments, but also, and perhaps more frequently, simple molecules
whose functions appear to dictate the benefit or pathogenicity of the producing bacteria.
These findings are opening the door to the potential development of not only small
molecules as therapies, but also alternative therapeutic paths, including LBPs and prebiotics,
which are under less stringent regulatory oversight than traditional therapeutics and have
experienced meteoric rise in interest over the last decade. Clearly, the future is promising for
natural products discovery from the human microbiome.
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(A) Schematic outline of the functional (meta)genomics mining approach used in the
discovery of commendamide, a GPCR agonist.
(B) Functional (meta)genomics provides direct access to the biosynthetic gene(s)
responsible for metabolite production, which can then be used to mine available sequence
data for similar biosynthetic pathways. This can lead to the discovery of chemically similar
metabolites with related function, as was the case with the commendamide-inspired

discovery of a second A-acyl GPCR agonist, A~acyl serinol.
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Figure 2. Sequence-Based (M eta)genomics Wor kflows

(A) Sequence-based (meta)genomics leverages the power of predictive bioinformatics tools
to identify biosynthetic gene clusters in the available sequence data and guide the targeted
discovery of bacterial metabolites. This approach was used to discover the novel antibiotic
lactocillin and various dipeptide aldehydes with implications in mammalian protease

inhibition.

(B) In the synthetic-bioinformatic natural product (syn-BNP) workflow, specific chemical
structures of natural products are predicted from analyses of biosynthetic gene clusters, and
these molecules are chemically synthesized and subsequently tested for biological activity,

such as antibiosis in the case of the humimycins.
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Figure 3. Simple Aromatic Amino Acids with Demonstrated Effectsin Microbe-Host
Relationship

A growing number of simple derivatives of aromatic amino acids (inside the box) have been
found to not only be produced by commensal bacteria but elicit functional responses during

in vitro or in vivo biological experiments. These studies suggest that bacteria take advantage
of simple enzymatic processes using abundant substrates to interact with their environment.

Color of derivatives indicates matching amino acid source.
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Figure 4. Chemistry-Forward Discovery Wor kflow
Traditional, chemistry-forward approaches do not rely on biosynthetic gene sequence

information but instead use analytical techniques (e.g., pyroglutamate containing
compounds) or functional assays (e.g., lugdunin) to identify metabolites of interest from
bacterial strains after laboratory cultivation.
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