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ABSTRACT

Human bile has been studied for over 170 years and yet we are routinely reminded
of how little we know. Early medicine considered bile an essential component of the four
‘humors’ governing health. This gradually transitioned to determining the structures of
cholic acid and chenodeoxycholic acid, the two primary bile acids (BAs) present in
humans, followed by investigating the nuances behind further modifications to these BA
by bacteria in our intestines. Yet, prior to 2019, scientific dogma was that BA conjugation
with glycine and taurine was solely performed by the host in the liver. Then, Quinn and
colleagues described how bacteria in our gut are capable of ligating amino acids leucine,
phenylalanine, and tyrosine to cholic acid. This was the first description of microbially
conjugated bile acids (MCBAs). Given the recency of their discovery, the mechanisms
behind MCBA production and their physiological relevance remained unknown prior to
the work presented here.

In Chapter 2, | describe the in vitro acyl transfer of amino acids to BA by the
enzyme bile salt hydrolase/transferase (BSH/T). | show that purified BSH/T from
Clostridium perfringens is capable of transferring amino acids to taurocholic acid,
glycocholic acid, and free cholic acid. | identify the pH optimum for this transfer and show
that all 20 proteinaceous amino acids are not used. Finally, | examine the reaction kinetics
of phenylalanine transfer to taurocholic acid.

In Chapter 3, | begin teasing apart the taxonomic diversity of bacteria capable of
BA conjugation within the gastrointestinal tract. Because Enterocloster bolteae was the
first bacterium implicated in MCBA production, culture-based screening for other

producers focused on members of the Lachnospiraceae family. 19 of 29 species screened



demonstrated the ability to produce MCBAs and clustered based on amino acid use and
total abundance of MCBAs produced. However, these groups did not correlate with
taxonomy. Further analysis revealed instead that MCBA profiles correlated based on
BSH/T amino acid sequence, leading to three distinct classes based on MCBA profile. |
then compared MCBA production between wild type and variants containing active site
substitutions to further understand how active site structure impacts MCBA production.
Chapter 4 begins to describe the physiological relevance of MCBAs from the level
of individual bacteria to microbial communities, to human health and development. Given
the antimicrobial effects of free BAs, | show how the hydrophobicity of the ligated amino
acid impacts overall MCBA antimicrobial efficacy. | then show how high oral MCBA dosing
correlates with shifts in the gut microbiome and that, at a lower dose, MCBAs are capable
of entering enterohepatic circulation and infiltrating several tissues. Transitioning to direct
human relevance, | show that MCBAs are enriched in a patient cohort undergoing sleeve
gastrectomy surgery and shift dramatically following the operation. Finally, | shift from
analyzing the BA pool in the context of gut dysbiosis to gastrointestinal development and
describe fecal microbiome and metabolome changes through the first 12 months of life in
an infant cohort. Certain classes, such as those resulting from host BA detoxification,
show marked changes with time. These include MCBAs, where prevalence decreases as

the infant matures.



Science is iterative, building a body of tentative knowledge over time. No one does
science alone, but is, in a sense, always in dialogue with their progenitors going back to
Atristotle and Thales. It's really quite crowded in the lab when you're working alone.

— Zachary D. Blount
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CHAPTER 1:

INTRODUCTION



1.1 - Preface

The contents of this chapter were originally published in Microbiome in 2021
(Material from: Guzior, D.V., Quinn, R.A. Review: microbial transformations of human bile
acids. Microbiome 9, 140 (2021). https://doi.org/10.1186/s40168-021-01101-1). Per the
publisher BioMed Central, “This article is licensed under a Creative Commons Attribution
4.0 International License, which permits use, sharing, adaptation, distribution and
reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons license, and
indicate if changes were made.” The full description of the Creative Commons license

governing the original publication can be found at creativecommons.org/licenses/by/4.0/.

This text has been revised slightly to reflect scientific advances in the field of bile acid

metabolism since the time of its original publication.



1.2 - Abstract

Bile acids play key roles in gut metabolism, cell signaling, and microbiome
composition. While the liver is responsible for the production of primary bile acids,
microbes in the gut modify these compounds into myriad forms that greatly increase their
diversity and biological function. Since the early 1960s, microbes have been known to
transform human bile acids in four distinct ways: deconjugation of amino acids glycine or
taurine, and dehydroxylation, dehydrogenation, and epimerization of the cholesterol core.
Alterations in the chemistry of these secondary bile acids have been linked to several
diseases, such as cirrhosis, inflammatory bowel disease, and cancer. In addition to the
previously known transformations, a recent study has shown that members of our gut
microbiota are also able to conjugate amino acids to bile acids, representing a new set of
“microbially conjugated bile acids.” This new finding greatly influences the diversity of bile
acids in the mammalian gut, but the effects on host physiology and microbial dynamics
are mostly unknown. This review focuses on recent discoveries investigating microbial
mechanisms of human bile acids and explores the chemical diversity that may exist in

bile acid structures in light of the new discovery of microbial conjugations.



1.3 - Introduction
1.3.1 - The history of bile

Bile has been implicated as important in human health for millennia. Hippocrates
developed the idea of humourism in the third century BC, which describes the body as
being composed of four ‘humors,’ two of which involve bile. When these humors are
balanced the body is healthy, but illness occurs when any become unbalanced (1). Even
today, we are still trying to understand how the delicate balance between different bile
acid (BA) concentrations throughout the body is associated with states of health or
disease. Our gut microbiome, the consortium of microorganisms living in our
gastrointestinal system, is a major mediator of BA chemistry and, consequently, the
development of healthy or diseased states. For example, abnormally high levels of the
microbially modified secondary BA deoxycholic acid (3a, 12a-dihydroxy-5p3-cholan-24-oic
acid, DCA) is associated with gut dysbiosis and disease (2, 3). There has been increased
research in recent years on the connection between our gut microbiome, BA pool
composition, and human health, all of which build on our knowledge from the previous

two millennia of BA chemistry.

1.3.2 - Bile acid biochemistry and physiology

Primary BAs are those synthesized in the liver from cholesterol (4). The primary
BA pool in humans consists of cholic acid (3a, 7a, 12a-trihydroxy-5p-cholan-24-oic acid,
CA), chenodeoxycholic acid (3a, 7a-dihydroxy-5B-cholan-24-oic acid, CDCA), and
subsequent C24 taurine- or glycine-bound derivatives (Figure 1.1). Glycine and taurine
bound BAs are also referred to as bile salts due to their low pKa and complete ionization

resulting in these compounds being present as anions in vivo (5-7). For the purposes of



this review, all compounds will be referenced in their protonated form, being named
conjugated bile acids in lieu of conjugated bile salts. Primary BAs are heavily modified in
the lower gastrointestinal tract to produce a broad range of secondary BAs (Figure 1.1).
This microbial metabolism is so extensive that instead of primary BAs having the highest
prevalence in human cecal contents, microbially modified BAs DCA (a CA derivative) and
lithocholic acid (3a-hydroxy-5B3-cholan-24-oic acid, LCA, a CDCA derivative) are the most
prevalent, together accounting for over 50% of the bile acid pool (8). On average,
secondary BAs reached concentrations of 200 yM for DCA and 160 uM for LCA (9).

Relevant BAs within humans are not limited to hydroxylation at C3, C7, and C12,
but are also found to be hydroxylated at C6 as is the case for a-muricholic acid (3a, 63,
7a-trinydroxy-5B-cholan-24-oic acid, aMCA) and 3-muricholic acid (3a, 63, 7p-trihydroxy-
5B-cholan-24-oic acid, aMCA). Muricholic acids are predominant in mice and scarce in
humans, though not absent. MCA forms of bile acids are present in infant urine and feces,
though they decrease in concentration to below detectable levels in adults (10, 11). Due
to their predominance in mice and rats, MCAs are important in gastrointestinal research
using animal models (12).

BAs have traditionally been thought to undergo amino acid conjugation solely in
the liver. There is a single human enzyme, bile acid-CoA:amino acid N-acyltransferase
(hBAAT), that is responsible for acyl-conjugation. These conjugated primary BAs are
secreted via the bile canaliculi into the gallbladder where they are stored until
consumption of a meal. They are then secreted into the duodenum and travel through the
small intestine, only to be subsequently reabsorbed in the terminal ileum and transported

to the liver for re-conjugation, if necessary, followed by secretion into the gallbladder and
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Figure 1.1: Diversity of known human bile acids
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Bile Acid Abbreviation Ri | Rz [ Ry | Ry Rs
Cholic acid CA a H a a OH
Chenodeoxycholic acid CDCA a H a H OH
Glycocholic acid GCA a H a a Glycine
Taurocholic acid TCA a H a a Taurine
Glycochenodeoxycholic acid GCDCA a H a H Glycine
Taurochenodeoxycholic acid TCDCA a H a H Taurine
a-muricholic acid aMCA a B a | H OH
B-muricholic acid BMCA a B B H OH
Deoxycholic acid DCA a H H a OH
Lithocholic acid LCA a H H H OH
Allodeoxycholic acid aDCA a H H a OH
Allolithocholic acid aLCA a H H H OH
7-epicholic acid 7-ECA a H B a OH
Ursodeoxycholic acid UDCA a H B H OH
Isocholic acid iCA B H a a OH
Isochenodeoxycholic acid iCDCA B H a H OH
Isodeoxycholic acid iDCA B H H a OH
Isolithocholic acid iLCA B H H H OH
12-oxochenodeoxycholic acid 12-0xoCDCA a H a | oxo OH
7-oxodeoxycholic acid 7-oxoDCA a H |oxo| a OH
3-oxocholic acid 3-oxoCA oxo | H a a OH
7-oxolithocholic acid 7-oxoLCA a H |oxo| H OH
3-oxochenodeoxycholic acid 3-oxoCDCA oxo | H a H OH
Phenylalanocholic acid PheCA a H a a Phenylalanine
Tyrosocholic acid TyrCA a H a a Tyrosine
Leucholic acid LeuCA a H a a Leucine

a, All BAs are built off the same sterol backbone with variations in hydroxylated positions, hydroxyl orientation, and the
presence of ketones. CAand CDCA, along with GCA, GCDCA, TCA, and TCDCA, make up the primary BA pool. Remaining
BAs in the list make up secondary and tertiary BA pools as a result of modifications from gut microbes (13—15). Allo-bile
acids, although matching in hydroxyl positions to their standard bile acid counterparts, differ in ring orientation. Standard
bile acids have the first ring in the b, frans-orientation, yielding 53-BAs, while allo-bile acids have this ring in the ¢, cis-

orientation, yielding 5a-BAs.




Recirculation(16). Enterohepatic circulation is very efficient, recirculating approximately
95% of secreted bile acids, including some of those modified by the microbiota (17). The
remaining 5% undergoes a myriad of transformations throughout the gastrointestinal tract
(13, 18). Although the specific chemistry of BA reabsorption is not completely elucidated,
it is generally understood that conjugated BAs are actively transported by ileal
transporters and some passive diffusion across the gut epithelium can occur for both
conjugated and non-conjugated BAs, specifically those conjugated to glycine (17, 19).
GCA and other glycine conjugates may be able to undergo passive diffusion due to the
relatively small change in BA biochemistry caused by glycine conjugation.

BAs play an important role in regulating various physiological systems, such as fat
digestion, cholesterol metabolism, vitamin absorption, liver function, and enterohepatic
circulation through their combined signaling, detergent, and antimicrobial mechanisms
(20). BAs are agonists of the Farnesoid X receptor (FXR), with varying degrees of activity
depending on the structure of the compound (21). CDCA is the most potent FXR agonist,
followed by DCA, LCA, and lastly, CA. Though their effects on FXR are less clear and
more research is needed, conjugated BAs have also been observed to play a role as FXR
agonists, notably within the small intestine where concentrations can reach as high as 10
mM (22, 23). FXR is responsible for regulating several steps in the synthesis of primary
BAs CA and CDCA. The loss of FXR activity in mice results in metabolic perturbations
and loss of host BA regulation (24). FXR plays a major role in protecting the small intestine
from bacterial overgrowth, regulating key antimicrobial pathways including inducible nitric
oxide synthase, IL-18, angiogenin production, and production of several antimicrobial

peptides, such as those within the Defa gene family (22, 25). Tauro-BAs, specifically



TBMCA, have also been shown to act as FXR antagonists, inhibiting BA synthesis via
negative regulation (26). Additionally, BAs are agonists of g-protein coupled receptors
such as TGRS (Takeda G protein-coupled receptor 5) and S1PR2 (sphingosine-1-
phosphate receptor 2). S1PR2 is expressed ubiquitously within the liver while TGRS is
expressed primarily in non-parenchymal cells (27). Expression of both STPR2 and TGR5
is a balancing act within the liver between homeostasis and damage. S1PR2 Is activated
by conjugated BAs and results in pro-inflammatory effects that can increase liver damage
while TGRS is activated by all BAs along with several other steroids and results in anti-
inflammatory effects in addition to anti-cholestatic and anti-fibrotic effects (27). These
characteristics make S1PR2 inhibitors and TGRS agonists attractive candidates for drug
development.
1.3.3 - Microbial bile acid interactions

Bile acids are potent antimicrobials. As such, they play an important role in the
innate immune defense within the intestine. Consequently, modifications of BAs are an
essential microbial defense mechanism (28). BAs have been known to impact susceptible
bacteria in both a bacteriostatic and bactericidal fashion since the late 1940s, impacting
such genera as Staphylococcus, Balantidium, Pneumococcus, and Enterococcus in
addition to members of the phylum Spirochaetes (29). BAs act as detergents in the gut
and support the absorption of fats through the intestinal membrane. These same
properties allow for the disruption of bacterial membranes. Primary BAs disrupt
membranes in a dose-dependent fashion and non-conjugated BAs exact a greater
reduction in viability than their conjugated counterparts when tested against

Staphylococcus aureus, several Lactobacillus species, and several Bifidobacterium



species (28, 30). As a result of the conjugation to glycine or taurine, primary BAs are fully
ionized at physiological pH. While this is important in the movement of BAs from the liver,
complete ionization prevents significant interaction and passive diffusion across bacterial
membranes whereas non-conjugated CA and CDCA are able to disrupt membranes,
cross them, and cause intracellular damage (31). Conjugated BAs can have more indirect
action on the gut microbiota, however, because at high concentrations in the small
intestine they modulate FXR and other ileal receptors which control bile synthesis.
1.3.4 - Microbial bile acid transformation pathways

Traditionally, there have been four distinct pathways related to microbial
transformations of BAs: deconjugation, dehydroxylation, oxidation, and epimerization.
The latter two methods of BA transformations work hand in hand, as formation of oxoBAs
is a key step prior to epimerization. Research into microbial bile salt hydrolases (BSHs)
has been the latest boom in health-related BA research since their discovery in the 1970s
with over 260 publications listed on PubMed from within the last 10 years (search term
‘bile salt hydrolase’, search performed in 2021). Additionally, several reviews have been
written specifically about the biochemistry, diversity, and implications of microbially
transformed BAs on host health (18, 32, 33). The diversity of BAs has recently been
shown to be higher than originally thought as members of the gut microbiota
demonstrated the ability to conjugate amino acids to cholic acid independent of the host

liver (13).



1.4 - Deconjugation

Deconjugation of BAs is considered the “gateway reaction” to further modification
(34). There are several hypotheses that could explain the importance of deconjugation.
As previously discussed, deconjugated primary BAs can act as signaling molecules which
modify the total bile acid pool, and therefore, the microbiota may have evolved the
deconjugation mechanism to manipulate bile production further. Deconjugation also
results in increased concentrations of antimicrobial BAs, CA and CDCA, that may drive
shifts in microbiome composition and act as a possible form of microbial chemical
warfare. BSHs (classified as EC 3.5.1.24) are able to deconjugate both glycine- and
taurine-bound primary BAs, though differences in activity may indicate BSH substrate
specificity (18). Members of the gut microbiota may also use the liberated glycine and
taurine residues as nutrient sources. Regardless, deconjugation is an essential function
of the gut microbiome. Enzymes capable of catalyzing the deconjugation reaction are
found across all major bacterial phyla and within major archaeal species, suggesting that
the genes encoding them are horizontally transferable (35, 36). Bacteroides spp. are
among the phyla suggested to play a major role in deconjugating primary BAs (37). The
diversity of bacteria capable of amino acid hydrolysis includes Gram-positive genera such
as Bifidobacterium (38), Lactobacillus (39, 40), Clostridium (41), Enterococcus (42), and
Listeria (43). However, BSH activity is not limited to Gram-positive bacteria. Gram-
negatives such as Stenotrophomonas (44), Bacteroides (45), and Brucella (46) also
contribute to amino acid hydrolysis within the gut. In the cases of Brucella abortus and
Listeria monocytogenes, BSH genes are important for virulence and establishing infection

within mouse models. A metagenomic study by Jones et al. found BSH-encoding genes
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are conserved among all major bacterial and archaeal species within the gut (34).
Bacteria capable of BSH activity comprise 26.03% of identified strains of gut bacteria
present in humans, although some of these strains may be in low abundance as only
26.40% of BSH-capable strains are present in human guts throughout the globe (47). The
mere ubiquity of BSHs in the gut exemplifies their importance to our microbiota.

All BSH reactions rely on amide bond hydrolysis in order to free taurine or glycine
(Figure 1.2a-b). Optimal BSH activity occurs at neutral or slightly acidic pH (5-7) with
reported optima around pH 6 (41, 48, 49). Interestingly, among Bifidobacterium spp. arose
three separate classes of BSH within which two of the classes showed high activity and
differed in substrate specificity (38). Both classes exhibited a preference for glycine-
conjugated BAs but varied in activity for taurine-conjugated BAs. Although BSHs may
utilize both taurine and glycine conjugates, encoding many BSHs may allow for slight
changes in substrate specificity and more specific manipulation of the bile acid pool. BSH
enzymes from Ligilactobacillus salivarius (PDB ID: 5HKE) (50, 51), Bifidobacterium
longum (PDB ID: 2HFO0) (52, 53), Bacteroides thetaiotaomicron (PDB ID: 6UFY) (54, 55),
Clostridium perfringens (PDB ID: 2BJF) (56, 57), and Enterococcus faecalis (PDB ID:
4WL3) (58) have been crystalized (Figure 1.2c). Comparing structural homology (Figure
1.2d), E. faecalis, L. salivarius, B. longum, and B. thetaiotaomicron each maintained the
aBBa motif indicating that it is essential for activity (47). The BSH from B. thetaiotaomicron
(Figure 1.2c, blue) is missing a turn which may be one of the driving factors for the
decreased structural homology between the other crystalized BSHs. Analysis of key

residues from L. salivarius, B. longum, E. faecalis, and C. perfringens amino acid
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Figure 1.2: BA deconjugation reactions and enzyme homology present between
gut bacteria

Regardless of hydroxylation positions, substitution of water for either a, glycine or b,
taurine yields the same products. ¢, Structural homology between subunits from B.
thetaiotaomicron (6UFY, blue), L. salivarius (5HKE, red), B. longum (2HFO, yellow), C.
perfringens (2BJF, green), and E. faecalis (4WL3, orange) using Visual Molecular
Dynamics (VMD) software(59). d, Structural homology (Qn) was measured utilizing VMD
with a minimum of 0.5804 and a maximum of 0.8533. E. faecalis and L. salivarius BSHs
had the greatest similarity while B. thetaiotaomicron was the most dissimilar to all other
organisms.
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sequences demonstrated highly conserved residues throughout the BSH active site
across each genus (47).
1.5 - Dehydroxylation

One of the key transformations by gut microbes is BA dehydroxylation at C7. Within
Lachnoclostridium scindens, formerly Clostridium scindens, the bai operon encodes
several proteins needed for the sequential oxidation of CA (60). The baiG gene encodes
a bile acid transporter, allowing for CA uptake. BaiG is also capable of transporting CDCA
and DCA (61). This is followed by CoA ligation in an ATP-dependent manner by BaiB to
form choloyl-CoA. Choloyl-CoA is then oxidized twice, first by BaiA and followed by
BaiCD, to yield 3-oxo-A4-cholyl-CoA. BaiF is then hypothesized to transfer CoA from 3-
oxo-A4-cholyl-CoA to CA, yielding 3-oxo-A4-CA and choloyl-CoA (15). BaiF CoA
transferase activity has already been observed with DCA-CoA, LCA-CoA, and allo-DCA-
CoA acting as donors and CA acting as an acceptor (60). The rate limiting step occurs
during the dehydroxylation of C7 via BaiE, a 7a-dehydratase. The genes involved in CA
7a-dehydroxylation are capable of recognizing intermediates in the CDCA
dehydroxylation pathway as well. Interestingly, CoA-conjugation at C24 was not
necessary for dehydratase activity to occur with CA as the substrate, and in some cases
enabled for greater kcat and lower Kv (62). Crystal structures of BaiE have been generated
in the ligand-absent conformation from L. scindens (PDB ID: 4LEH) (63),
Lachnoclostridium hylemonae (formerly Clostridium hylemonae, PDB ID: 4L80) (64), and
Peptacetobacter hiranonis (formerly Clostridium hiranonis, PDB ID: 4L8P) (65) (Figure
1.3). Each unit displayed structural similarity (QH) greater than 85%, as calculated in

Visual  Molecular  Dynamics (VMD) (59). The enzymes responsible
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Figure 1.3: Pathway of bacterial dehydroxylation of primary BAs

CA (R:-OH) and CDCA (R: -H). a, The pathway to complete 7a-dehydroxylation is a multi-
stage process that involves progressive substrate oxidation, likely for molecule stability,
prior to dehydroxylation, followed by reduction at each previously oxidized position along
the sterol backbone(60). The enzyme capable of dehydroxylation, BaikE, is highly
conserved structurally between L. scindens (red), C. hylemonae (blue), and P. hiranonis
(yellow), evident in both b, side and ¢, top-down views of BaiE.
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for the reductive arm of BA 7a-dehydroxylation within L. scindens are encoded by baiN,
which is responsible for the sequential reduction of C6-C7 and C4-C5 after
dehydroxylation, and by baiA2, which catalyzes the NADH-dependent 3-oxoreduction of
both 3-oxodeoxycholic acid (3-oxoDCA) and 3-oxolithocholic acid(3-oxoLCA) (66, 67).
BaiO is proposed to carry out a similar function to BaiA2 in the reductive arm of 7a-
dehydroxylation, though this has not yet been verified experimentally (15). This form of
bile acid metabolism appears to be limited to members of the class Clostridia. Dorea,
Flavonifractor, Pseudoflavonifractor, Proteocatecola, and Ruminococcus genera have
been reported to harbor genes required for 7a-dehydroxylation, in addition to the well-
studied Lachnoclostridium and Peptacetobacter (68, 69).

7B-dehydroxylation occurs in a similar fashion, the key difference being that BaiH
is used in the place of BaiCD for C4 oxidation (70, 71). 7B-dehydratase activity is likely
the rate limiting step in 73-dehydroxylation similar to BaiE above, though the exact gene
has not yet been identified. This indicates that further research is needed to elucidate the
impact and prevalence of organisms capable of 73-dehydroxylation, especially given the
relative absence of 73 BAs.
1.6 - Oxidation and Epimerization

Epimerization of BAs is carried out by gut microbes and further diversifies the
chemistry of secondary BAs. This occurs in two distinct steps: oxidation of the hydroxyl
group by a position-specific hydroxysteroid dehydrogenase, such as a 7a-HSDH,
followed by the reduction of another position-specific hydroxysteroid dehydrogenase, 73-
HSDH. Both reactions do not need to be carried out by the same organism and co-

cultures of microbes are known to possess epimerization capabilities (72). CA can be
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epimerized to form derivatives such as ursocholic acid (3a, 73, 12a-trihydroxy-583-cholan-
24-oic acid, UCA), 12-epicholic acid (3a, 7a, 12B-trihydroxy-5B-cholan-24-oic acid, 12-
ECA), or isocholic acid (3B, 7a, 12a-trihydroxy-5B-cholan-24-oic acid, isoCA) (Figure
1.4a), while CDCA can be epimerized to form either UDCA or isochenodeoxycholic acid
(3B,70a-Dihydroxy-5B-cholan-24-oic acid, isoCDCA) (Figure 1.4b). Both oxidation and
subsequent epimerization have been observed at all three CA hydroxyl positions as well
as both CDCA hydroxyl positions and are responsible for much of the diversity found in
non-conjugated BAs.

Recently, L. scindens, L. hylemonae, C. perfringens, and P. hiranonis have all been
observed to produce enzymes capable of hydroxysteroid 3a-dehydrogenation, an
important step in the pathway toward 7a-dehydroxylation (36). However, unlike L.
scindens, L. hylemonae, and P. hiranonis, C. perfringens has not been reported to
produce LCA or DCA and its growth is inhibited by both secondary BAs (73). 3a-
dehydrogenation also occurs outside of the genus Clostridium and includes other
intestinal organisms such as Blautia producta and Eggerthella lenta (formerly
Eubacterium lentum) in addition to environmental species such as Acinetobacter Iwoffii
(66, 74, 75). 3-oxoLCA production has also been observed within the genera
Adlercreutzia, Collinsella, Gordonibacter, Monoglobus, Peptoniphilus, Phocea, and
Raoultibacter (76). Of those, Raoultibacter was not observed to fully convert LCA to
isSOLCA but successfully converted 44% of provided LCA to 3-oxoLCA. Surprisingly, E.
lenta 3a-HSDH is capable of utilizing both tauro-BAs and glyco-BAs as substrates and
in the case of CDCA oxidation, 3a-HSDH activity increased when conjugated forms of

CDCA were used as substrates (77). This goes against the notion that bile BA
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deconjugation is the essential ‘gateway’ reaction and further investigation is required to
elucidate if glycine and taurine residues impact molecular mechanisms of catalysis in
addition to if conjugated BA oxidation impacts subsequent transformations.

Epimerization of CDCA, independent of conjugation, is important for producing the
protective BA, UDCA. 7a-epimerization to UDCA occurs in the gut by members such as
Clostridium baratii among other isolates not yet identified (78, 79). C. baratii has been
shown to epimerize CDCA to UDCA but was not capable of epimerizing glyco- and tauro-
BAs and instead deconjugated TCDCA prior to epimerization (78).

Ruminococcus gnavus, Clostridium absonum, Stenotrophomonas maltophilia,
and Collinsella aerofaciens all contribute to the UDCA pool via conversion of 7-oxoLCA
in an NADH or NADPH-dependent fashion (75, 80-82). Optimum pH varied between
species; C. absonum 7(3-HSDH functioned optimally at pH 8.5 while R. gnavus and C.
aerofaciens functioned optimally at pH 6. 123-HSDH activity can occur in both acidic and
alkaline conditions. R. gnavus, in contrast to C. absonum and C. aerofaciens, displayed
a clear preference in catalyzing the conversion of 7-oxoLCA to UDCA with a specificity
constant 55-fold higher than that of the conversion of UDCA to 7-oxoLCA (80). The
specificity constant of an enzyme for a specific substrate, determined by the ratio of
keat/ Km, Wwhere larger values correspond with greater catalytic efficiency compared to other
substrates. This directionality of activity paired with the protective properties of UDCA

support R. gnavus as a potential probiotic, and this role should be further investigated.
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Figure 1.4: Pathways of CA and CDCA epimerization

a, CA undergoes three different epimerization pathways leading to the production of
isoCA (via 3a/B-HSDH), UCA (via 7a/B-HSDH), or 12-ECA (via 12a/-HSDH) while b,
CDCA undergoes two distinct epimerization pathways leading to the production of UDCA
(via 7a/B-HSDH) or isoCDCA (via 3a/B-HSDH). *S. maltophilia transforms CDCA to 7-
oxoCDCA but the enzyme is categorized under EC 1.1.1.159, where the official reaction
involves CA 7a-oxidation (85).
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Several gut bacteria have recently been identified to produce 12a-hydroxysteroid
dehydrogenases (12a-HSDH). E. lenta demonstrates 12a-HSDH capabilities in addition
to 3a-HSDH. E. lenta 12a-HSDH has an estimated molecular weight of 125 kDa and has
a broad pH optimum, between pH 8 and 10.5 (83, 84). Catalysis requires NAD" or
NADP*as a cofactor, though there is a preference for NAD* (66, 83). E. lenta 12a-HSDH
reaction velocity increased when tested with methylated BAs, suggesting a preference
for hydrophobic BAs (84). Similar to its 3a-HSDH, E. lenta 120-HSDH is capable of
utilizing both glycine- and taurine-bound BAs (77). Enterorhabdus mucosicola is also
capable of both 3a and 12a oxidation, although 12a-HSDH activity is limited to when the
C7 position has already been oxidized (86, 87). L. scindens, P. hiranonis, and L.
hylemonae have since been reported to produce 12a-HSDHs and it is hypothesized that
Bacteroides species also encode 12a- HSDHs (36, 66). Across all three clostridial
species, there was a robust preference for 12-oxoLCA over 12-oxoCDCA suggesting the
C7 hydroxyl group, or lack thereof, plays a large role in determining enzyme activity.
Oxidation at C12 occurs for 123 BAs as well and has been observed in strains of
Clostridium paraputrificum, Clostridium tertium, and Clostridioides difficile (88). These
123-HSDHs are relatively stable at physiological conditions, maintaining activity at 37 °C
for approximately 45 minutes at pH 8.5 (89). Based on these findings by Edenharder and
Pfutzner, C. paraputrificum 123-HSDH behaves in a similar manner to established 12a-
HSDHs, as shown by its pH optimum and molecular weight. The gene encoding the 12[3-
HSDH in C. paraputrificum was recently identified, allowing for investigation into the
diversity of potential 123-HSDH producers (90). Putative 123-HSDH genes were found

across Firmicutes, Actinobacteria, and Alphaproteobacteria. However, there may be
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several forms of 123-HSDH as the authors did not find homologs to the C. paraputrificum
123-HSDH in C. difficile and C. tertium even though both species are capable of 123-
HSDH activity.

Members of the gut microbiota are not only capable of reducing BAs with a single
position oxidized, but some also reduce BAs oxidized at two or three positions. Similar
trends regarding non-target hydroxyl oxidation have been observed by other
Coriobacteriaceae, such as C. aerofaciens, E. lenta, and Lancefieldella parvula (formerly
Atopobium parvulum) (86). Not all members oxidized DCA at both C3 and C12
independent of the other position, but all of the strains observed to modify DCA were
shown to oxidize at both positions (86). L. scindens and P. hiranonis were among the only
bacteria capable of completely hydrogenating 3,7,12-trioxolithocholic acid, a fully oxidized
derivative of CA, to CA (36). Oxidation may be a way for microbes to detoxify BAs. By
decreasing their amphipathicity, oxidized BAs progressively lose the ability to act as
detergents, preventing DNA and membrane damage.

1.7 - Isomerization

Allo-bile acids (allo-BA), those with a 5a ring resulting in a more planar structure,
have received less attention in the field of microbial bile acid metabolism. In vitro
production of allo-BAs, specifically allo-deoxycholic acid (3a, 12a-dihydroxy-5a-cholan-
24-oic acid, allo-DCA), were first associated with L. scindens VPI 12708 with production
shown to be inducible when growing the bacterium in the presence of CA (91). After
uncovering their microbial origins, the mechanism behind microbial BA isomerization then

remained unknown for over 30 years. Recently, however, Lee et al. described BaiP, a BA-

20



NADH  NAD* " NADH  NAD*

Bail, BaiP BaiA2

H H
NADH NAD* NADH NAD*

Bail, BaiP BaiA2

3-oxo-A*-LCA 3-oxo-allo-LCA allo-LCA

Figure 1.5: Pathways of allo-BA formation from 7a-dehydroxylation intermediates
Formation of allo-bile acids a, allo-DCA from 3-oxo-A4-DCA and b, allo-LCA from 3-oxo-
A4-LCA. 3-0x0-A4-DCA and 3-oxo-A4-LCA are intermediate products of 7a-
dehydroxylation, and BaiAZ2 is shared across allo- and standard secondary BAs.
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inducible 3-oxo-A*-5a-reductase produced by L. scindens ATCC 35704, and BaiJ, an
isoform produced by L. scindens VP| 12708 and L. hylemonae DSM 15053 (68). BaiP
and BaiJ convert 3-oxo-A*DCA and 3-oxo-A*LCA, intermediates in the 7a-
dehydroxylation pathway described above, to 3-oxo-allo-DCA and 3-oxo-allo-LCA
respectively. These are then reduced to allo-DCA and allo-LCA by BaiA1 (Figure 1.5) (68).

The diversity of microbes capable of allo-BA production is an active area of
research, but much remains to be determined. Screening bacterial isolates from allo-BA
-enriched human centenarians for the BA isomerization showed that members of
Parabacteroides, Bacteroides, Alistipes, and Odoribacter genera converted 3-oxo-A*-
LCA to 3-oxo-allo-LCA or iso-allo-LCA(92). Production of allo-LCA was minimal,
potentially reflecting selective pressure due to high antimicrobial activity. Genomic
analysis of Proteocatella sphenisci (93), first isolated from penguin guano, and
Peptacetobacter hiranonis, a BA metabolizing bacterium and marker for canine health
(94), suggest that these organisms encode the genes required for this transformation
(68), but this needs to be experimentally validated.
1.8 - Reconjugation: microbially conjugated bile acids

A novel set of recently discovered BAs were conjugated at the C24 acyl site
similarly to the host conjugation mechanism (13). Instead of the traditional amino acids
taurine and glycine, these compounds were conjugated with the amino acids
phenylalanine, leucine, and tyrosine on a cholic acid backbone. The initial work
associated these molecules with the gut microbiota and follow-up experiments identified
the bacterium Enterocloster bolteae, formerly Clostridium bolteae, as a species

responsible for their production. In light of their microbial origin and the mechanism
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mirroring that of host-conjugation, we hereby refer to these compounds as “microbially
conjugated bile acids” (MCBAS).

The exact mechanism of this microbially mediated conjugation had not been
elucidated as of 2020, though it may rely on a similar mechanism to hBAAT within the
liver involving a Cys-Asp-His triad, with cysteine functioning as the catalytic residue for
nucleophilic attack (95). Regardless of their mechanism of production, the addition of
uniqgue amino acid chemistry on the BA acyl-site inevitably modifies its chemical
properties. Phenylalanine, a large hydrophobic amino acid, will greatly increase the
hydrophobicity of the BA itself and possibly induce steric hindrance to any binding
mechanisms with ileal receptors or BA transporters. Leucine, too, is a relatively large
hydrophobic residue, which may create similar chemical properties to that of
phenylalanine. The additional hydroxyl group on the aromatic ring of tyrosine may create
some unique properties as this will increase the compound’s hydrophilicity and create
slightly a more polar, hydrophilic BA, similar to the increase in polarity provided by taurine
conjugation to cholic acid though not as pronounced. The presence of any of these amino
acids at the conjugation site will also alter the BA's emulsifying properties, as a primary
function of these compounds is to solubilize fat from our diet. Since their original
discovery, the diversity of known MCBAs has increased dramatically. However, until the
mechanism of their synthesis is enzymatically elucidated and exhaustive searches into
MCBA diversity are performed, our knowledge of the limits on amino acid conjugation of
BAs by the human microbiota remains incomplete.

The functions of phenylalanine, leucine, and tyrosine CA conjugates remain mostly

unknown, though gavage of mice with these compounds has been shown to result in
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agonism of FXR. Further investigation into the roles of known and unknown BA
conjugates may yield novel drug targets or therapeutic agents for the treatment of
numerous enteric diseases. Evidence already points toward BA hydrophilicity playing a
major role in activity of several BA modifying enzymes; the three novel conjugates
currently reported represent three of the four most lipophilic amino acids based on
partition coefficient (96). Thus, identifying organisms responsible for conjugation of other
amino acids to other BAs and amino acid-specific mechanisms are the necessary first
steps to determining how microbes are utilizing these compounds to impact the host or
competing members of the microbiota.
1.9 - Molecular diversity of microbially conjugated bile acids

Over 140 amino acids are known to occur in natural proteins (97). The human BA
pool consists of a sterol backbone capable of hydroxylation at four different positions
(including C6, observed in MCA), which can be a- or B-hydroxylated, oxidized to form a
ketone, or absent. This backbone can also be present as one of two sterecisomers: 5a-
sterol or 5B-sterol, significantly broadening potential BA diversity. Limiting the bile acid
backbone to only those known to be conjugated by the host (CA and CDCA) in addition
to limiting the amino acid conjugated to those naturally occurring in humans, the potential
diversity of the human conjugated BA pool increases over 5-fold from what is currently
known (Figure 1.6). This estimate does not consider non-amino acid conjugates, such as
ciliatocholic acid or choloyl-CoA, nor does it include the diversity of potential host hydroxyl
modifications, such as sulfation (98, 99). Overall, the human bile acid pool is dominated

by CA, CDCA, and DCA (100). Subsequent taurine and glycine conjugation increases
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Figure 1.6: Potential increased diversity of the host BA pool as a result of MCBA
production

With the current understanding of BA metabolism, a, primary BAs CA and CDCA are
known to be conjugated in the liver to taurine and glycine to form b, GCA, TCA, GCDCA,
and TCDCA, completing the pool of primary human BAs. In light of recent research, CA
is also known to be conjugated by gut microbes to form ¢, PheCA, LeuCA, and TyrCA
(13). Expanding the potential library of microbially conjugated BAs by including the
remaining amino acids conjugates for d, CA and e, CDCA increases the diversity of
human BAs over 5-fold for these backbones alone.
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this pool to 9 BAs. Limiting the estimate of possible BA-amino acid conjugates to standard
amino acids and the three BAs listed above increases the potential human BA pool to 66
unique conjugates. Finally, including all potential oxidized, epimerized, and
dehydroxylated states of each hydroxyl group present on CA (C3, C7, C12) in addition to
ring orientation expands the number of potential human BA conjugates to over 2800.
Although it is unlikely that the number of physiologically relevant MCBAs is this high, one
can imagine the potential diversity of MCBAs and the potential for their impact on the gut
microbiota and the host.

Through 2020, only relatively hydrophobic amino acids have been reported to be
conjugated to CA by microbes, lowering the overall partition coefficient of each molecule.
The partition coefficient is the log-ratio of concentrations of a compound in a hydrophobic
solvent, such as 1-octanol, compared to a hydrophilic solvent, such as water. This is to
say that a higher value indicates that the compound is more present in the hydrophobic
phase rather than the hydrophilic phase. As expected, hydrophobicity increases with the
reduction of BAs. CA has a partition coefficient of 2.02, which increases to 3.28 when CA
is reduced to CDCA and further increases to 3.5 when reduced to DCA (101). The
conjugation of both glycine and taurine to any sterol significantly increases the
hydrophilicity of the compound, thus decreasing the partition coefficient for each BA.
Therefore, the acyl-conjugation of BAs undoubtedly affects their function. Similarly,
microbial conjugation with hydrophobic amino acids would also affect their detergent,
signaling, and antimicrobial properties, as well as BA transport. One may wonder then,
why do gut microbiota conjugate our bile acids? There are a multitude of possible

explanations ranging from enzyme promiscuity to antimicrobial metabolite production, to
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targeted manipulation of the host BA signaling and regulatory system. Only further
research on the genetic, biochemical, and microbiological characterization of the
conjugation mechanism and its microbial and host effects will provide the answers.
Nevertheless, the MCBA chemical diversity already detected in the mammalian gut, and
the potential described above, will invariably diversify the chemical properties of the bile
acid pool.
1.10 - Microbial bile acid products and host health

Though BAs themselves function as important antimicrobial agents, microbial
modification of BAs is equally important in disease prevention and maintenance of a
healthy gut microbiome. Though C. difficile infections are devastating, fecal microbiota
transplant can be a successful treatment in some cases. Successful transplants correlate
with an increase in bsh copy number compared to levels prior to transplant, suggesting
that microbial modifications of primary BAs play a role in protecting the host against
microbial infection (102). The host microbiota plays an important role in protection against
colonization by pathogenic organisms, and the involvement of BA modification in this
protective effect is only beginning to be understood (103). Decreased bile acid
deconjugation correlates with several irritable bowel diseases such as ulcerative colitis,
Crohn’s disease, and irritable bowel syndrome (35). Thus, supplementing diets with
microbially transformed BAs may have profound and beneficial effects on host pathology.

LCA production, a result of CDCA dehydroxylation, is one of the more interesting
transformations by gut microbes with a known impact on host health. LCA has been
observed to act as an anti-inflammatory agent and protect against colitis in a mouse

model (104). However, LCAand DCA, another the secondary BA, are known carcinogens.
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While primary human bile acids are known to induce DNA damage within bacteria, LCA
and DCA have been observed to damage DNA within mammalian cells (105). Recently,
isoLCA and 3-oxoLCA were found to suppress TH47 cell differentiation and 3a/3-HSDH
gene abundance, required for their synthesis, varied between patients with IBD and non-
IBD controls (76). DCA exposure has also been correlated with increased apoptosis and
increased production of reactive oxygen and nitrogen species (106). These changes in
eukaryotic cell death are a consequence of DCA intercalating into mitochondrial
membranes at low concentrations (107, 108), while at concentrations above 250 uM it
causes cell death through necrosis (109). Notably, LCA and DCA are the most prevalent
bile acids in human colorectal cancer (106).

Epimerized BAs also influence host health. UDCA, the 7B epimer of CDCA,
exhibits protective effects in the gut, specifically through inhibition of TNFa, IL-13, and IL-
6 release (104). UDCA use has been shown to counteract the apoptotic effects of DCA
(110). UDCA has also been approved for use in gallstone dissolution and in treating
primary biliary cholangitis, the later indication as a result of the ability of UDCA to increase
bile acid biosynthesis (104, 110). One caveat of UDCA use is that, at high doses (28-30
mg/kg/day), long-term use leads to increased risk of colorectal cancer in patients with
ulcerative colitis and primary sclerosing cholangitis (111).

Products of BAisomerization are rarely identified in healthy human adults yet show
significant enrichment in dysbiotic adults. Allo-BAs are primarily associated with pregnant
women, fetuses, and infants, reaching trace concentrations in healthy adults (112-114).
Interestingly, allo-LCA and iso-allo-LCA were enriched in a cohort of Japanese

centenarians (92). However, allo-BAs are notably enriched in hepatocellular carcinoma
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(115) and CRC patient cohorts (68), the latter reinforced by increased baiP and baiJ
abundance across five CRC metagenomic datasets (68, 116-121). Traditionally
underappreciated, the role of allo-BAs in carcinogenesis are only beginning to be
uncovered.

It is possible that MCBAs may also play a role in disease mechanisms, as
phenylalanocholic acid (PheCA), tyrosocholic acid (TyrCA), and leucocholic acid (LeuCA)
were more prevalent in patients with inflammatory bowel disease and cystic fibrosis (and
though not disease related, were also found in infants) (13). However, one cannot know,
simply by detection in a diseased population, whether MCBAs, or any BA for that matter,
are cause or consequence of a particular diseased state; a conundrum that is well known
in the microbiome field. There is evidence that at least one microbe that produces MCBAs,
E. bolteae (referred to as C. bolteae in the referenced manuscript), may be involved in
severe IBD and Crohn'’s disease, as it was identified as one of the most transcriptionally
active microbes in the dysbiotic and diseased gut and MCBAs were elevated in these
same samples (13, 122). This association indicates that MCBAs may be involved in
severe IBD, but future research is required. Regardless, BAs can serve as markers for
various disease states (105, 106) and can themselves be used as therapeutics, such as
in the case of UDCA, making them an important group of compounds for identification
and treatment of human disease.

1.11 - Conclusions

Although BAs have been studied for centuries, recent discoveries show that we

still have much to learn. The host BA pool controls microbial diversity, but so too does

microbial metabolism of these BAs drive host physiology. In this sense, BAs act as the
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language of an intricate molecular crosstalk between humans and their gut microbiota.
Mechanisms of microbial modification of host BAs continue to be elucidated as do the
roles that BA metabolism plays in host health. The presence of MCBAs in the human BA
pool demonstrates the need for further study of microbial BA modification and further

expands the chemical language our gut microbiota uses to communicate with its host.
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CHAPTER 2:

IDENTIFICATION AND CHARACTERIZATION OF ACYLTRANSFERASE ACTIVITY
BY THE ENZYME BILE SALT HYDROLASE
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2.1 - Preface

Portions of this chapter were published in the journal Nature in 2024 (Material from:
Guzior, D.V., Okros, M., Shivel, M. et al. Bile salt hydrolase acyltransferase activity
expands bile acid diversity. Nature 626, 852—858 (2024). https://doi.org/10.1038/s41586-
024-07017-8). Per the publisher, Springer Nature, “Authors have the right to reuse their
article’s Version of Record, in whole or in part, in their own thesis. Additionally, they may
reproduce and make available their thesis, including Springer Nature content, as required

by their awarding academic institution.”
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2.2 - Abstract

Bacterial metabolism of host bile acids (BA) has long been implicated in the
development and propagation of gastrointestinal disease. Given the correlations between
microbially conjugated bile acid (MCBA) production profiles and bile salt hydrolase amino
acid sequences, | sought to determine if acyl transfer by this enzyme would be observed
in vitro, making it a bile salt hydrolase/transferase, BSH/T. Incubating Clostridium
perfringens BSH/T (CpBSH/T) with taurocholic acid (TCA) and an equimolar amino acid
mix resulted in robust MCBA production. Under these conditions, 16 of 20 amino acids
were transferred to cholic acid (CA) at an optimum pH of 5.3. When provided glycocholic
acid (GCA), 11 of 19 amino acids were transferred (when excluding glycine). Surprisingly,
12 of 20 amino acids were transferred to free CA, although total MCBA abundance was
lower compared to GCA and TCA. Proline and aspartate use was not observed regardless
of the base BA provided. Formation of phenylalanocholic acid (PheCA) from
phenylalanine transfer to TCA showed linear kinetics, suggesting that phenylalanine
competes with water for nucleophilic activity against an enzyme-BA bound intermediate.
This intermediate was validated by converting the catalytic cystine at residue 2 to an
alanine, thus inactivating the activity. Furthermore, | validated the importance of
asparagine at position 82 in shaping active site structure, subsequently impacting MCBA
profile when replaced by tyrosine (N82Y). E. coli expressing N82Y variants of BSH/T
demonstrated decreased MCBA production, with an enrichment of small amino acid
ligands. This work is the first to characterize acyl transfer by BSH/T in addition to

validating important residues within the active site that contribute to MCBA production.
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2.3 - Introduction

Scientific dogma has been that catalysis of bile salt deconjugation by the enzyme
bile salt hydrolase (BSH) is the “gateway reaction” to further bile acid modification by
bacteria in our intestines. This description was assigned originally due to the finding that
Lachnoclostridium scindens (formerly Clostridium scindens) was unable to perform 7a-
dehydroxylation on glycine- and taurine-bound BAs, suggesting the C24 carboxyl is
required (1). Decades of research were required to fully understand the enzymatic
pathway required for the production of the 7a-dehydroxylated BAs deoxycholic acid
(DCA) and lithocholic acid (LCA). L. scindens was first described to perform 7a-
dehydroxylation in 1980, yet the full metabolic pathway was only recently elucidated by
Funabashi and colleagues in 2020 (2, 3). This discovery was of critical importance, as
both DCA and LCA exhibit potent antimicrobial activity, DNA damaging activity, and
membrane disrupting effects (4). Understanding the biochemical changes resulting from
microbial metabolism is key to describing relevant, physiological roles and impacts.

Modification at the C24 carboxyl group, specifically involving conjugation, is known
to have drastic impacts on BA biochemistry. As BAs are dehydroxylated, either by the
host or resident microbiota, they become more hydrophobic. This increase in
hydrophobicity allows for increased intercalation into lipid membranes (5, 6). However,
ligation with taurine or glycine in the liver aids in their storage prior to meals; conjugated
primary BAs are more hydrophilic and can thus be transported via active transport at the
ileum and by the liver (7—12). However, taurine and glycine are small and polar, drastically
altering chemical properties of these otherwise hydrophobic, amphipathic compounds.

Conjugation with biochemically diverse ligands, ranging from larger or less polar amino
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acids undoubtably changes essential biochemistry of these compounds. Within this,
properties of the ligand itself may impact selectivity for use in conjugation.

In this work, | first identify the ability of purified C. perfringens BSH to produce
MCBAs. | then characterize optimal conditions for acyl transfer of amino acids to BAs,
both those that are specifically conjugated and to free CA. Following this analysis, |
investigate kinetic characteristics of phenylalanine transfer to TCA and CA. Finally, |
investigated how residues within the active site impact the capacity and substrate
diversity for BA conjugation after aligning BSH/T amino acid sequence from bacterial
strains and subsequently screening them for MCBA production.

2.4 - Results

2.4.1 - BSH/T acyl transfer characterization

The first BSH/T to be purified and have its hydrolase activity characterized was
from C. perfringens (13). Due to its established interaction with conjugated BAs, also
known as bile salts, we investigated the capacity of CoBSH/T to exchange the conjugated
amino acid. Enzyme-catalyzed hydrolysis of bile salts occurs via a covalently bound
cysteinyl intermediate (Figure 2.1a) (14) and CpBSH/T was active for hydrolysis over a
broad pH range (pH 3-7, Table 2.3). When incubated with TCA and an equimolar mix of
20 essential amino acids, CpBSH/T rapidly hydrolyzed TCA to cholic acid (CA, Table 2.3),
as expected, in addition to catalyzing acyl-conjugation of CA with a variety of amino acids
(Figure 2.1b). Indeed, 16 of 20 amino acids became linked to CA, with aspartocholic acid
(AspCA), methionocholic acid (MetCA), prolocholic acid (ProCA), and valocholic acid
(ValCA) not being produced under these conditions (Figure 2.1b, Table 2.1). CoBSH/T

may catalyze acyl transfer through the reaction of amino acids with a covalently bound
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Figure 2.1: C. perfringens BSHIT produces a broad range of MCBAs at acidic pH
a, Chemical reaction steps catalyzed by BSH/T. The enzyme is capable of (1) reacting
with conjugated primary BAs through nucleophile attack using Cys2 to form a covalently
bound enzyme-CA intermediate followed by (2) hydrolytic release of the BA or (3) reaction
with other amino acids by an acyl transfer reaction, resulting in formation of MCBAs. In
addition, MCBAs can be generated by (4) direct formation of the enzyme-CA intermediate
from CA with subsequent acyl transfer. Enz, enzyme. b, Stacked area-under-the-curve
(AUC) profiles of MCBA products following CpBSH/T incubation with TCA and an
equimolar amino acid mixture over a broad pH range (3.0-10.0), across time. ¢, Ratio of
mean summed MCBA abundance to CA abundance, derived from acyltransferase activity
and hydrolase activity of CoBSH/T incubated with TCA and an equimolar amino acid
mixture at pH 5.0. d,e, MCBA profiles at pH 5.0 following CpBSH/T incubation with an
equimolar amino acid mixture and 2.5 mM GCA (d) or 2.5 mM CA (e). Prolocholic acid
(ProCA) and aspartocholic acid (AspCA) were not present in any samples. n=3
independent reactions per pH, per BA.
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Table 2.1: Abundance of amino acids used in acyl transfer when provided
different BA substrates
Data are presented as mean AUC (s.e.m.). n = 3 independent reactions.

Amino Acid

TCA

GCA

CA

Ala
Arg
Asn
Cys
GIn
Glu
Gly
His
lle/Leu
Lys
Met
Phe
Ser
Thr
Trp
Tyr
Val

1.88E+04 (1.22E+02)
2.95E+05 (7.18E+03)
1.75E+05 (5.76E+03)
7.22E+04 (9.33E+01)
0.00E+00 (0.00E+00)
5.04E+04 (1.59E+02)
5.81E+04 (2.70E+03)
7.42E+05 (3.08E+04)
1.12E+05 (5.52E+03)
1.41E+05 (4.59E+03)
0.00E+00 (0.00E+00)
1.29E+05 (4.83E+03)
6.60E+04 (1.08E+03)
8.54E+04 (2.66E+03)
1.36E+05 (4.85E+03)
1.34E+05 (4.02E+03)
0.00E+00 (0.00E+00)

7.59E+03 (3.77E+02)
1.72E+05 (3.18E+03)
0.00E+00 (0.00E+00)
0.00E+00 (0.00E+00)
6.90E+04 (3.22E+03)
0.00E+00 (0.00E+00)
N/A
4.14E+05 (5.33E+03)
7.17E+04 (1.61E+03)
6.85E+04 (1.82E+03)
6.40E+04 (2.59E+03)
0.00E+00 (0.00E+00)
0.00E+00 (0.00E+00)
3.95E+04 (1.42E+03)
3.20E+04 (1.27E+03)
5.44E+04 (9.38E+02)
3.33E+04 (3.73E+02)

1.54E+04 (5.90E+02)
2.68E+05 (9.36E+03)
0.00E+00 (0.00E+00)
0.00E+00 (0.00E+00)
1.38E+05 (1.44E+03)
0.00E+00 (0.00E+00)
6.90E+03 (2.74E+03)
5.63E+05 (1.88E+04)
1.29E+05 (1.04E+03)
9.13E+04 (3.59E+03)
1.16E+05 (2.76E+02)
0.00E+00 (0.00E+00)
0.00E+00 (0.00E+00)
7.32E+04 (3.22E+03)
4.84E+04 (6.61E+03)
1.07E+05 (2.01E+03)
5.48E+04 (1.41E+03)
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intermediate, where an amino acid acts as a nucleophile in lieu of water (Figure 2.1a,
steps 1 and 3). | observed acyltransferase activity across a broad pH range (Figure 2.1b),
with an optimum at pH 5.3 (, Table 2.1) based on the summed abundance of MCBAs
following 120-min incubation at 37 °C. This value is slightly higher than the previously
reported pH 4.5-4.9 optimum for TCA hydrolysis (15, 16). At peak activity, acyl transfer
activity reaches 7.0% of hydrolysis activity. That is, one amino acid was incorporated for
every 15 TCA molecules hydrolyzed to CA, showing acyl transfer by BSH/T is significant.

| then sought to determine if a similar panel of amino acids would be conjugated
when provided GCA instead of TCA. CpBSH/T incubated with GCA at pH 5.0 transferred
11 of 19 supplied amino acids, excluding glycine due to its availability after hydrolysis
(Figure 2.1d, Table 2.1). Surprisingly, CoBSH/T produced MetCA and ValCA, otherwise
absent when provided TCA. The reduced number of amino acids transferred (11/19
compared to 16/20 when provided TCA) may be a consequence of competition by high
glycine concentrations following hydrolysis (Table 2.1).

| also demonstrated that CpBSH/T can ligate amino acids directly to CA (Figure
2.1e), likely occurring through a covalent intermediate (Figure 2.1a, steps 4 and 3).
CpBSH/T successfully ligated 12 of 20 amino acids (), including valine and methionine
which were not observed with TCA transfer. However, consistent with TCA transfer, ProCA
and AspCA were not observed. The absence of proline conjugation may be due to its
unique secondary amine preventing proper nucleophilic attack; previous reports also

have not observed proline conjugation (17).
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2.4.2 - Kinetic characterization of phenylalanocholic acid production by BSH/T

To investigate the acyl transfer kinetics of CoBSH/T, | first determined a saturation
concentration for TCA hydrolysis, as performed previously (13), and found 8 mM TCA
more than sufficient to saturate the hydrolysis reaction (Figure 2.2a). Investigating
constants for phenylalanine transfer resulted in linear kinetics for PheCA production with
increasing phenylalanine concentration (up to 5 mM, Figure 2.2b). For phenylalanine
transfer to TCA, doubling the phenylalanine concentration resulted in approximately
double the reaction rate. There is also no clear saturating concentration of phenylalanine
for this transfer, unlike when characterizing TCA deconjugation. These linear kinetics
observed for PheCA formation are consistent with the formation of the enzyme-CA
adduct, followed by a rate determining nucleophilic attack to achieve hydrolysis or amino
acid acyl transfer (18). Kinetics of phenylalanine ligation to CA were also linear and
exhibited rates that were nearly 10% of those for acyl transfer to TCA (Figure 2.2c), again

supporting the rate-determining reaction after formation of an enzyme-CA intermediate.
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2.5 - Discussion

Exploring the mechanisms behind microbial BA conjugation by the enzyme BSH,
this work begins to shed light on the previously unknown catalytic capacity of one of the
most intensely studied enzymes in the history of gut microbiome research. My
characterization of phenylalanine acyl transfer by purified BSH/T at optimum pH showed
linear kinetics. Given the evidence of a covalently bound BA-enzyme being a requirement
for acyl transfer, phenylalanine is in direct competition with water for nucleophilic attack;
increasing phenylalanine concentrations will increase the incidence of it outcompeting
water to act upon the BA-enzyme intermediate. However, modification of active site
structure at the asparagine present at position 79/82, with more detailed description in
the following chapter, resulted in diminished MCBA production and reduced ligand
diversity. Conversion of Asn82 to Tyr82 resulted in an enrichment of small amino acid
ligands with TCA as the BA backbone, notably alanine and glycine. This result may be
due to Tyr82 constricting the active site to the point where entry by large or more
hydrophobic amino acids is more difficult.

| also observed that CpBSH/T substrate preference impacts amino acid preference
in conjugation. C. perfringens BSH/T exhibits increased deconjugation of taurine-bound
BAs compared to glycine-bound BAs. However, preference for glycine-bound BAs over
taurine-bound has been observed for other BSH/T forms, as is the case with BSH/T from
L. plantarum (formerly Lactobacillus plantarum) (19). This work shows that consequences
of active site structure modification were more pronounced when CpBSH/T was provided
GCA or free CA. Future work involving active site modification of BSH/T from L. plantarum

could elucidate the impacts of deconjugation substrate preference on MCBA production.
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2.6 - Methods
2.6.1 - Reaction conditions for enzyme characterization and acyl transfer kinetic
determination

Lyophilized C. perfringens BSH (Creative Enzymes) was resuspended in 0.1 M
phosphate buffer at pH 7.0 to a concentration of 2 units yL'. 100 mM GCA and TCA
stocks were prepared in water, and CA stocks were produced in DMSO. Each enzyme
reaction was run in triplicate in bicarbonate, Tris, or citrate-phosphate buffer at the
indicated pH using 0.1 units uL™' of enzyme, 2.5 mM BA (TCA, GCA, or CA), and 125 uM
complete amino acid mixture (Promega) for 6.25 yM individual amino acid concentrations.
Reactions were incubated at 37 °C, and 30 uL aliquots of the reaction were quenched by
the addition of 45 pL methanol at each timepoint for a final concentration of 60% methanol
(v:v). Extracts were stored at -80 °C prior to mass spectrometry analysis.

| examined the kinetics of the acyl transfer reaction using phenylalanine, CA, and
TCA. Phenylalanine stocks were prepared in sterile water followed by 0.2 ym filtering.
Reactions were prepared in 0.1 M citrate buffer at pH 5.3 with a final concentration of
0.05 units pL' of enzyme and 8% DMSO (v:v). Reactions were sampled at 1, 5, 10, 15,
and 20 min and quenched with cold methanol. Extracts were brought to a final
concentration of 50% methanol (v:v). TCA deconjugation kinetics were determined by the
addition of 1-8 mM, as previously described (13). Reaction velocities for phenylalanine
transfer were determined by the addition of 1-5 mM phenylalanine and 8 mM CA or TCA.

Extracts were stored at -80 °C prior to mass spectrometry analysis.
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2.6.2 - Untargeted metabolomics for BA analysis
Extracts for measuring enzyme activity were not diluted before LC-MS/MS

analysis. LC was performed using a Vanquish™ Autosampler (Thermo Scientific) and an

Acquity ultra-performance liquid chromatograph (UPLC) bridged ethyl hybrid (BEH) C-18

column, 2.1 mm x 100 mm (Waters). MS was performed using a Q Exactive™ Hybrid

Quadrupole-Orbitrap Mass Spectrometer (Thermo Scientific) running in positive ion
mode. All analyses used a 10 pl injection volume, 0.4 mI min~" flow rate and 60 °C column
temperature. Samples were eluted using a linear solvent gradient of water (A) and
acetonitrile (B), each containing 0.1% formic acid, across a 12 min chromatographic run
as follows: 0—1 min, 2% B; 1-8 min, 2-100% B; 8-12 min, 100% B; 10-12 min, 2% B.
Data were collected using electrospray ionization in positive mode. MS' data were
collected using a 35,000 resolution, automatic gain control (AGC) target of 1 x 108,
maximum injection time of 100 ms and a scan range set from 100 to 1,500 m/z (during
min 1-10). Data-dependent MS? spectra were collected for the top five most abundant
peaks identified in MS" survey scans. Files were converted to mzXML format through
GNPS Vendor Conversion and submitted to the Global Natural Products Social Molecular

Networking Database (GNPS, gnps.ucsd.edu) for molecular networking and spectral

identification (20).
2.6.3 - Targeted mass spectrometry for phenylalanocholic acid quantification

Extracts for measuring enzyme activity were not diluted prior to LC-MS/MS
analysis. LC was performed using a Vanquish™ Autosampler (Thermo Scientific) and an
Acquity ultra-performance liquid chromatograph (UPLC) bridged ethyl hybrid (BEH) C-18

column, 2.1 mm x 100 mm (Waters). MS was performed using a Q Exactive™ Hybrid
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Quadrupole-Orbitrap Mass Spectrometer (Thermo Scientific) running in positive ion
mode. All analyses used a 10 pL injection volume, 0.4 mL min™' flow rate, and 60 °C
column temperature. Samples were eluted using a linear solvent gradient of water (A)
and acetonitrile (B), each containing 0.1% formic acid, across a 12-min chromatographic
run as follows: 0—1 min, 2% B; 1-8 min, 2-100% B; 8-12 min, 100% B; 10-12 min, 2% B.
Data were collected using electrospray ionization in positive mode. MS' data were
collected using a 70,000 resolution, AGC target of 1 x 106, maximum injection time of 100
ms, and a scan range set from 100 to 1500 m/z (during min 1-10). PheCA concentrations
were calculated using XCaliber™ software (Thermo Scientific) and an 8-point standard
curve containing labeled standards.
2.7 - Data availability

Protein structures are available on the Protein Data Bank. C. perfringens BSH/T in
complex with DCA and taurine, from refs. (16, 21), is available under PDB ID 2BJG

(https://doi.org/10.2210/pdb2BJG/pdb). L. salivarius BSH/T in complex with TCA, from

refs. (22, 23), is available under PDB ID 8BLT (https://doi.org/10.2210/pdb8blt/pdb). Raw

mass spectrometry data are publicly available in the MassIVE database

(massive.ucsd.edu) for CpBSH/T variant analysis under MSV000092138

(https://doi.org/10.25345/C55D8NQYV).

GNPS molecular networks are available for CpBSH/T incubation with 1 mM BA
and equimolar amino acid mix at

gnps.ucsd.edu/ProteoSAFe/status.jsp?task=3dec8f7ab26d47098406a7e597825154

and

gnps.ucsd.edu/ProteoSAFe/status.ijsp?task=33da5da024ed44848770a4a02b119d9e,
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for the CpBSH/T mutagenesis experiment at

gnps.ucsd.edu/ProteoSAFe/status.isp?task=30c88ca297a44f84be5fa32b376e5cb9.
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Table 2.2: Goodness of fit for curves fit to determine pH optimum for amino acid

APPENDIX A: SUPPLEMENTARY TABLES

acyl transfer by C. perfringens BSH

Values in parentheses are the s.e.m. The equation used to calculate the pH optimum (5-
factor, bolded) was based on an adjusted R?. The coefficient significance was determined
by a one-sided t test and the model significance was determined by one-way ANOVA

without P value adjustment. *P <0.1, **P<0.05 ***P <0.01.

Dependent variable:

y
-1 poly(2) poly(3) poly(4) poly(5)
Constant 2.0026+06 9.630e+05 9.630e+05  9.630e+05  9.630e+05
(-4.90E+05) (-1.06E+05) (-4.75E+04) (-4.79E+04)  (-4.48E+04)
X -1.509e+05" -1.795e+06" -1.795e+06" -1.795e+06" -1.795e+06""
(-7.11E+04) (-5.19E+05) (-2.33E+05) (-2.35E+05) (-2.20E+05)
X2 2.891e+06" -2.891e+06"" -2.891e+06"" -2.891e+06""
(-5.19E+05)  (-2.33E+05) (-2.35E+05) (-2.20E+05)
X3 2.136e+06™  2.136e+06™  2.136e+06""
(-2.33E+05)  (-2.35E+05)  (-2.20E+05)
x4 1.96E+05  1.96E+05
(-2.35E+05)  (-2.20E+05)
x5 ~4.231e+05'
(-2.20E+05)
Observations 24 24 24 24 24
R2 0.187 0.672 0.937 0.939 0.95
Adjusted R2 0.15 0.641 0.928 0.926 0.936
Residual 7.98E+05  5.19E+05  2.33E+05  2.35E+05  2.20E+05
Std. Error (df = 22) (df = 21) (df = 20) (df = 19) (df = 18)
F Statist 5.061" 21.526" 99.244"" 73.479" 67.932"
atistic (df=1;22)  (df=2;21) (df=3;20) (df=4;19) (df=5;18)

60



APPENDIX B: SUPPLEMENTARY FIGURES

Bile Acid [Jj cA [T ca

H3 H4 H5 H6

1.00- p p p p
0.75+
0.50 1
0.251
©
£ 0.00-
< H7 H8 H9 H10
@ 1004 p p p p
X

0.75+

0.50 1

0.251

0.00-

15 30 45 90120 15 30 45 90120 15 30 45 90120 15 30 45 90120
Timepoint, min

Figure 2.3: TCA deconjugation by commercially available C. perfringens BSHIT at
pH 3-10

The proportion of TCA and CA in the BA pool when C. perfringens BSH/T was incubated
with 8 mM TCA at different pH values across time. n = 3 separate reactions.
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Figure 2.4: pH-dependency of MCBA production by C. perfringens BSH/T

Summed MCBA AUC after 120 min incubation of CpBSH/T, 2.5 mM TCA and 125 yM
equimolar amino acid mix at various pH values revealing the pH-dependence of BA
conjugation, n =3 independent reactions. Red dashed line indicates the pH 5.3 optimum
following derivation as determined by fitting a 5-factor polynomial equation (detailed curve
fitting outputs in Table 2.2).
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CHAPTER 3:

DIVERSITY OF BACTERIA CAPABLE OF MCBA PRODUCTION AND THEIR
ASSOCIATED CONJUGATED BILE ACID PRODUCTS
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3.1 - Preface

Portions of this chapter were published in the journal Nature in 2024 (Material from:
Guzior, D.V., Okros, M., Shivel, M. et al. Bile salt hydrolase acyltransferase activity
expands bile acid diversity. Nature 626, 852—858 (2024). https://doi.org/10.1038/s41586-
024-07017-8). Per the publisher, Springer Nature, “Authors have the right to reuse their
article’s Version of Record, in whole or in part, in their own thesis. Additionally, they may
reproduce and make available their thesis, including Springer Nature content, as required
by their awarding academic institution.” Dr. Yousi Fu performed Lachnoclostridium
scindens genome mining and provided the amino acid sequence used to generate Figure
3.4b. Dr. Robert A. Quinn performed the BSH/T amino acid sequence alignment and

generated Figure 3.5 and 3.8). Dr. Robert P. Hausinger generated Figure 3.6a.
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3.2 - Abstract

Microbial metabolism of human bile acids is one of the dominant drivers of gut
microbiome structure and diversity. Microbial transformations including deconjugation,
dehydroxylation, oxidation, and epimerization all increase the diversity of the human bile
acid pool resulting in hundreds of potential forms (1). Given how recently microbially
conjugated bile acids (MCBAs) were described, little is known about the breadth and
specificity of amino acid use. Here, | investigate the diversity of conjugated bile acids
produced by 29 bacterial strains when grown in medium supplemented with cholic acid
(CA) and taurine. 16 of the 20 proteinogenic amino acids were used in conjugation in
addition to the supplemented taurine and non-essential amino acid citrulline. Valine,
methionine, proline, and arginine conjugation was not observed. 19 of 29 strains
produced at least one conjugated BA. The most robust producer, Lactiplantibacillus
plantarum, utilized all 16 proteinaceous amino acids. | then investigated connections
between genome phylogeny and MCBA production, or lack thereof. MCBA production did
not correlate with evolutionary relatedness, instead correlating with amino acid
sequences of the enzyme bile salt hydrolase, henceforth referred to as bile salt
hydrolase/transferase (BSH/T). Mapping MCBA profiles to BSH/T phylogenic trees
revealed three distinct clades enriched with BSH/T sequences from high-production

strains, a mix of high and low producers, and low-production strains.
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3.3 - Introduction

Microbial metabolism of human bile acids (BAs) is a dominant driver of structure
and diversity of our gut microbiome (1). Taurocholic acid (TCA), a primary BA, is a known
germinant for Clostridioides difficile within the small intestine (2, 3). However, the
secondary BA deoxycholic acid (DCA) inhibits C. difficile infection by both inhibiting
germination and decreasing the efficiency of sporulation (4). Conversion of a cholic acid
(CA) to DCA through 7a-dehydroxylation results in increased BA toxicity (1).
Consequences are easily observed when measuring bacterial growth. Reported effective
doses of DCA against Staphylococcus aureus were 5% of CA (5). Additionally, vegetative
C. difficile grown in medium containing 50 uM DCA showed marked inhibition compared
to 50 uM CA (6). Thus, both host and microbial BA metabolism are important drivers of
microbiome dynamics and community structure.

Our understanding of BA metabolism has been taxonomically limited, namely
involving members of the genus Clostridium. This comes as no surprise given the
extensive history of research into microbial BA metabolism in the family Clostridiaceae.
In 1966, Gustaffson et al. were the first to show that bacterial monocultures were able to
convert the primary BAs CA and chenodeoxycholic acid (CDCA) to DCA and lithocholic
acid (LCA) respectively (7). Lachnoclostridium scindens (formerly Clostridium scindens)
is perhaps the most well-studied bile acid metabolizing microorganism; L. scindens was
the first bacterium identified to dehydroxylate bile acids, with the full enzymatic pathway
having been elucidated in the context of this species (8). When looking at the “gateway”
reaction to bile acid metabolism, bile acid deconjugation, investigation into the taxonomic

diversity of bacterial bile salt hydrolase genes within the gut has been an ongoing and
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vigorous area of research. Work from Song et al. investigating sequence diversity found
that bsh sequences were identified across bacterial taxa, being present in 591 strains
across 117 genera (9).

Given both the sequence diversity and widespread occurrence of bsh in vivo, the
characterization of both bacterial strains capable of MCBA production in addition to the
diversity of MCBA products is an important first step in understanding the biological
implications of these recently identified molecules. It is essential to understand not only
the purpose of MCBA production from the perspective of bacterial fithess and competition,
but of teasing apart the context of the relationship between MCBA-producing bacteria and
their host. Here, | screened 29 bacterial strains for MCBA production with a focus on the
family Lachnospiraceae, of with the original producer Enterocloster bolteae is a member,
in addition to other relevant gut bacteria. | leveraged molecular networking approaches
to investigate the diversity of MCBAs produced by those strains in order to look at both
annotated MCBAs and those without current annotation. This process was followed by
phylogenetic analysis to investigate the drivers of MCBA production and subsequent
product profiles. | show that evolutionary relatedness is not a key marker for MCBA
production, whereas BSH/T amino acid sequences correlate with the MCBA profile.
Further investigation highlighted the amino acid at position 82 as a determinant of MCBA
production, whether that residue is coded as asparagine or tyrosine. Mutagenic studies
showed that this residue is not essential for deconjugation, but it is a significant driver of

total MCBA production and overall diversity of the MCBAs produced.

67



3.4 - Results

3.4.1 - Microbial bile acid conjugation results in a highly diverse suite of MCBAs

The original publication by Quinn et al. describing the identification and production
of microbially conjugated bile acids verified production of phenylalanocholic acid
(PheCA), leucocholic acid (LeuCA), and tyrosocholic acid (TyrCA) (10). | sought to
investigate if additional amino acids could be used in this novel transformation. As taurine
is absent in all standard media formulations, it was therefore supplemented to determine
if both host-conjugated forms of CA can be produced by bacteria. | observed 16 of 20
proteinogenic amino acids being used in BA conjugation (Figure 3.1). Proline, methionine,
valine, and arginine conjugation were not observed. Otherwise, the ability to utilize
different amino acids was not driven by the size, charge, or polarity of the respective R
group. The capacity of each amino acid for use in conjugation was also primarily
uninfluenced by the amino acid structure, with proline as a potential exception. Among
these conjugates were MCBAs built from DCA, notably a secondary BA and derivative of
CA, in lieu of CA. Additional ligands outside of the 20 proteinogenic amino acids were
used in this transformation. In addition to amino acid conjugates, citrulline-conjugated
cholic acid (citrullocholic acid, CitCA) and TCA production were both observed.

Analysis of annotated compounds allowed for high-throughput characterization of
microbial BA conjugation. However, utilizing an untargeted method allows for network
construction of both known and unknown compounds based on MS? spectral similarity.
Leveraging this analysis, the number of measured MCBA species underwent a stark
increase (Figure 3.1). Features annotated as taurine and glycine-conjugated BAs form

complex networks with MCBAs bound to noncanonical amino acids in addition to amino
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Figure 3.1: MS2-based molecular networking illustrates the unknown conjugated
BA diversity

Molecular networks containing MCBAs. Bacterial strains were screened for MCBA
production after being solely provided with CA and taurine, thus any conjugated BAs are
of microbial origin. The node shape corresponds to library annotation with the node color
corresponding to the conjugated BA class. 18 different substrates were utilized for BA
conjugation, including glycine and taurine in addition to previously unreported citrulline.
Edge color and thickness represent the cosine score, a measure of spectral similarity
between two metabolites. The mass difference between two nodes is labeled across each
edge.
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acid derivatives. These networks included dihydroxy-BA backbones, specifically CDCA
and DCA, which were not provided initially but must have instead been produced de novo
within CA-treated monocultures. Production of dihydroxy-MCBAs was primarily
associated with L. scindens, an organism frequently associated with BA 7a-
dehydroxylation (1, 11, 12).

3.4.2 - MCBA production is not linked to evolutionary relatedness

After confirming MCBA production by BSH/T in vitro, we analyzed the genomes of
29 strains that were subsequently screened for MCBA production to determine if
phylogenetic relatedness correlated with conjugation capability (Figure 3.3a, Table 3.1).
These included Actinomycetia, Verrucomicrobiae, Gammaproteobacteria, Bacilli, and
Clostridia, with a focus on the Lachnospiraceae family in Clostridia. Of these strains, 19
produced at least one MCBA (Figure 3.3b) and production was particularly prevalent
among the Lachnospiraceae, with only Verrucomicrobiae (Akkermansia muciniphila)
being unable to produce MCBAs. The most robust MCBA producers, Lactiplantibacillus
plantarum, Ruminococcus gnavus, Enterococcus faecalis, and Bifidobacterium bifidum
subsp. infantis, were phylogenetically disparate, indicating little association between
evolutionary relatedness and MCBA production (Figure 3.3a).

Hierarchical clustering was employed to investigate additional commonalities
between robust and inefficient MBCA producers. Calculating Bray-Curtis dissimilarity
based on the amino acid used in conjugation revealed distinct groupings among the
strains screened. Strains clustered based on total MCBA abundance in addition to the

diversity of amino acids used (Figure 3.2 and Figure 3.3, Table 3.2—
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Figure 3.2: Dissimilarity between MCBA-producing strains based on amino acid
use in conjugation

Nonmetric data scaling using Bray-Curtis dissimilarity of amino acids used in BA
conjugation, using average amino acid auc per strain. Color represents cluster assigned
based on cluster analysis and dot size represents the average total MCBA abundance.
n =3 independent cultures.
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Figure 3.3: MCBA product identities correlate with BSH/T amino acid sequences

a, Genome phylogenetic tree for all strains screened, with strains in bold denoting those that did not produce MCBAs. b,
Summed MCBA abundances and profiles from gut bacteria that were grown in the presence of 1 mM CA, colored by MCBA
profile cluster. Data are presented as mean ts.e.m.; n=3 independent cultures. ¢, Phylogenetic relatedness of BSH/T
amino acid sequences showing three clusters of related sequences. Lines connect the genome and BSH/T sequences to
the product profiles for each strain. Line color corresponds to MCBA profile cluster.
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Figure 3.6). Cluster 1 strains showed robust conjugation of a wide variety of amino acids
(Figure 3.2). Strains in cluster 2 favored glycine and alanine conjugation (Figure 3.3),
whereas cluster 3 preferentially conjugated small, hydrophilic amino acids (Table 3.4).
Cluster 4 showed extensive lysine conjugation (Table 3.5) and cluster 5 profiles were
dominated by aspartate conjugation (Table 3.6). The most robust MCBA producer, L.
plantarum, lies in cluster 1 and produced 16 of 18 observed MCBAs (Figure 3.3). Although
clustering showed little phylogenetic correlation, clusters 3 and 5 were primarily
associated with members of the Lachnospiraceae (Figure 3.3).
3.4.3 - BSH/T sequence shapes the associated conjugation profile

Genomes of all 29 species were mined to search for bsh/t presence in order to
investigate relationships between the translated protein sequences and the MCBA
profiles (Figure 3.5, Table 3.1). Two species, Clostridium sporogenes and Lacrimispora
aerotolerans, possess annotated bsh/t but did not produce MCBAs. Further analysis
revealed valine in place of a traditional start codon in C. sporogenes BSH/T, which may
explain why MCBA production was absent in this bacterium. In contrast,
Lachnoclostridium scindens ATCC 35704 produced MCBAs while lacking an annotated
bsh/t, matching previous reports (13). Analysis of 35 publicly available L. scindens
genomes for bsh/t presence showed only strain, Q4, contained a predicted bsh/t (Figure
3.4a,b, Table 3.7). L. scindens Q4 BSH/T displayed high amino acid sequence similarity
to BSH/T from R. gnavus and other sequences with BSH/T cluster 1 (Figure 3.4b). The
absence of bsh/t in MCBA-producing L. scindens ATCC 35704 suggests that other

enzymes capable of BA conjugation remain to be discovered.
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Figure 3.4: Lachnoclostridium scindens genome analysis for putative bsh/t
annotation

a, Phylogenetic analysis of 35 publicly available genomes for L. scindens. The ATCC type
strain, used in this work, has two deposited genomes and is highlighted in red. The only
strain with a predicted bsh/t was L. scindens strain Q4, highlighted in blue. b, Pairwise
BSH/T amino acid sequence similarity of all strains included in this work (matching Fig.
2c), now including the predicted BSH/T present in L. scindens strain Q4
(NZ_CP080442.1_958, based on Prokka analysis).
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The remaining 18 MCBA producers had at least one annotated or predicted bsh/t
in their genome with some, such as E. bolteae, containing at least three. BSH/T
phylogenetic tree topology (Figure 3.3c) showed limited correlation to the five MCBA
profile clusters (Figure 3.3b). However, there were three main BSH/T lineages: group |,
containing a set of diverse and robust MCBA producers; group Il, primarily associating
with MCBA clusters 3 and 5; and group lll, showing significant sequence divergence from
the other groups and little association with MCBA profiles. The last group may represent
sequences with a high degree of similarity to other enzymes in the Ntn-hydrolase
superfamily, indicating that these BSH/T homologues may have other functions. E.
bolteae and E. clostridioformis contain BSH/T sequences from all three groups, yet E.
bolteae produced a diverse MCBA profile whereas glycocholic acid (GCA) dominated
MCBAs produced by E. clostridioformis.

3.4.4 - Active site residues impact BSH/T conjugated amino acid selectivity

Analysis of BSH/T amino acid sequence alignment showed an amino acid
substitution that was potentially responsible for divergence in the conjugation profiles
observed. Asn82 (Figure 3.5; Clostridium perfringens BSH/T as reference) (14, 15) was
reported as being highly conserved in BSH/T sequences in previous studies (16).
However, | show that this position is instead a tyrosine in BSH/T from several
Lachnospiraceae species, most residing in BSH/T group Il. This residue lies in the active
site of the BSH/T crystal structure from C. perfringens (PDB ID 2bjg) (14, 15), adjacent to
the carboxylate of co-crystalized DCA (Figure 3.8) and directly at the location of the amide

bond of TCA in Lactobacillus salivarius BSH/T co-crystallized with TCA
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(PDB ID 8blt, Figure 3.6a) (17). We therefore proposed that BSH/T sequence variation
at the active site determines its capacity for BA conjugation and | substituted both Asn82
and Cys2 of CpBSH/T in order to test this hypothesis.

Alteration of Asn82 to Tyr82 (N82Y) in CpBSH/T shaped the amino acid
conjugation pool in a similar fashion observed for organisms encoding either of these
variants. Escherichia coli expressing N82Y variants demonstrated significant deficits in
BA conjugation, with decreased abundance of glutamatocholic acid (GluCA), lysocholic
acid (LysCA), and LeuCA when grown in medium containing 1 mM GCA or 1 mM TCA
(Figure 3.6). These trends were also seen when grown in medium containing 1 mM CA.
However, alanocholic acid (AlaCA) was significantly enriched in the N82Y variant
compared to the wild type (WT) protein when provided TCA. By contrast, Cys2
substitution (C2A) resulted in complete ablation of BA conjugation, regardless of
substrate. C2A variants were also unable to hydrolyze TCA, whereas WT and N82Y

variants completely hydrolyzed TCA (Figure 3.7a) and most GCA (Figure 3.7b) to CA.
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Figure 3.6: Nonessential active site residues drive amino acid selectivity in MCBA
production

a, Structure of L. salivarius BSH/T (PDB ID 8BLT)(17, 18) in complex with TCA (molecular
surface representation) showing the proximity of Asn79 (Asn82 in CpBSH/T) and catalytic
Cys2 with the amide bond of TCA. b—d, Fold-change (FC) in abundance of MCBAs
produced by C. perfringens BSH/T with substitutions in Asn82 (bsh/tN82Y) or Cys2
(bsh/t°?A) compared to WT when expressed by E. coli DH5a incubated with 1 mM TCA
(b), 1TmM GCA (c) or 1TmM CA (d), using endogenous amino acids for BA conjugation.
EV denotes pBAD18-Cm without insert; n=4 independent cultures. Data in b—d are
presented as boxplots where the middle lines are the median, while lower and upper
hinges represent the first and third quartiles, upper whiskers extend to maxima and lower
whiskers extend to minima. Statistical significance in b—d was determined by Wilcoxon
rank-sum test against the WT enzyme results with Benjamini-Hochberg P value
correction, *P <0.05.
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Figure 3.7: GCA and TCA extracted ion chromatograms following 24 h induction
of C. perfringens BSHI/T variants in E. coli

Representative a, GCA and b, TCA extracted ion chromatograms showing significantly
diminished in WT and N82Y variant strains with minimal change in the C2A variant and
EV control.
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3.5 - Discussion

Ligand use in microbial BA conjugation was notably diverse in our experiments.
We observed 16 of 20 proteinogenic amino acids ligated to BAs; only valine, proline,
methionine, and arginine conjugation was not observed. The secondary amine structure
of proline may contribute to its lack of use in BA conjugation, something that has been
reported in other work (19). Observing citrulline and taurine use in conjugation
demonstrates that MCBA diversity is not limited to essential amino acids alone. Given the
propensity of TCA production by the human liver, it comes as no surprise that the
carboxylate group present on common amino acids is not required for use in conjugation.
The recent description of DCA conjugation with y-aminobutyric acid (GABA) and tyramine
further expand the known ligands involved in microbial BA conjugation (13). Similar to
taurine, GABA and tyramine are decarboxylated forms of amino acid (glutamate and
tyrosine, respectively) still containing an amine (20, 21). Independent of amino acid
metabolism, teasing apart the true diversity of the BA pool becomes limited by the
methods available to search for novel, otherwise undescribed ligands. As MS/MS spectral
libraries continue to fill with references and more powerful in silico tools are developed,
so too will our understanding of the truly rich diversity present in our bile.

The lack of observable valine, methionine, and arginine conjugation is not
explained by steric hinderances. It may instead be the case that these three amino acids
are used in conjugation, but at such low levels to be undetectable using our current
methods. Other considerations include differences in composition and concentration of
intracellular amino acids between strains. Similar to differences in GC content within

bacterial genomes, biases for amino acid use in proteomes exist between species (22—
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24). This may explain, in part, differences seen within MCBA profile clusters when total
MCBA concentration is otherwise similar, particularly in the high production, high diversity
MCBA profile cluster 1. L. plantarum and R. gnavus show similar diversity in amino acid
use with neither producing TCA and only R. gnavus producing CitCA, yet there is clear
enrichment of glutamatocholic acid (GIuCA) production by L. plantarum compared to
enrichment of glutamocholic acid (GInCA) and asparagocholic acid (AsnCA), with slight
enrichment of histidocholic acid (HisCA) in the case of R. gnavus.

Finally, our investigation into impacts of active site structure were limited to one
catalytically nonessential residue. However, we show here that the overall structure of the
active site is an important driver in amino acid use in BA conjugation. Several groups
have reported additional active site residues important for bile acid deconjugation in
addition to Asn79/82 analyzed here (9, 25). Further investigation into the contributions of
these other residues in substrate selectivity in the context of BA conjugation not only
builds the repertoire of nonessential residues known, but allows for potential engineering

of BSH/T.
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3.6 - Methods

3.6.1 - Bacterial strains, media, and growth conditions

All media used in anaerobic experiments were pre-reduced for at least 24 h in an
anaerobic chamber prior to inoculation and cultures were grown in an atmosphere
containing 98% nitrogen and 2% hydrogen. Bacterial cultures were grown from glycerol
freezer stocks in Reinforced Clostridial Medium (RCM, Merck), Brain Heart Infusion
medium (BHI, Merck), and BHI supplemented with 5 yg mL-' hemin, 1 ug mL" vitamin K,
10 g L' yeast extract, and 0.5 g L' L-cysteine (BHIS). A full list of strains used in this work
can be found in Table 3.1.
3.6.2 - Phylogenetic analysis and BSH/T visualization

Genomic sequences were acquired from GenBank and BSH/T amino acid
sequences were obtained from the Joint Genome Institute (JGI) and the National Center
for Biotechnology Information (NCBI) protein databases (Table 3.1). Phylogenetic trees
were constructed using FastTree (26) and visualized in R (version 4.2.2) (27) using the
‘ggtree’ package (v.3.6.2) (28). BSH/T sequences were aligned using the NCBI constraint-
based aligner tool (COBALT) (29). Parameters of the alignment were set to defaults,
including an E-value of 0.003, word size of 4, and maximum cluster distance of 0.8. The
3D structure of C. perfringens BSH/T (PDB ID: 2bjg) (15, 30) was visualized using the
Protein Data Bank online structure viewer, Mol*Viewer (31). The 3D structure of L.
salivarius BSH/T (PDB ID: 8blt) (17, 18) was visualized using PyMOL (v.2.5.4,
Schrodinger Inc.).

For L. scindens predictive bsh/t analysis, genomic sequences were obtained from

NCBI (Table 3.7, n = 35 strains). Prodigal (version 2.6.3) (32) was used to predict protein-
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encoding genes present within each genome followed by searching for predicted BSH/T
sequences using DIAMOND (version 0.9.36.137) (33).
3.6.3 - In vitro screen for MCBA production

Overnight cultures were grown from freezer stocks, anaerobically at 37 °C. Once
the optical density measured at 600 nm (ODsoo) reached at least 0.10, cultures were
diluted to a final ODggo of 0.01 in medium with or without 1 mM CA and 100 uM taurine in
96-deep-well plates (Thermo Fisher Scientific). Plates were sealed with a rubber mat
(Thermo Fisher Scientific) and incubated for 24 h at 37 °C under anaerobic conditions
(98% CO2, 2% H2). ODeoo Was measured and metabolite extraction was performed by
diluting whole cultures 2:3 (v:v) in 100% ice cold methanol in 1.7 mL microcentrifuge tubes
(Axygen) followed by overnight incubation at 4 °C. Extracts were then centrifuged at
10,000 g for 5 min to pellet cell debris followed by storage at -80 °C prior to liquid
chromatography-tandem mass spectrometry analysis (LC-MS/MS) analysis.
3.6.4 - Untargeted metabolomics for BA analysis

Bacterial culture extracts were diluted 1:1 (v:v) in 50% methanol containing 2.5 ug
mL-" phenol red internal standard prior to LC-MS/MS analysis. LC was performed using
a Vanquish™ Autosampler (Thermo Scientific) and an Acquity ultra-performance liquid
chromatography (UPLC) bridged ethyl hybrid (BEH) C-18 column, 2.1 mm x 100 mm
(Waters). MS was performed using a Q Exactive™ Hybrid Quadrupole-Orbitrap Mass
Spectrometer (Thermo Scientific) running in positive ion mode. All analyses used a 10 pL
injection volume, 0.4 mL min' flow rate, and 60 °C column temperature. Samples were
eluted using a linear solvent gradient of water (A) and acetonitrile (B), each containing

0.1% formic acid, across a 12-min chromatographic run as follows: 0—1 min, 2% B; 1-8
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min, 2-100% B; 8-12 min, 100% B; 10-12 min, 2% B. Data were collected using
electrospray ionization in positive mode. MS' data were collected using a 35,000
resolution, automatic gain control (AGC) target of 1x108, maximum injection time of 100
ms, and a scan range set from 100 to 1500 m/z (during min 1-10). Data-dependent MS?

spectra were collected for the top 5 most abundant peaks identified in MS* survey scans.

3.6.5 - Metabolite annotation and molecular network visualization
Thermo RAW files were converted to mzXML format via GNPS Vendor Conversion
and submitted the Global Natural Products Social Molecular Networking database

(GNPS, gnps.ucsd.edu) for molecular networking and spectral annotation (34, 35). First,

MS/MS data were filtered by removing fragment ions within 17 Da of the precursor m/z.
MS/MS spectra were window filtered by choosing only the top 6 fragment ions within the
50 Da window throughout the spectrum. Precursor ion and MS/MS fragment ion mass
tolerance values were set to 0.02 Da. A molecular network was then created where edges
between two nodes were filtered to have a cosine score above 0.7 and more than 4
matched peaks. Edges were only kept in the network if each of the nodes appeared in
each other's top 10 most similar nodes. Spectra were then searched against GNPS'
spectral libraries for molecular annotation. Library spectra were filtered in the same
manner as the input data. All matches kept between network spectra and library spectra
were required to have a score above 0.7 and at least 4 matched peaks. The resulting
networks were visualized using Cytoscape (36).

For bsh/t expression and mutagenic studies, the converted files were submitted to
GNPS for classic molecular networking to identify MCBAs present in each sample. Peak

area-under-curve (auc) abundances were calculated using XCaliber™ software (Thermo
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Scientific) based on m/z and the retention time of each MCBA annotated by GNPS (Table
3.8).
3.6.6 - Site-directed mutagenesis of C. perfringens BSH/T active site

C. perfringens bsh/t was amplified and inserted into pBAD18-Cm via Gibson
assembly (New England Biolabs). All primers can be found in Table 3.9. Resulting
products were cloned into chemically competent Escherichia coli DH5a. Plasmid
purification was performed via Mini-Prep (Qiagen) and inserts were verified via PCR. Site-
directed mutagenesis was performed for codons of residues Asn82 and Cys2 using a Q5
Site-Directed Mutagenesis kit (New England BiolLabs) with mutations confirmed via
Sanger sequencing. To compare MCBA production profiles, cultures of each strain were
first grown overnight in LB and then diluted to ODsoo = 0.01 in LB with a final concentration
of 1 mM CA/TCA/GCA or 1% DMSO, 1 mg mL™" arabinose, 100 uM taurine, and 20 ug
mL-" chloramphenicol. All cultures were incubated aerobically for 24 h at 37 °C with 220
rom shaking. The ODeoo was measured and metabolite extraction was performed by
diluting whole cultures 2:3 (v:v) in 100% ice-cold methanol in 1.7 mL microcentrifuge
tubes (Axygen) followed by overnight incubation at 4 °C. Extracts were then centrifuged
at 10,000 g for 5 min to pellet cell debris followed by storage at -80 °C prior to LC-MS/MS
analysis.
3.7 - Data availability

Raw mass spectrometry data are publicly available in the MassIVE database

(massive.ucsd.edu) for the in vitro screen for MCBA production under MSV000090234

(https://doi.org/10.25345/C5S756Q1B) and for CpBSH/T variant analysis under

MSV000092138 (https://doi.org/10.25345/C55D8NQYV).
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GNPS molecular networks are available for the MCBA production screen at

gnps.ucsd.edu/ProteoSAFe/status.isp?task=565151309a874d5f97caa3f383c95382 and

for the CpBSH/T mutagenesis experiment at

gnps.ucsd.edu/ProteoSAFe/status.isp?task=30c88ca297a44f84be5fa32b376e5ch9.
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Table 3.1: Strains used in this work

APPENDIX A: SUPPLEMENTARY TABLES

Included are taxonomic family, genome sequence accession number for species used in phylogenetic tree construction,
BSH/T amino acid sequence accession number for bsh+ species, in addition to MCBA production group and BSH/T
sequence group. All genome sequences were obtained from the National Institutes of Health. BSH/T sequences were
obtained from Joint Genome Institute Integrated Microbial Genomes and Microbiomes system (JGI IMG/M) or National
Center for Biotechnology Information (NCBI) databases. Sequences from JGI IMG/M start with ‘IMG#’ followed by the unique
gene ID. American Type Culture Collection, ATCC; Culture Collection, University of Gothenburg, CCUG; NP, no production.

Swain  Saurcs  TUSTOMIC  profle  Senome  BSHTricen BT
uster
Phocaeicola vulgatus 8482 ATCC Bacteroidaceae NP GCA_020885855
Blautia coccoides 29236 ATCC Lachnospiraceae NP GCA_900461125
Clostridium perfringens 13124 ATCC Clostridiaceae 1 GCA_000013285 WP_243289361.1 1
IMG#2539151749 I
Clostridium sporogenes 15579 ATCC Clostridiaceae NP GCA_000155085 WP_219649723.1 I
IMG#642849186 [}
Lachnoclostridium scindens 35704 ATCC Lachnospiraceae 3 GCA 000154505
Clostridium symbiosum 14940 ATCC Lachnospiraceae GCA_000466485 WP_092364887.1 I
IMG#2598983548 [}
IMG#2598979318 [}
Enterocloster aldenensis BAA-1318 ATCC Lachnospiraceae 2 GCA_003467385 WP_165640901.1 Il
IMG#2855314028 |
IMG#2855308917 [}
IMG#2855309434 [}
Enterocloster bolteae BAA-613 ATCC Lachnospiraceae 3 GCA_002234575 WP_002565680.1 I
IMG#2825699883 ]
IMG#2825699493 [}
IMG#2825699020 [}
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Table 3.1 (cont’'d)
Enterocloster clostridioformis

Lacrimispora aerotolerans

Lacrimispora sphenoides

Ruminococcus ghavus

Anaerostipes caccae
Akkermansia muciniphila
Bacteroides fragilis

Bifidobacterium bifidum

Bifidobacterium longum
subsp. infantis

Blautia producta

Clostridium hylemonae
Clostridium novyi
Enterocloster citroniae
Enterocloster lavalenis
Hungatella hathewayi
Lacrimispora celerecrescens

Lacrimispora indolis

Lactiplantibacillus plantarum

25537

43524
19403

29149

47493T

64013T
4856T

45217T

30512BT

9990T
45367T
57219T
52203T
54291T
43506T
68430T
55582T
30503T

ATCC

ATCC
ATCC

ATCC

CCUG
CCUG
CCUG
CCUG

CCUG

CCUG
CCUG
CCUG
CCUG
CCUG
CCUG
CCUG
CCUG
CCUG

Lachnospiraceae

Lachnospiraceae
Lachnospiraceae

Lachnospiraceae

Lachnospiraceae
Akkermansiaceae
Bacteroidaceae
Bifidobacteriaceae

Bifidobacteriaceae

Lachnospiraceae
Lachnospiraceae
Clostridiaceae
Lachnospiraceae
Lachnospiraceae
Clostridiaceae
Lachnospiraceae
Lachnospiraceae
Lactobacillaceae
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NP

NP
NP

NP
NP

= NN O ~D

GCA _ 900113155

GCA_000687555
GCA_900105615

GCA_009831375

GCA_020181435
GCA_017504145
GCA_016889925
GCA_900637095

GCA_000196555

GCA_010669205
GCA_008281175
GCA_003614235
GCA_900115855
GCA_902364025
GCA_000160095
GCA_002797975
GCA_900618075
GCA_000615325

WP_002587930.1
IMG#2914509376
IMG#2914512748
IMG#2914510687
IMG#2558963465
IMG#2676059071
WP_092240532.1
IMG#2676055364
WP_173900661.1
IMG#2545645281

OCR29502.1
ABC26910.1

ACJ52536.1
QIB57271.1

WP_007861063.1
SET75766.1

WP_138313413.1
WP_100306104.1
WP_024291983.1
ACL98169.1

D7vDZ4_LACPN



Table 3.1 (cont'd)
Peptostreptococcus
anaerobius

Enterococcus faecalis
Escherichia coli

Pseudomonas aeruginosa

Pseudomonas aeruginosa
Salmonella enterica serovar
Typimurium
Staphylococcus aureus (37)

Staphylococcus epidermidis
(37)

7835T
DF4

DH5a

PAO1

PA14

14028S

CCUG

Oral Isolate

Dr. Robert
Hausinger
Dr.
Christopher
Waters
Dr.
Christopher
Waters
Dr. Kristen
Parent
Dr. Neal
Hammer
Dr. Neal
Hammer

Clostridiaceae NP
Enterococcaceae 1
Enterobacteriaceae NP

Pseudomonadaceae

Pseudomonadaceae

Enterobacteriaceae
Staphylococcaceae

Staphylococcaceae

GCA_900454605
GCA_900447895

GCA_019444045

IMG#2732210673

EOL33562.1
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Table 3.2: Individual amino acid use in conjugation for strains within MCBA
profile cluster 1
Values represent mean auc + s.e.m. n = 3 independent cultures; NO, not observed.

Amino R. E. E. C.
Acid L. plantarum gnavus faecalis  B. bifidum  bolteae B. producta  perfringens
Ala 1.24E7 3.36E6 1.21E6 2.45E6 2.71E6 1.41E6 9.53E5

+2.04E5 +9.71E4 +1.11E5 +3.86E5 +2.06E5 +1.47E5 +6.2E5

Asn 3.98E7 41E7 8.92E6 2.89E6 2.26E6 6.27E6 1.41E6

+2.17E6 +1.06E6 +5.04E5 +3.52E5 +2.45E5 +8.59E5 +1.15E6

Asp 1.93E7 5.69E6 2.41E6 2.24E6 5.35E6 5.85E6 3.77E5

+3.34E5 +2.59E5 +3.89E4 +3.45E5 +3.51E5 +6.66E5 +3.08E5

Cit NO 7.82E5 1.05E7 2.15E6 9.7E5 1.12E6 1.62E6

+1.04E5 +4.79E5 +2.35E5 +6.25E4 +9.44E4 +1.32E6

Cvs 4 1E6 1.56E6 2.75E5 2.67E5 1.09E5 7.13E5 1.63E5

y +3.04E5 +1.71E5 +1.13E5 +1.27E5 +8.93E4 +1.36E5 +1.33E5
Gin 2.77E7 4.71E7 9.25E6 1.33E7 3.61E6 1.28E7 NO

+1.58E6 +1.45E6 +5.72E5 +1.84E6 +2.34E5 +1.36E6

Glu 5.74E7 4 .8E6 9.65E6 1.79E7 2.04E6 3.15E6 1.72E5

+3.55E6 +6.97E5 +4.42E5 +2.54E6 +1.6E5 +1.08E6 +1.4E4

Gly 7.02E6 4 92E6 1.66E6 2.58E6 1.24E7 1.8E6 1.85E6

+3.28E5 +2.24E5 +1.52E5 +2.62E5 +6.18E5 +6.43E4 +2.73E5

His 1.42E7 2.04E7 2.69E7 NO 5.18E5 NO 1.21E7

+1.43E6 +2.2E6 +1.44E6 +2.25E5 +9.85E6

lle/Leu 2.69E6 7.54E5 2.25E6 1.15E6 9.38E5 6.06E5 5.79E6

+1.48E6 +2.23E4 +8.1E5 +1.37E5 +2.69E4 +9.15E4 +4.1E6

Lvs 4.32E6 5.54E6 2.14E7 NO 2.76E6 6.31E6 8.79E6

y +2.48E5 +1.24E5 +2.57E6 +8.72E5 +1.2E6 +6.66E6

Phe 1.03E7 6.91E6 8.83E6 2.8E6 5.9E6 2.09E6 6.52E6

+2.95E6 +8.7E5 +5.5E5 +8.56E5 +5.26E5 +2.06E5 +4.1E6

Ser 6.67E6 5.12E6 3.96E6 4.22E6 4 E6 5.27E6 2.15E6

+2.23E5 +1.91E5 +2.99E5 +3.85E5 +2.14E5 +3.28E5 +6.71E5

Taur NO NO 1.89E5 1.15E6 1.05E6 3.19E5 9.34E5

+1.54E5 +1.27E5 +5.79E5 +2.6E5 +1.18E5

Thr 5.91E6 3.13E6 2.07E6 1.87E6 6.47E5 8.92E5 3.02E6

+2.8E6 +2.36E5 +6.45E5 +5.31E5 +1.47E5 +2.31E5 +2.22E6

Trp 2.39E6 8.74E5 3.41E6 NO 1.09E6 2.1E6 2.94E6

+5.43E5 +2.06E4 +9.2E4 +2.98E4 +1.67E5 +2.2E6

Tvr 1.48E6 5.72E6 5.91E6 1.42E6 3.86E6 2.86E6 6.00E6

y +1.05E5 +1.21E6 +9.45E5 +1.67E5 +1.7E6 +6.35E5 +4.7E6
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Table 3.3: Individual amino acid use in conjugation for strains within MCBA

profile cluster 2

Values represent mean auc + s.e.m. n = 3 independent cultures; NO, not observed.

Amino Acid B. fragilis L. scindens E. clostridioformis H. hathewayi
Ala NO 6.36E6 +1.84E6 1.97E6 £1.11E5 2.16E6 £1.4E5
Asn NO NO NO NO
Asp NO 2.5E6 +5.11E5 NO NO
Cit NO NO NO NO
Cys NO 6.56E5 +1.3E5 5.18E5 +9.51E4 3.35E5 +1.37E5
GIn NO NO NO NO
Glu NO 3.15E6 +5.84E5 NO NO
Gly 7.22E5 +7.64E4 6.09E6 +9.69E5 3.12E7 +4.23E5 9.62E6 +6.42E5
His NO NO NO NO

lle/Leu NO 3.93E6 +1.15E6 7.81E5 +1.45E4 5.14E5 +3.52E4
Lys NO NO 8.06E5 +4.12E4 NO
Phe NO 1.02E6 £1.64E5 NO NO
Ser NO NO NO NO
Taur NO NO NO 2.68E6 +3.47E5
Thr NO NO NO NO
Trp NO NO NO NO
Tyr NO NO NO NO
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Table 3.4: Individual amino acid use in conjugation for strains within MCBA

profile cluster 3

Values represent mean auc + s.e.m. n = 3 independent cultures; NO, not observed.

Amino Acid B. infantis L. indolis L. sphenoides
Ala 1.01E6 £7.66E4 NO NO
Asn 1.56E6 £3.39E5 NO NO
Asp NO NO NO
Cit NO NO NO
Cys NO NO NO
GIn 4.27E5 £3.48E5 NO NO
Glu 9.22E5 +2.99E5 NO NO
Gly 1.78E6 £1.09E5 3.81E4 £3.11E4 3.75E4 £3.06E4
His NO NO NO
lle/Leu NO NO NO
Lys NO NO NO
Phe 4.22E5 +7.93E4 NO NO
Ser 3.9E6 +3.73E5 2.71E6 £7.25E5 3.18E6 £2.08E5
Taur 8.85E5 +4.65E4 NO NO
Thr 1.43E6 £6.43E5 1.03E6 +3.97E5 8.82E5 £1.83E5
Trp NO NO NO
Tyr NO NO NO
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Table 3.5: Individual amino acid use in conjugation for strains within MCBA

profile cluster 4

Values represent mean auc + s.e.m. n = 3 independent cultures; NO, not observed.

Amino Acid C. symbiosum E. lavalensis

Ala NO NO
Asn 6.86E5 +1.96E4 NO
Asp NO NO
Cit NO NO
Cys NO NO
GIn NO NO
Glu NO NO
Gly NO NO
His 4.18E6 £2.83E5 NO
lle/Leu NO NO

Lys 1.12E7 £5.82E5 4.72E6 +3.53E5
Phe NO NO
Ser NO NO

Taur 2.82E6 +8.9E4 1.4E6 £3.95E5
Thr NO NO
Trp NO NO
Tyr NO NO
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Table 3.6: Individual amino acid use in conjugation for strains within MCBA

profile cluster 5

Values represent mean auc + s.e.m. n = 3 independent cultures; NO, not observed.

Amino Acid E. aldenensis E. citroniae L. celerecrescens
Ala NO NO NO
Asn NO NO NO

Asp 1.93E6 £8.89E4 1.27E6 £1.36E5 2.46E6 £1.99E5
Cit NO NO NO
Cys NO NO NO
GIn NO NO NO
Glu NO NO NO
Gly 1.83E5 £3.83E3 1.74E5 £2.73E4 NO
His NO NO NO
lle/Leu NO NO NO
Lys NO NO NO
Phe NO NO NO
Ser NO NO NO
Taur 1.06E6 £7.53E4 3.95E5 £3.23E5 NO
Thr NO NO NO
Trp NO NO NO
Tyr NO NO NO
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Table 3.7: Publicly available genome sequences for Lachoclostridum scindens
used in phylogenetic analysis and BSH/T prediction

Strains ATCC 35704 and Q4 are bolded. ATCC 35704 produced MCBAs when grown in
1 mM CA and strain Q4 was the only strain predicted to encode a BSH/T based on Prokka
analysis.

Strain Assembly Accession # Size (Mb)

ATCC 35704-1 GCA_004295125.1 3.65804
VPI12708 GCA_027941655.1 3.98305
Q4 GCA_019597925.1 3.94184
G10 GCA_020892115.1 3.31559
BL389WT3D GCA_009684695.1 3.78553
FDAARGOS 1227 GCA_016889005.1 3.6191
CE91-St60 GCA_022845835.1 3.60809
CE91-St59 GCA_022845815.1 3.60808
ATCC 35704-2 GCA_000154505.1 3.62261
MSK.5.24 GCA _013304085.1 4.07271
NB2A-7-D5 GCA _024125195.1 4.1826
SL.1.22 GCA_020555615.1 3.97009
DFI.1.234 GCA 022137935.1 4.31663
MGYG-HGUT-01303 GCA_902373645.1 3.62261
AMO05-22 GCA_027662895.1 3.33015
GGCC_0168 GCA_017565985.1 3.41709
DFI.1.217 GCA_020562885.1 4.38987
DFI.1.162 GCA_020563365.1 4.39631
DFI.1.161 GCA _024463895.1 4.32554
MSK.1.26 GCA _013304105.1 3.22797
DFI.1.60 GCA_020561885.1 4.30944
AMO07-30 GCA_027662765.1 3.33167
MSK.1.16 GCA _013304115.1 3.2301
DFI.1.130 GCA_020563525.1 4.56586
BL-389-WT-3D GCA_009696415.1 3.61438
DFI.4.63 GCA_020560435.1 4.16737
SUG670 GCA _022777065.1 2.82745
ERR1600561_bin.107_CONCOCT_v1.1_MAG GCA_938001855.1 2.88328
ERR1606358 bin.2_metaWRAP_v1.3_MAG GCA 945908315.1 2.946
SRR5240736_bin.6_metaWRAP_v1.3_MAG GCA_945830785.1 3.09947
ERR1855542 bin.22_metaWRAP_v1.3 MAG GCA 945875235.1 3.1274
ERR1600561-bin.52 GCA_905206435.1 2.98552
SRR17382097 bin.48 metaWRAP_v1.3 MAG GCA _945871535.1 2.87824
WO0P25.025 GCA_004558675.1 2.88522
VE202-05 GCA_000471845.1 3.91239
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Table 3.8: Annotated MCBAs used for peak integration in mutagenesis studies

Bile Acid Abbr. m/z RT, min
Alanocholic acid AlaCA  480.3316  5.87
Arginocholic acid ArgCA  565.3957 5.1
Glutamatocholic acid GIuCA  538.3378 5.53
Glycocholic acid GCA 448.3054  5.65
Histidocholic acid HisCA  546.3538 5.04
Iso/Leucocholic acid lle/LeuCA 522.3787 6.36
Lysocholic acid LysCA  537.3898 5.15
Phenylalanocholic acid  PheCA  556.3628 6.40
Taurocholic acid TCA 516.2987 5.33
Cholic acid CA 426.3212  6.12
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Table 3.9: Primers used in for C. perfringens bsh/t cloning and mutagenesis
experiments

Bases matching codons changed for site-directed mutagenesis experiments are
underlined. For amplification of C. perfringens bsh/t, base overhangs homologous with
linearized pBAD18-Cm are highlighted in bold.

Primer Sequence (5'-3')
pBAD-FWD TCTAGAGTCGACCTGCAG
pBAD-REV CGAGCTCGAATTCGCTAG

pBAD-Screen-FWD GGCGTCACACTTTGCTATGCCATAGC
pBAD-Screen-REV CTACGGCGTTTCACTTCTGAGTTCGGC
CpBST-N82Y-FWD TGCTGGCTTATATTTCCCTGTTTATG
CpBST-N82Y-REV CATCCTAATCCCTTTTCATTC

CpBST-C2A-FWD AGTTTTTATGGCTACAGGATTAGCCTTAGAAACAAAAG

CpBST-C2A-REV CACTCCTCGAGCTCGAAT
CpBST-BAD-FWD ggggTTTTTGGGCTAGCGAATTCGAGCTCGAG GAGTGAGTTTTTATGTGTA
AAGCTTGCATGCCTGCAGGTCGACTCTAGACCCATGCAACAAACTAATTTA

CpBST-BAD-REV CATG
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APPENDIX B: SUPPLEMENTARY FIGURES

Taurine Cys2

Figure 3.8: Crystal structure of C. perfringens BSH/T with co-crystalized taurine
and DCA

Publicly available structure of C. perfringens BSH/T (PBD ID: 2bjg) (14, 15) co-crystalized
with taurine and DCA, products of incubation with TDCA. Residues important for BA
deconjugation are highlighted in addition to Asn82, the residue playing a key role in
specificity of microbial BA conjugation.
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CHAPTER 4:

INTERPLAY BETWEEN MICROBIALLY CONJUGATED BILE ACIDS, THE
MICROBIOME, AND THE METABOLOME
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4.1 - Preface

Some contents of this chapter were published in the journal Nature in 2024
(Material from: Guzior, D.V., Okros, M., Shivel, M. et al. Bile salt hydrolase acyltransferase
activity expands bile acid diversity.  Nature 626, 852-858 (2024).
https://doi.org/10.1038/s41586-024-07017-8). Per the publisher, Springer Nature,
“Authors have the right to reuse their article’s Version of Record, in whole or in part, in
their own thesis. Additionally, they may reproduce and make available their thesis,
including Springer Nature content, as required by their awarding academic institution.”
Maxwell Okros, Madison Shivel, and Bruin Armwald conducted work with mice . Dr.
Wendy M. Miller, Dr. Kathryn M. Ziegler, Dr. Matthew D. Sims, Dr. Michael E. Maddens,
and Dr. Stewart F. Graham coordinated sample collection, treated patients, performed
bariatric surgeries, completed all clinical follow-up for work presented related to the sleeve
gastrectomy patient cohort.

Additional contents of this chapter were in review when submitting this dissertation
in a manuscript titled “A novel multi-omics analysis approach for population and subject-
specific microbiome-metabolome trajectories” by authors Guzior, D.V., Wu H., Martin, C.,
Neugebauer, K.A., Rzepka, M.M., Lumeng, J.C., Quinn, R.A., and de los Campos, G.
where Hao Wu and | contributed to this work equally as co-first authors. Hao Wu from the
de los Campos lab developed and validated the computational modeling methods using
random regression included here (method sections 4.6.11-15) and contributed Figure
4.12a in addition to Figures 4.3 and 4.4. Dr. Christian Martin aided in sample metabolite
extraction and preparation for mass spectrometry analysis. Dr. Kerri A. Neugebauer and

Madison R. Rzepka aided in DNA extraction and quality control prior to submission for
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16S amplicon sequencing. Dr. Julie M. Lumeng secured funding for the project from the
National Institutes of Health (Grant RO1HD084163) and provided access to collected fecal

swabs.
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4.2 - Abstract

While extensive research has examined the impacts of secondary bile acids (BAs)
on the host and their microbiome, little is known about the roles played by microbially
conjugated bile acids. It has been well established that BAs are key drivers of intestinal
microbiome structure, given their potent antimicrobial and signaling effects. Following up
on previously performed screens for microbial BA conjugation, 12 anaerobic and 6
aerobic bacteria were grown in the presence of eight different microbially conjugated bile
acids (MCBAs) with varying biochemical properties based on the amino acid ligand.
Hydrophilic conjugates were less antimicrobial compared to free cholic acid. The
hydrophobic conjugates phenylalanocholic acid, leucocholic acid, and tyrosocholic acid
exhibited more potent antimicrobial effects, particularly against Lactiplantibacillus
plantarum and Peptostreptococcus anaerobius. Investigating these effects using an in
vivo mouse model revealed that high doses of MCBAs resulted in shifted microbiome
structures. Reducing the concentration of MCBAs resulted in a lower magnitude shift but
revealed the capability for MCBAS to enter enterohepatic circulation. We then investigated
how these MCBAs related to important changes in the human gut microbiome, including
those that occur during a surgical intervention for an obese disease state and the dynamic
changes during the first year of human life. MCBA concentrations significantly decreased
before and after sleeve gastrectomy surgery, whereas concentrations of primary and
secondary BAs did not. Initial investigation into overall microbiome shifts matched existing
dogma; as infants mature, bacterial diversity within the gut increases. However, we
observed that increased microbial diversity correlates with decreased metabolite diversity,

with both results being driven by sample richness. Further analysis revealed maternal
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health and infant diet as key factors shaping both the metabolome and microbiome
community structure. This decrease in metabolite richness extends to the BA pool where
we observe that MCBAs become less prevalent as infants mature. Similarly,
glucuronidated BAs decreased in abundance as infants matured, a potential indicator of
proper gastrointestinal maturation through decreases in toxic BA concentration. Together,
these results are a key first description of the role of MCBAs across a broad scale, from

single-celled organisms to murine models to human cohorts.
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4.3 - Introduction

Our intestines host a dense, diverse, and dynamic microbial community that plays
an essential role in human physiology. One way we shape and drive the structure of this
community is through antimicrobial and signaling properties of bile acids (BAs). Products
of host and microbial BA metabolism are known to have highly variable effects on the
resident gut microbiota, dependent on both bacterial species and BA biochemical
properties. Conjugation with glycine or taurine, both small and polar molecules, increases
BA hydrophilicity and is then reflected in greater microbial BA tolerance in vitro compared
to free BAs (1, 2).

Dynamic changes in the gastrointestinal microbiome are known to occur in concert
with shifts within the human BA pool. Use of antibiotics has been shown to promote
Clostridioides difficile colonization by reducing concentrations of otherwise inhibitory
secondary BAs, a consequence of the loss of secondary BA-producing bacteria (3). Diet
and lifestyle are also known to impact the gastrointestinal microbiome and metabolome
(4-7). High-fat diets, often used as a proxy for diets of the Western world, have been
shown to enrich for BA deconjugating and dehydroxylating bacteria resulting in higher
serum concentrations of deoxycholic acid (DCA) and other secondary BAs (8). Diet is
also known to play a role in infant gastrointestinal microbiome development in concert
with other early-life exposures, such as antibiotics use, household pets, and delivery
mode (9-12).

Both primary and secondary BAs function as key signaling molecules, regulating
nutrient uptake and gut homeostasis. Ursodeoxycholic acid (UDCA), an epimer of CDCA,

and LCA exhibit anti-inflammatory effects by inhibiting the release of pro-inflammatory
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cytokines TNFa, IL-1B3, and IL-6 (13). Secondary BAs are also known to be taken up by
the host, entering enterohepatic circulation and being subsequently conjugated in the liver
with glycine or taurine (14). Understanding compositional shifts in the human BA pool is
an active area of biomarker research for predicting onset and severity of multiple
diseases. For decades, BAs have been used as markers of gastrointestinal disease
severity, notably for irritable bowel syndrome, gallstones (15), liver damage & diseases
(16-20), and gut-related cancers (21). Implications of BAs in carcinogenesis, specifically
DCA, was first reported by Cook, Kennaway, and Kennaway in 1940 (22). Recent work
has begun to illustrate their roles as biomarkers of Alzheimer’s disease (23-25), heart
diseases (26), diabetes (27, 28), and lung inflammation (29) among other disorders with
primary manifestations outside the gastrointestinal system.

While both primary and secondary BAs continue to be investigated at length for
their roles in host pathology, the impacts of microbially conjugated bile acids (MCBAS)
remain largely unknown. Here, we describe MCBA dynamics within the gut across several
scales. At the microbial level, we investigated how individual MCBAs impact bacterial
growth in vitro. We then utilized murine models to determine if these effects translated in
vivo, followed by using two human cohorts known to be experiencing significant changes
in their gut microbiome to investigate changes within humans.

4.4 - Results
4.4.1 - Antimicrobial efficacy of MCBAs

Free BAs are known to exert antimicrobial activity by damaging cell membranes

and chromosomal DNA (2), a mechanism not limited to bacterial cells. This antimicrobial

activity is a well-known property of secondary BAs (21, 30-32), whereas conjugated
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primary BAs are less antimicrobial (2, 33). We therefore suggested that microbial BA
conjugation may be a means for bacteria to modulate BA toxicity. To test this hypothesis,
we first determined the effects of medium supplementation with 1 mM CA or individual
MCBAs on Enterocloster bolteae, the first organism identified to produce MCBAs. E.
bolteae showed increased growth in the presence of any MCBA but growth with CA
showed a slight detriment (Figure 4.1a). We chose to use 1 mM CA as it is known to be
inhibitory against most BA-susceptible bacteria and represents the higher range of native
BA concentrations in the human gastrointestinal (Gl) tract (34, 35). Impacts of MCBA
administration on further species showed variable antimicrobial efficacy. The most
marked reductions in growth were observed for Clostridium hylemonae, Blautia
coccoides, Peptostreptococcus anaerobius, Lacrimispora aerotolerans, and Lacrimispora
indolis, of which only L. indolis produced MCBAs (Figure 4.1a). P. anaerobius and L.
aerotolerans showed the most marked deficit as growth was significantly reduced if not
completely inhibited (Figure 4.1a,b).

Antimicrobial efficacy depended on the amino acid conjugated, where hydrophobic
conjugates showed the strongest effects, particularly PheCA and LeuCA (Figure 4.1).
Importantly, these effects were not observed for host conjugates GCA or TCA, indicating
that microbial conjugation with these non-canonical amino acids can increase BA toxicity.
L. aerotolerans showed growth defects when grown in LeuCA, with an effective dose
nearly half that of CA (236 versus 425 pM; Figure 4.2a,d) but showed slightly increased
resistance to PheCA (EDso =460 uM; Figure 4.2) compared to CA. However, PheCA

effectively inhibited P. anaerobius growth at nearly two-thirds the concentration of CA
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Figure 4.1: MCBAs show varied antimicrobial properties

a, Average log>-fold-change in area under the growth curve (FC-AUC) between BA-
treated cultures and control. b, Representative growth curves for P. anaerobius and L.
aerotolerans, species showing growth detriments in the presence of 1 mM CA and CA
conjugated with hydrophobic amino acids, in addition to E. bolteae, demonstrating slight
increases in FC-AUC for all MCBAs administered. Growth curve data are presented as
smoothed mean ODeoo with the 95% confidence interval shaded behind the line. n=3
independent cultures for anaerobic growth and 4 independent cultures for aerobic growth.
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(EDso = 287 versus 388 uM; Figure 4.2) whereas LeuCA and TyrCA were half as effective
(EDso =557 and 521 uM, respectively; Figure 4.2).
4.4.2 - Murine microbiome shifts following high-dose MCBA administration

After the discovery of the antimicrobial properties of MCBAs and their functional
dependence on the amino acid conjugated, we investigated these effects in vivo. C57BL/6
mice were administered MCBAs by oral gavage or feeding to monitor changes in the gut
microbiome. Wild-type C57BL/6 mice were gavaged with 100 mg kg' PheCA, SerCA,
TCA, or mock control for 13 days and then sacrificed for sampling and 16S rRNA gene
amplicon microbiome analysis on day 14. These were chosen to represent CA bound to
a large hydrophobic amino acid (phenylalanine, PheCA), a small hydrophilic amino acid
(serine, SerCA), with the host conjugate TCA used for comparison. Significant differences
in cecal microbiome communities of female mice were observed between the groups
(Figure 4.3a, PERMANOVA; F = 9.2081, P < 0.001), though differences in PheCA and
SerCA gavage alone were less significant (PERMANOVA; F = 1.8692, P = 0.033).
Microbiome shifts were also seen in the fecal samples, notably at day 13, where changes
in community structure significantly differed between gavage groups over time (Figure
4.3d, PERMANOVA; F = 7.0358, P < 0.001). The ratio of Firmicutes to Bacteroidota (F/B
ratio), formerly Bacteroidetes, has been of recent interest for its use as a marker for gut
health. Previous reports have shown that a higher abundance of Firmicutes in feces has
been associated with obesity (36, 37) while, conversely, an increase in the abundance of
Bacteroidota is associated with inflammatory bowel disease (37). Female mice gavaged

with PheCA had a significant increase in F/B ratio compared to vehicle controls for both
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Figure 4.2: Amino acid-dependency of MCBA antimicrobial efficacy

Dose-response curves for L. aerotolerans when grown for 24 h in a, CA, b, LeuCA, or ¢, PheCA with calculated EDso shown
in red. Dose-response curves for P. anaerobius when grown for 24 h in d, CA, e, LeuCA, f, PheCA, or g, TyrCA with EDs
shown in blue. n =4 independent cultures per strain.
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Figure 4.3: Broad microbiome community shifts following 100 mg kg' MCBA

gavage

Principal coordinate analysis (PCoA) of microbiome community structure via Bray-Curtis
dissimilarity of a, cecal and d, fecal samples after oral gavage of different MCBAs in
C57BL/6 mice. The ratio of Firmicutes/Bacteroidota (F/B ratio) between gavage groups
for b, cecum and e fecal samples at day 13, with corresponding phylum-level community
profiles for both ¢, cecum and f, fecal samples. Ellipses were drawn at 95% confidence
for cecum and day 13 fecal samples. Cecal 16S analysis, n = 4-5 per group; fecal 16
analysis, n = 5 per group, per timepoint. Statistical significance determined by Wilcoxon
rank sum tests, using vehicle gavage as a reference group. *P<0.05.
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cecum (Figure 4.3b,c) and fecal (Figure 4.3e,f) samples following gavage. This increase
was not significant in fecal samples of mice gavaged with TCA (P = 0.222) or SerCA (P =
0.056), though a trend is apparent. Collectively, these data indicate that MCBAs produced
by BSH/T can alter the gut microbiome differently than host-conjugated TCA or a mock
control.

Random forest classification was used to determine the effects of BA gavage on
cecal and fecal bacterial communities (Figure 4.4a,b). Of the 30 most important amplicon
sequence variants (ASVs) for model accuracy, 18 were present in both cecal (Table 4.1)
and fecal (Table 4.2) classifications, with four being present in the top 15 ASVs in both
sample types (Figure 4.4a,b). PheCA gavage resulted in an increased abundance of cecal
Enterococcus, members of which have been shown to produce MCBAs, in addition to a
member of the genus Muribaculaceae (Figure 4.4). SerCA gavage resulted in an
increased abundance of an uncultured Muribaculaceae species. TCA and vehicle gavage
resulted in enrichment of a Faecalibacterium species that was absent in mice gavaged
with either SerCA or PheCA (Figure 4.4) for both cecal and fecal samples (Figure 4.4).
Both SerCA and PheCA gavage resulted in an increased fecal abundance of Dubosiella
newyorkensis (Figure 4.4), a species first isolated in 2017 with little currently known about
its role in the murine gut microbiome (38).

After this initial gavage experiment, we sought to quantify concentrations of
administered MCBAs in the guts of these animals to determine the observed effects on
the microbiome at physiologically relevant concentrations compared to those published
in the literature (Table 4.3) (39, 40). Using a peanut butter feeding method (PBFM) where

a 100 mg kg' SerCA dose was administered via peanut butter pellet resulted in SerCA
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Figure 4.4: Random Forest classification of murine microbiome community structure following 100 mg kg' MCBA
gavage

Bar charts displaying the top 15 bacterial groups impacting the mean accuracy of Random Forest classification based on
MCBA gavage group of a, cecal and b, fecal samples from days 1 to 13. ASVs highlighted in blue represent those that were
matched between cecal and fecal classifications. Comparisons between gavage groups for the top predictive ASVs in ¢,
cecal samples and d, fecal samples over time, with blue graph titles indicating shared features between the top 15 predictors
in both analyses. Boxes represent the interquartile range (IQR), the center line represents the median, and whiskers
represent 1.5 x IQR. Line plots show mean + s.e.m. Cecal 16S analysis, n = 4-5 per group; fecal 16 analysis, n = 5 per
group, per timepoint. Statistical significance determined by Wilcoxon rank sum tests, using vehicle gavage as a reference
group. *P < 0.05.
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concentrations of 506+65 uM in the duodenum, 165+123 uM in the ileum, 146£64 uM in
the cecum, 72+38 uM in the colon, and 56+35 puM in feces after five days of feeding
(Figure 4.5). These MCBA concentrations were 10 to 50-fold higher than average MCBA
concentrations reported in the human gut, though reports vary considerably with some
human samples reaching levels detected in these mice (Table 4.3). Therefore, we
reduced the dose 10-fold and repeated the same treatments via PBFM. Significant
microbiome shifts were not observed compared to TCA and amino acid + BA controls
(Figure 4.14), likely due to concentrations several fold lower than the EDso values
reported. These in vitro and in vivo experiments demonstrate that MCBAs do have
antimicrobial properties, but this depends on the conjugated amino acid and effects in
vivo occurred only at the higher levels of their physiological concentration in humans.
4.4.3 - MCBAs enter enterohepatic circulation (EHC)

An important question about MCBAs is whether or not they can enter EHC, a tightly
regulated process for recycling BAs starting at the terminal ileum that returns BAs to the
liver through the hepatic portal vein (HPV) (41). To investigate the propensity for MCBAs
to enter EHC, C57BL/6J mice were fed 100 mg kg™ of SerCA through the PBFM (42).
SerCA was detected in all Gl tissues analyzed, blood from the HPV, and appeared in fecal
pellets after 24 h (Figure 4.5). We then sought to determine the ability of MCBAs with
various conjugated amino acids to enter EHC. Mice were fed a mixture of eight MCBAs
for 5days (10 mgkg™" of AlaCA, AspCA, GIUCA, LeuCA, PheCA, SerCA, ThrCA and
TyrCA) through PBFM. These MCBAs were observed throughout the Gl tract and in the
liver, kidney, serum, and gallbladder with particularly high abundances of PheCA and

SerCA across all samples (Figure 4.6 and Table 4.4). However, these were also detected
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Figure 4.5: SerCA concentrations following 100 mg kg™ feeding

a, SerCA concentrations in murine tissue and fecal samples following 100 mg kg™' SerCA
dosing via PBFM. Data are presented as boxplots where the middle lines are the median,
lower and upper hinges represent the first and third quartiles, upper whiskers extend to
maxima and lower whiskers extend to minima. b, Table showing SerCA concentration by

sample type, presented as mean +s.e.m., n=4 mice per group.
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at low concentrations in mock-fed controls, probably due to basal concentrations of
production in vivo. Therefore, we further verified the ability of both SerCA and PheCA to
enter EHC in a follow-up experiment including more equimolar amino acid + BA controls
(matching 10 mg kg™ of individual BA). Interestingly, SerCA concentrations were eight-
fold higher in the gallbladder of SerCA-treated animals than PheCA in PheCA-treated
animals (359 £ 80 uM versus 42 + 12 yM) and SerCA was detected consistently in the liver
(0.95 £ 0.20 yM) when PheCA was not (Figure 4.6 and Table 4.4). Gallbladder and liver
samples from amino acid+ BA controls contained low concentrations of these
compounds, supporting de novo conjugation and subsequent circulation, but these
concentrations were significantly less than MCBA-fed animals. It is possible that the
limited EHC observed with PheCA was due to specific hydrolysis by pancreatic
carboxypeptidases, as reported for TyrCA and other conjugated BAs (43, 44). However,
neither carboxypeptidase showed activity when incubated with PheCA or SerCA while
each catalyzed near-complete hydrolysis of positive controls (Figure 4.15). It is also
possible that preferential microbial hydrolysis of PheCA in the gut, which has been
recently described, may have occurred (45). These experiments support the finding that
MCBAs can enter EHC intact when fed to mice at physiologically relevant concentrations,
potentially affecting liver and BA metabolism and that the degree of EHC depends on the
amino acid conjugated.
4.4.4 - Human bariatric surgery affects fecal MCBAs

To investigate whether MCBA concentrations change in the context of human
gastrointestinal health, we analyzed fecal samples from patients who underwent sleeve

gastrectomy as a treatment modality for obesity. The concentrations of MCBAs and other
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Figure 4.6: MCBA concentrations in fecal and tissue samples following mixed
MCBA dosing via PBFM

Data are presented as the average concentration of each MCBA included in the MCBA
mix (80 mg kg™ total, 10 mg kg™" per individual MCBA). n = 3 treatment, 2 control.
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BAs were quantified from samples collected before surgery and 3 months post-operation.
A diverse complement of MCBAs were detected, including at least 25 unique compounds
(Figure 4.7c, Table 4.6) with an average total MCBA concentration of 78 +12 pyM. In
comparison, primary conjugated BAs were measured at 34 +20 uM, free primary BAs at
10.8 £ 2.4 yM and secondary BAs at 223 + 33 yM. This is evidence that fecal MCBAs can
reach concentrations at or above primary BAs in feces and approximately one-third the
concentration of secondary BAs (Table 4.7). Furthermore, collective analysis of BA
chemistry showed significant reductions in fecal concentrations of MCBAs (P=18.9 x 1074)
and total BAs (P =0.016) after sleeve gastrectomy but conjugated primary BAs, free BAs
and secondary BAs were not (Figure 4.7d). This supports the hypothesis that MCBAs are
a substantial component of the human BA pool and are affected by surgical treatment for
obesity.
4.4.5 - Contrasting diversity trajectories within infant fecal metabolomes and microbiomes
We explored changes in the Shannon index of diversity in the microbiome and
metabolome through the first year of life and found that infant metabolomes became
slightly less diverse (Figure 4.9a, p = -0.11, P=0.0143) over time while their microbiomes
became more diverse (Figure 4.9b, p = 0.38, P = 4.02x10'4). Further inspection of the
underlying drivers of this relationship showed it was a consequence of reductions in
metabolite richness and an increase in microbial richness. Across samples, the overall
count of unique molecular features decreased significantly as infants matured through
their first year (Figure 4.9c, Spearman’s p =-0.28, P=9.76x10""). However, the opposite
was observed for the microbiome (Figure 4.9d, p = 0.46, P = 6.99x102"). This finding

highlighted zero inflation as a marked aspect of the structure of both datasets, which led
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Figure 4.7: BA concentrations in mouse tissue samples following MCBA feeding
and in human feces of patients undergoing sleeve gastrectomy
a,b, Concentrations of PheCA (a) and SerCA (b) in mouse tissue samples following 10-
day dosing with the indicated treatments through PBFM. PheCA is highly abundant in the
gallbladder and present in the duodenum of PheCA-fed mice, while SerCA is enriched in
all tissues sampled, including the colon and liver. n=5 male and 5 female mice per
treatment. ¢,d, BA class shifts in a patient population undergoing sleeve gastrectomy
before (baseline) and 3 months after (follow up) surgery, with significant decreases in total
MCBA concentration and total BA (¢) and changes in individual BA concentrations in that
cohort (d). n=44 patients, with paired samples at each timepoint. Data ina—d are
presented as boxplots where the middle lines are the median, lower and upper hinges
represent the first and third quartiles, upper whiskers extend to maxima and lower
whiskers extend to minima. The significance between timepoints was determined by
Wilcoxon signed-rank tests with Benjamini—Hochberg P value correction.
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to further analysis of changes in the proportion of zeros for each feature and the
development of the statistical methods below to characterize the trajectories of

presence/absence of these features through infant development.

4.4.6 - MCBA shifts across the first 12 months of life

After investigating how external variables correlate with shifts in the infant metabolome
and microbiome and uncovering BA shifts indicative of robust detoxification, we then
sought to investigate temporal changes associated with MCBAs. Investigating the
proportion of samples at each age with at least one MCBA present revealed that the
fraction of MCBA-containing samples decreased with time (Figure 4.8a). Given the
extensive literature surrounding diet early in life, namely breast-fed or formula-fed, we
investigated whether or not early diet had impacts on these proportions and found
decreases in MCBA-positive samples were similar regardless of diet. With zero-inflation
prevalent within these datasets, we then investigated shifts in total MCBA abundance for
samples containing at least one annotated MCBA and observed that the MCBA
abundance significantly decreased with time across the dataset (Figure 4.8b, Spearman’s
p =-0.19, P<0.0001). Stratifying by diet revealed that samples from infants still fed a
breast milk diet exhibited more significant correlations between age and MCBA
abundance (Figure 4.8c, p =-0.19, P<0.0004) compared to those on solid food or formula

(Figure 4.8c, p =-0.13, P=0.0907).

4.4.7 - Maternal health significantly impacts metabolome and microbiome development
In order to further understand the multi-omic shifts occurring within the developing
infant, we applied ordination analysis to both microbiome and metabolome datasets as

has been performed previously (12, 46). We observed that as infants aged, shifts in
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Figure 4.8: MCBA-containing sample proportions across the first 12 months of
life

a, Proportion of all samples within each timepoint that contained at least one annotated
MCBA, stratified by whether the child was still fed primarily a breast milk diet. Percentages
in parentheses represent the combined sample proportion irrespective of diet. Changes
in MCBA abundance for MCBA-positive samples b, across the entire data set and c,
separated by breast milk diet. The correlation was determined by Spearman’s rank
correlation (p) and associated P value.
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metabolome structure occur in similar magnitude to the microbiome; timepoints closer to
birth are more similar to each other but shift dramatically across the first month of life
(Figure 4.10, Table 4.8 and Table 4.9). We then sought to investigate other covariates that
may be driving differences in metabolome and microbiomes. Univariate analysis was
used to determine the association of 33 covariables with microbiome or metabolome
profile and because of the obvious association with age across both datasets, we
stratified this analysis by infant age (Figure 4.11). This procedure revealed 8 significant
associations with the metabolome (Table 4.10) and 5 significant associations with the
microbiome (Table 4.11). Maternal health was strongly associated with the metabolome.
Maternal body mass index (BMI) before and after pregnancy was significantly associated,
with pre-pregnancy BMI having the greatest explained variance for differences in the
metabolome by timepoint. Conversely, maternal BMI pre-pregnancy was not significantly
associated with changes in the microbiome and BMI post-pregnancy was not significant
following p-value adjustment (Paqj = 0.0845). Dietary factors related to breastfeeding
(recently breastfed, primarily breastmilk diet, and formula feeding) were significantly
associated with both metabolome and microbiome. However, the frequency of an infant
finishing a pumped meal was significantly associated with the infant fecal metabolome
but not the microbiome. Finally, the self-reported race of the mother was significantly
associated with both the metabolome and microbiome while the reported race of the infant

was only significantly associated with the metabolome.
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Figure 4.9: Temporal shifts in alpha-diversity within infant fecal metabolomes and
microbiomes driven by richness
Multi-omic changes in Shannon index, a measure of beta-diversity, over time within infant
fecal samples. a, Metabolome diversity shows significant decreases with time while b,
microbiome diversity exhibits significant positive correlations with time. Significant
changes in ¢, metabolome feature count and d, microbiome ASV count support their role
in driving changes in overall beta-diversity. The significance was determined by
Spearman correlation, with Spearman’s rho (p) and associated P values provided.
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Figure 4.10: Temporal beta-diversity shifts within infant fecal metabolome and
microbiome communities

Bray-Curtis dissimilarity ordinations showing the mean centroid of each timepoint for the
a, metabolome and b, microbiome. The centroid size was based on the number of
samples at a given timepoint, error bars represent s.e.m. Sampling timepoint was
significantly associated with microbiome and metabolome profiles across the first year of
life (detailed results in Table 4.8 and Table 4.9).
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Figure 4.11: Univariate effects of 33 covariables on multi-omic sample
dissimilarity

Significance and correlation coefficients by each of 33 covariables against the
metabolome (left, shaded blue) and microbiome (right, shaded red), as modelled by envfit
with stratification by timepoint. Significance was determined by permutation testing with
Benjamini-Hochberg false discovery rate (FDR) P value adjustment. #P<0.1, *P<0.05,
**P<0.01, ***P<0.001.
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4.4.8 - Microbiome maturation correlates with changes in the metabolome

We used the estimated subject-level expected change for the proportion of zeroes
(gray dots in Figure 4.17) to identify metabolite-ASV pairs that appear to change in a
coordinated manner. To do this, for each metabolite-ASV pair, we computed Pearson’s
correlation (across subjects) between the predicted change in the probability of not being
detected and tested if the correlation significantly differed from zero (Pagj < 0.05). Here, a
positive correlation indicates that the metabolite and the ASV pair show concordant
trajectories (e.g., both increasing or decreasing in the first-year change of not-being-
detected probability, Figure 4.17a-c) and a negative correlation indicates the opposite
(Figure 4.17d-f). Among the 93,660 metabolite-ASV pairs, 940 pairs had correlations
significantly different than zero suggesting that these pairs may be changing, within
subject, in a coordinated manner. These pairs involved 62 ASVs and 410 metabolites. Of
these correlations, 473 (50.3%) were positive and the remaining were negative.

To gain insight into these results we conducted an enrichment analysis to associate
groups of metabolites and ASVs that have seemingly coordinated changes in the
proportion of zeros over time. The enrichment analysis pointed to seven microbial families
(17 ASVs) and four metabolite groups (51 metabolites) which appear to be significantly
enriched for coordinated longitudinal changes (Figure 4.12a). For instance, two ASVs
within the Streptococcaceae family often changed in a coordinated fashion with
metabolites classified as polyamines and cholestane steroids (Figure 4.12a, red ties
between groups G-J and G-l). Significant associations were dominated by two members
of the Lachnospiraceae, a member of the genus Ruminococcus and a member of the

genus Anaerostipes, and the bulk of associations were with compounds related to
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cholestane steroids, a class of C27 bile acids (Figure 4.12b). The most significant co-
correlation was between Cluster 10909, an unknown metabolite, and the ASV related to
Ruminococcus torques mentioned above (P = 7.8e-11). However, molecular networking
reveals Cluster 10909 is spectrally similar to annotated metabolites containing a steroid
core but differing primarily in the number of ring structures present (Figure 4.12c).

We further investigated the 17 ASVs and 51 metabolites from the enriched groups. For
the microbiome, most ASVs appear to have an increase in the probability of being
detected over time, further supporting the model that the gut microbiome becomes more
complex through early life (Figure 4.13a). These increases are driven by the acquisition
of members of the Lachnospiraceae, common bile acid metabolizing bacteria with several
implications in host health (47). The top ASV significantly increasing in population
prevalence based on sample trajectories is a member of the Clostridium innocuum group,
with 31.4% of 2-month samples increasing to 83.3% of 12-month samples containing the
ASV (Figure 4.13b). Of the top 10 metabolites, 8 were structurally related to cholestane
steroids as determined by MS? spectra (Figure 4.13c). The top metabolite that
significantly decreased in probability of being detected, Cluster 5583 (646.4167 m/z), did
not match any annotated compounds; however, molecular networking revealed spectral
similarity of this unknown to an annotated cholestane steroid (Cluster 6185, Fig. 5d-e),
which also decreased in sample prevalence as infants matured. MS? spectral alignment
supported the relatedness of these metabolites, but 5583 contained a set of peaks
exhibiting a 194.0417+£0.0024 Da increase from those matching Cluster 6185 (Figure
4.18). This shift matches what one would expect following glucuronidation, a known

method of molecular detoxification for bile acids (48).
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Figure 4.12: Longitudinal changes in presence/absence are highly correlated for certain pairs of metabolites and
ASVs

a, Co-correlation network between metabolite and ASVs where each node in the inner circle represents one metabolite or
ASV and tracks in the outer circle indicate the taxonomy groups of inner molecules (groups A-G are ASV families, and
groups H-K are metabolite groups). The colors of the strings indicate the correlation of longitudinal trends between two
nodes. b, The number of significant metabolite associations for each ASV, colored by NPC class, with the most specific
taxonomic assignment displayed. ¢, Molecular network with the most significant microbe-metabolite correlation,
demonstrating close relatedness between the unknown metabolite (Cluster 10909) and several annotated cholestane
steroids. White, circular nodes are unknown metabolites and black boxes are metabolites with library hits from GNPS.
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Figure 4.13: Microbial and metabolite features with significant temporal shifts in zero-proportions

The change in probability of being detected for a, the 17 ASVs with significant changes (P < 0.05), where ASVs are colored
by assigned taxonomic family, and b) the top 6 ASVs with increases, colored by taxonomic family and labeled with the most
specific taxonomic assignment, where applicable. Similarly, the change in probability of being detected for ¢, 51 metabolites
with significant changes (P < 0.05), where metabolites are colored by molecular class as determined by the Natural Products
Classifier (49), and d) the top three metabolites with increases and the top three metabolites with declines over time, as
shown by the change in positive sample proportion. e, The molecular network for the metabolite with the greatest, negative
proportional change (#12), putatively described as the glucuronidated form of the annotated cholestane steroid within the
same network. White, circular nodes are unknown metabolites and boxes are metabolites with library hits from GNPS.
Nodes highlighted in red significantly decrease in sample proportion over time.
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4.5 - Discussion

We investigated correlations between MCBAs and dynamic microbial and
biochemical systems. We first characterized the in vitro impacts of MCBAs on bacterial
monocultures of relevant gut bacteria, including known MCBA producers and pathogens.
We show that MCBAs exhibit variable impacts on bacterial growth, with hydrophobic
amino acid bound MCBAs being more antimicrobial than polar, hydrophilic amino acids.
However, this generality varied by bacterial strain with some showing slight increases in
growth compared to the vehicle control, such as E. bolteae. For L. aerotolerans and P.
anaerobius, more hydrophobic MCBAs showed greater growth inhibition compared to
controls. EDso concentrations further support the view that MCBA impacts are strain
specific; L. aerotolerans was more susceptible to LeuCAthan CA alone, yet P. anaerobius
showed decreased susceptibility to LeuCA than CA. The inverse was then seen for
PheCA.

We then hypothesized that MCBAs would impact gut microbiome structure. The
effects we observed in vitro translated when investigated in vivo, where mice fed MCBAs
displayed changes in the structure of their gut microbiomes. These shifts were only
observed at the highest concentrations of BAs found in the murine gut detected in
humans. Although not tested in this study, other base BAs with stronger antimicrobial
properties, such as DCA or LCA, may become more potent when conjugated. Further
study of conjugates with the strongest antimicrobial effects will help elucidate their
potential as agents of microbial warfare in the human gut or, in contrast, as a means of

detoxification.
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The fate of MCBAs in vivo remains a significant question. Recent work has shown
that BSH/T can hydrolyze these compounds in vifro (45) as can pancreatic
carboxypeptidases A and B (44). However, we did not observe PheCA and SerCA
deconjugation by pancreatic carboxypeptidases A and B in vitro. Utilizing murine models,
we showed that MCBAs are capable of entering EHC. Liver and gallbladder
concentrations of SerCA were higher than PheCA, indicating some selection for entry into
these organs. Whether this behavior was due to specific selectivity by BA transporters in
the ileum, favored microbial hydrolysis or other forms of metabolism remains unknown.
Follow-up studies are needed to better understand the fate of MCBAs and their effects
on the host and its microbiome.

Bariatric surgeries are known to result in compositional changes in both host BAs
and their microbiome (50-52). We therefore sought to characterize fecal BA shifts within
a human patient cohort following sleeve gastrectomy. We observed significant decreases
in total BA concentration 3-months post-operation, contrary to established reports (50—
52). It is important to note that we quantified fecal BA concentrations whereas serum BA
concentrations are more frequently measured clinically. This difference may also be due
in part to our ability to identify and quantify MCBA shifts whereas many earlier reports
focused on primary BAs (conjugated and free) in addition to notable secondary BAs.
Significant shifts in the concentration of primary and secondary BAs were not observed
in our cohort. However, MCBA concentrations significantly decreased following surgery
and may be driving the shifts observed in total BA concentrations.

We also observed MCBA shifts within the developing fecal metabolome. As infants

matured, MCBA prevalence within each sampling timepoint decreased. What remains to
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be understood are additional causes of decreased MCBA prevalence, independent of
breast milk diets. Given the evidence shown here that MCBAs vary in antimicrobial
activity, the decrease in prevalence may be due to infant bile becoming less toxic not only
to the host but to the host microbiota as well. Decreased MCBA presence matched overall
decreases in metabolome diversity as infants grew older through the first 12 months.
Investigating broad changes in fecal metabolome and microbiome diversity showed
contrasting trajectories; where microbiome diversity increased with age, metabolome
diversity decreased with age. This may be a consequence of increased metabolic
capacity of the gastrointestinal microbiota. That is, as species and strain diversity
increase, so too does genetic variation within the community resulting in metabolism of
more complex metabolites into a smaller, core metabolome.

Our approach to characterizing microbiome and metabolome changes in the first
year of life, while accounting for the prevalence of zeros, also allowed prioritization of
features with the most dynamic changes. Although annotation is always a significant
challenge in untargeted metabolomics, and we encountered a large proportion of the
metabolites that were prioritized but remain structurally unknown, detailed spectral
analysis of our changing metabolites enabled annotation of some features. In our
longitudinal trajectory analysis, the top feature decreasing in prevalence as infants aged
was a glucuronidated form of a cholestane steroid. Glucuronidation and sulfation are
similar methods of bile acid modification by liver enzymes, both of which facilitate the
excretion and detoxification of these detergent compounds (48, 53, 54). Bile acid
detoxification is well-studied in infants due to the prevalence of diseases such as

cholestasis and jaundice which affect 1 in ~2500 infants globally (55). These conditions
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result in extensive detoxification and excretion of bile acids to avoid liver toxicity, often
comprised of glucuronidation and sulfation. Though we do not have a record of
cholestasis in this cohort, our finding may represent some degree of bile acid
detoxification as a natural feature of the developing infant gut-liver axis and warrants
further investigation of the role these biochemical transformations play in the incidence of
infant cholestasis.

It is difficult to fully unravel whether some of the shifts we identified using our
longitudinal modeling are due to metabolome-microbiome interplay or simply due to
tandem maturation of both the host and their microbiota. Longitudinal modeling identified
related cholestane steroids as decreasing in prevalence over time, with certain ASVs
increasing or decreasing in correlation with those cholestane-related metabolites.
Cholestanoic acids (C27 bile acids) are structurally similar to cholanoic acids (Co4 bile
acids) as both contain the same sterane core due to their synthesis from cholesterol, with
cholestanoic acids having a three-carbon longer arm branching off the core (56). Thus,
decreases in the putative cholestane glucuronide may be indicative of proper infant
development and less of increased microbial metabolism. As pressures from bile lessen,
so too does the need for members of the host microbiota to detoxify these compounds
through hydrophilic amino acid ligation.

It is well established that the infant gastrointestinal tract undergoes significant
physiological shifts within the first 12 months of life; neonatal diets primarily composed of
mother’s milk transitions to solid foods as the infant matures and exposures throughout
this period drive changes in both host physiology and associated microbiota (9-12, 57,

58). Given this knowledge, we then sought to identify additional variables that best explain
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microbiome and metabolome variation with time. We found similar environmental and
behavioral impacts on the data as reported in other studies (10, 12, 54, 59), with
breastfeeding and formula feeding driving the microbiome variation, but we also identified
impacts of the mother’s BMI, race and feeding behavior on the metabolome. The effect
of mother’'s BMI on fecal biochemistry is of particular interest, as this may be a
manifestation of feeding habits of the mother that translate to the child, either through
breastmilk or directly. Further exploration of the impacts of metabolome dynamics in early
life is warranted and may reveal molecular features important for shaping the gut chemical

and microbial environment.
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4.6 - Methods
4.6.1 - Assaying MCBA impacts on bacterial growth

Pure cultures were grown in reduced RCM and incubated overnight under
anaerobic conditions at 37 °C without shaking. The ODeoo Wwas measured followed by
dilution to a final ODeoo of 0.01 in clear bottom 96-well plates containing RCM
supplemented with 1 mM BA or vehicle (DMSO). Growth curves were generated via a
BioTek Synergy HTX plate reader equipped with Gen5 imaging software (version 3.10,
Agilent). Plates were incubated at 37 °C under aerobic or anaerobic conditions, as
described above, with 205 cycles per min (cpm) orbital shaking. ODeoo measured every
15 min for 24 h. Measurements were blank-corrected and subsequent growth curve
analyses were performed in R (60) and R studio (version 2023.06.2+561, Posit). Growth
curves were analyzed using the ‘growthcurver’ R package (version 0.3.1) (61) and
comparisons were drawn between fold-change differences in the logarithmic auc. EDso
values in were determined using terminal ODeoo after growing L. aerotolerans or P.
anaerobius in RCM supplemented with 0-1000 uM PheCA, TyrCA, LeuCA, or CA for 24
h.
4.6.2 - Ethics statement

All mouse experiments were approved by the Institutional Animal Care and Use
Committee (IACUC) at Michigan State University. Animal health was routinely assessed
by laboratory technicians as well as the Michigan State University veterinary staff.
4.6.3 - Animals, housing, bile acid dosing, and sample collection

C57BL/6J mice were purchased from Jackson Laboratories (Bar Harbor, ME) and

acclimated in the new facility for 1 week prior to bile acid administration via oral gavage.

138



Cage changes were performed weekly in a laminar flow hood by core facility staff. Mice
were housed under a 12-h cycle of light and darkness. Male and female 6-week-old
C57BL/6J mice (n = 5 per sex, per group) were administered 100 mg kg' TCA, PheCA,
or SerCA dissolved in corn oil via daily oral gavage for 14 days. A control group was
administered corn oil alone (vehicle). Treatments were randomized upon receiving the
mice. Longitudinal fecal samples and weights were collected from individual mice daily
throughout the duration of treatment. On day 13, mice were fasted for approximately 12
h to clear fecal material from the gut prior to necropsy and tissue collection. Animals used
for necropsy and tissue collection were euthanized humanely via anesthesia using
isoflurane followed by cervical dislocation. Prior to analysis, phosphate buffered saline
(Sigma) was added 3:1 (v:w) to fecal samples while 200 yL was added to cecum samples
followed by homogenization via bead bashing at maximum speed for 10 min using a Bead
Ruptor 96 (Omni International Inc., Kennesaw, GA).

Male and female C57BL/6Crl mice were bred in-house and pups were weaned at
3 weeks of age. At P38, mice were singly housed in cages lined with paper towels, and
weights were recorded. Mice were allowed to acclimate to singly housed environments
for 3 days. After this acclimation period, paper towel lining was replaced, and mice were
fasted for 12 h prior to training (P41). The next day, mice were given a plain peanut butter
pellet and were observed to determine whether they would consume the pellet. Normal
chow was returned to the cages and all mice that consumed the pellet were advanced to
the next stage of training in which they were given a plain peanut butter pellet at
approximately the same time of day for 3 consecutive days. On the third day of non-fasted

training (P45), the mice were again weighed. All mice that successfully completed training
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(consumed the plain peanut butter training pellet within 1 h) were included in subsequent
studies. The pilot mixed MCBA dosing experiment lasted for 5 days (starting at P46, day
0). Each day, mice were weighed and treated with either mock peanut butter pellets or
pellets containing 10 mg kg™' of each of the following for a total dose of 80 mg kg': AlaCA,
AspCA, GIuCA, LeuCA, PheCA, SerCA, ThrCA, and TyrCA. Treatments were randomized
for mice that successfully completed PBFM training. Fecal samples were collected on
days 0, 1, 3, and 5. Paper towel linings were replaced to refresh cages on days 0 and 3.
On day 5 (P51), mice were euthanized humanely via anesthesia using isoflurane followed
by cervical dislocation. Tissue samples were collected, flash frozen in liquid nitrogen
immediately after harvest, and stored at -80 °C prior to further analysis.

The experimental phase of the individual MCBA study including equimolar amino
acid-BA controls lasted for 10 days (starting at P46, day 0). Mice were administered
MCBAs using the Peanut Butter Feeding Method (first developed by Zapata et al°, see
information), a means of administering hydrophobic compounds to mice in a palatable
and controlled manner. Each day, mice were weighed and fed peanut butter pellets
containing 10 mg kg™ of the following: TCA, equimolar taurine and CA (Taur+CA), SerCA,
equimolar serine and CA (Ser+CA), PheCA, equimolar phenylalanine and CA (Phe+CA),
or a vehicle containing just peanut butter (5 mice per sex per group). Fecal samples were
collected on days 0, 1, 4, 7 and 10. Paper towel linings were replaced to refresh cages
on days 0, 3, 6 and 9. On day 10 (P56), mice were euthanized humanely via anesthesia
using isoflurane followed by cervical dislocation. Tissue samples were collected and flash

frozen in liquid nitrogen immediately after harvest.

140



All mice were housed under a 12-h cycle of light and darkness and treatments,
weights, fecal collections, and paper towel changes were conducted in a laminar flow
hood. Calculations for dosage for treatments were done using weights at P45. Prior to
analysis, phosphate buffered saline was added 3:1 (v:w) to fecal samples and 5:1 (v:w)
to tissue samples followed by homogenization via bead bashing at 20 s for 30 s with 1
min of rest 3 times using a Bead Ruptor 96 (Omni International, Inc., Kennesaw, GA).
4.6.4 - Untargeted metabolomics for bile acid analysis

Metabolite extracts were diluted 1:1 (v:v) in 50% methanol (v:v, water) prior to LC-
MS/MS analysis. Ultra-high performance liquid chromatography (UPLC) was performed
using a Vanquish Autosampler (Thermo) and separation was achieved using an Acquity
ultra-performance liquid chromatography (UPLC) bridged ethyl hybrid (BEH) C18 column,
2.1 mm x 100 mm (Waters). All analysis used a 10 pL injection volume, 0.4 mL min-" flow
rate, and 60 °C column temperature. Samples were eluted using a linear solvent gradient
of water (A) and acetonitrile (B), each containing 0.1% formic acid, across a 12-min
chromatographic run as follows: 0-1 min, 2% B; 1-8 min, 2-100% B; 8-12 min, 100% B;

10-12 min, 2% B. Mass spectrometry was performed using a Q Exactive™ Hybrid

Quadrupole-Orbitrap Mass Spectrometer (Thermo). Data were collected using
electrospray ionization in positive mode. MS' data were collected using a 35,000
resolution, automatic gain control (AGC) target of 1x108, maximum injection time of 100
ms, and a scan range set from 100 to 1500 m/z during min 1-10. Data-dependent MS?
spectra were collected for the top 5 most abundant peaks identified in MS* survey scans.
Resulting raw data files were converted to mzXML format via GNPS Vendor Conversion

prior to data mining using MZmine3 (version 3.2.8) (62, 63). Outputs were submitted the
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Global Natural Products Social Molecular Networking Database (GNPS, gnps.ucsd.edu)

for spectral annotation and molecular networking (64, 65). Due to the large number of
unknown features present, SIRIUS structural prediction and molecular classification was

employed for metabolites with m/z less than 850 Da (66).

4.6.5 - Sample collection from patients undergoing sleeve gastrectomy, processing and
analysis

This prospective, single-arm study enrolled 44 obese patients participating in our
health system’s (Corewell Health (formerly Beaumont Health), Royal Oak, MI) bariatric
surgery program and planning on sleeve gastrectomy (SG). This study was approved by
the Beaumont Institutional Review Board (IRB no. 2017-201) and reviewed by the
Michigan State University IRB (STUDY00003064). All participants provided informed
consent before participating in the study. Participants were recruited from the Royal Oak
Weight Control Center, an affiliate of the Corewell Health William Beaumont University
Hospital, during the pre-operative bariatric surgery process. This involves a medical work-
up, surgical risk stratification and multidisciplinary education before moving on to surgery.
Information about the study was presented at the free informational bariatric surgery
seminar which prospective patients attend before starting the bariatric surgery program.
Fliers about the trial were posted and distributed at the Beaumont Weight Control Center
and mailed to patients with the bariatric surgery approval letter. The approval letter is
written by a Weight Control Center physician and indicates that a patient is approved from
a medical and multidisciplinary team perspective to move forward with bariatric surgery.
Inclusion criteria followed the National Institutes of Health criteria for bariatric surgery:

BMI at or above 40 kg m—-2 or a BMI of 35—-40 kg m—-2 with an obesity comorbidity such

142



as type 2 diabetes, heart disease or obstructive sleep apnoea58. A further inclusion
requirement was being between 18 and 70 years old. Patients were excluded if they had
poorly controlled medical or psychiatric conditions which, in the opinion of the investigator,
made the patient unlikely to be able to properly participate in the study. Biases include
self-selection bias and that only patients planning the SG bariatric surgical procedure
were included. It is unlikely that these biases had a significant impact on the results of
this study.

Fecal specimens were provided by the Wiliam Beaumont Research Institute
biorepository. Demographic data were collected, weight and height were measured and
BMI was calculated on enrolment into the bariatric surgery program. Weight was
measured again on the morning of SG surgery and at 3 months post-SG. Fecal samples
were collected pre-operatively and 3 months following SG.

Fecal samples were extracted 1:5 (w:v) in 70% HPLC-grade ice-cold methanol and
BA concentrations were calculated on the basis of targeted analysis described above.
One fecal sample was lost during extraction, therefore resulting in a cohort of 44 subjects
with paired fecal samples before and after SG. The extracts were spun in a
microcentrifuge at 12,0009 to pellet protein and the methanol supernatant was diluted 1:1
(v:v) in 50% methanol before mass spectrometry analysis. Liquid chromatography-
tandem mass spectrometry (LC—MS/MS) protocols were the same as described above
for all untargeted metabolomics analysis of microbial and mouse samples. Data were
processed with MZmine and GNPS feature-based molecular networking as previously

described.
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4.6.6 - Targeted metabolomics for bile acid quantification

For mouse and human samples, BAs were quantified by running a standard mix
of known concentrations of various BAs (Table 4.5) as an eight-point standard curve using
the same LC-MS/MS as described above. The standard curve samples were added to
the end of the run for all samples for which quantification was applied. Data were
processed with MZmine3 (v.3.3.0) (62) to obtain AUC abundance for BAs present in both
standards and analyzed samples. BA concentrations were determined on the basis of the
equation of the curve that fit either a linear or power function, depending on the ionization
behavior of individual BAs. Because many MCBAs were detected for which there were
no available standards, we used the standard curve from AlaCA to calculate pseudo-

concentrations of these compounds.

4.6.7 - DNA isolation and bacterial 16S rRNA amplicon gene sequencing

DNA from mouse feces and tissue was extracted using the Quick-DNA Faecal/Soil
Microbe Miniprep kit (Zymo) according to the manufacturer’s instructions. To test
extraction efficacy, full-length 16S ribosomal RNA genes were amplified using primers 27f
and 1492r and analyzed through gel electrophoresis. Subsequent microbiome
sequencing was performed using Illumina compatible primers 515f and 806r to amplify
the V4 hypervariable region of the 16S rRNA gene. Sequencing was performed at the
Michigan State University RTSF Genomics Core following the protocol previously
described (67). PCR products were batch normalized through SequalPrep DNA
Normalization plate (Invitrogen) and product recovered from the plates was pooled. This
pool was concentrated and cleaned up using a QIAquick Spin column (Qiagen) and

AMPure XP magnetic beads (Beckman Coulter). Quality was checked and quantified
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using a combination of Qubit dsDNA HS (Thermo Fisher Scientific), 4200 TapeStation HS
DNA1000 (Agilent) and Collibri lllumina Library Quantification gPCR assays (Invitrogen).
This pool was loaded onto a MiSeq v.2 standard flow cell and sequencing was carried out
in a 2 x 250 base pair paired end format using a MiSeq v.2 500 cycle reagent cartridge.
Custom sequencing and index primers complementary to the 515f/806r oligomers were
added to appropriate wells of the reagent cartridge. Base calling was done by Real Time
Analysis v.1.18.54 (RTA, lllumina) and output of RTA was demultiplexed and converted to
FastQ format with Bcl2fastq v.2.20.0 (lllumina).

Raw sequences were analyzed using Qiita, a web-based QIIME 2 analysis
platform (68, 69). Sequences were filtered on the basis of quality to generate amplicon
sequence variants through the Deblur method (70). Taxonomy was assigned using the
g2-feature-classifier against the 99% SILVA 16S rRNA gene sequence database (release
138) (71, 72). Sample data were rarefied to 8,000 reads per sample and core diversity
metrics, such as Bray—Curtis dissimilarity, were calculated. We performed statistical
analysis in R and random forest classification was performed using the ‘randomforest’
package (v.4.7-1.1) (60, 73, 74).

4.6.8 - Sample collection within the ABC baby cohort

Dual-headed fecal swabs, collected from infant-mother pairs, were separated for
metabolite and DNA extraction. Metabolite extractions were performed in 96 deep-well
plates (Thermo). One swab head was inserted into 600 pL cold methanol, the plate then
sealed with a rubber mat, and incubated at 4 °C overnight. Swab heads were then

removed. Plates containing the resulting metabolite extracts were centrifuged for 10 min
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at 4,100 g to pellet cell debris followed by storage at -80 °C prior to liquid chromatograph-
tandem mass spectrometry analysis (LC-MS/MS).
4.6.9 - ABC baby data quality control and pre-processing

Data processing and statistical analysis were performed in R. Metabolome
samples were filtered to only include samples collected using swabs with wooden handles
due to overwhelming signal from plastic-handled swabs severely impacting subsequent
analysis (data not shown). Additionally, samples were collected at two weeks following
birth, but were not included in this analysis due to a lack of available metadata.
Microbiome data were initially rarefied to 5000 counts without replacement and samples
unable to meet that threshold were excluded from further analysis. Resulting metabolome
and microbiome data are featured with zero-inflation. Although our model could handle
zero-inflated data, the molecules with excessive zeros provide little valuable information
in the study. Therefore, we removed molecules with proportions of non-zeros less than
10% among samples. Then, to make different omics data more ‘“integrable”, we
normalized the data by sum. To ensure enough sample sizes to compute the expected
changes for each subject, we removed the subjects with less than three samples
(subjects with samples collected at less than three different timepoints).
4.6.10 - Statistics

Initial bacterial 16S amplicon data diversity metrics were calculated using Qiita
(68). Unless otherwise mentioned, statistical analyses were performed in R (v.4.2.2) (60)
using RStudio (v. 2023.12.0+369, Posit). Data normalization, alpha and beta diversity
calculation, and permutational analysis of variance (PERMANOVA) tests were performed

using the ‘adonis2’ function from the ‘vegan’ R package (v.2.6-4) (75), using 999
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permutations. Additional statistics tests were performed using the ‘rstatix’ package
(v0.7.2) (76). Results were visualized using "ggplot2” (v.3.4.4) (77, 78) and "ggpubr’
(v.0.6.0) (79) packages.

Univariate analyses of infant fecal metabolome and microbiome structure was
performed using the ‘envfit' function from the ‘vegan® package, using 10,000
permutations, with stratification based on infant age (timepoint). Metadata variables were
fit onto PCoA ordinations calculated based on Bray-Curtis dissimilarity(80). Resulting P
values were then adjusted using the Benjamini-Hochberg false discovery rate (FDR)
method(81). Calculating PERMANOVA statistics for infant metabolome and microbiome
datasets was performed using the following formula:

features ~ (timepoint * bmilkstop) * antibiotic
4.6.11 - Mixed-effects longitudinal logistic regressions

Models were fitted using the function "gimer’ from package ‘Ime4" (version 1.1-34)
(82). For each metabolite or ASV, we have its probability of presence m;; and
corresponding collecting age ¢;; for subject i = 1, ...,n at time point j = 1, ..., n;. We fitted

the mixed-effects longitudinal logistic regression models:
log(:_:ij) = (u+uw) +t;;(Br + Bri) + Fifr + Bifp + Hify + 0;B,,

ui~N(0,02), Bri~N(0,0%.)
where u and [ are the fixed intercept and time slope, u; and B;; are the random
intercepts and time slopes. We also include a dummy variable for female (F;) and dummy
variables for black (B;), Hispanic (H;), and others (0;) to account for sex and ancestry

differences.
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4.6.12 - Evaluation of model prediction with testing data

We further examined models’ prediction performance in cross-validations and
compared it with standard logistic regression models (without subject-specific random
effects on the intercepts, u;, and slopes, fr;). To estimate prediction accuracy, for each
metabolite or ASV, we randomly selected one sample from each subject to form the
testing set. The remaining samples were used as the training set to fit the models (mixed-
effects and standard logistic regression models) and predict the left-out testing samples.
We then computed the area under the ROC curve (AUC, using the function ‘auc’ from
package 'pROC" (version 1.18.0) (83) between the predicted probabilities and the
observed presence/absence outcome in the testing data. We repeated the above
validation process 20 times and computed the average of the AUC for each metabolite
and ASV. Using these validation results, we filtered out metabolites and ASVs that had
an AUC that was not significantly greater than 0.5 (P < 0.05, for our sample size, that
corresponds to an AUC > 0.65). Therefore, all the longitudinal trajectories that we report,
as well as the cross-subject correlation and enrichment analysis that followed are based

on ASVs and metabolites with testing AUC > 0.65.

4.6.13 - Prediction of longitudinal trajectories

We used the fitted mixed-effects longitudinal logistic regression models to predict
the expected change in the probability of detection for each metabolite and ASV. At the
population level, the expected changes in the proportion of zeros between two different

time points (t, > t;) are (here we predicted for sex and ancestry indices - male, white):

1 1

AP = [1 - 1+e—(#+tzﬁr)] —[1- 1+e-(#+t1BT)]’
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And the expected changes in the proportion of zeros between two different time

points at the individual level are:

1

1
AP ={1- 1+e-[(#+#i)+f2(ﬁT+BTi)+fi]} Sl e rgrevrm ey ey v

T; = FiBr + Bifp + Hify + 0;Bo.

where i = 1, ...,n is an index for the subject. The curves and predicted changes we report
is for 12 months during the first year of life (since our first samples were collected at month
2, we used t; = 2 and t, = 14).
4.6.14 - Bootstrap analysis of Pearson correlation

To identify metabolite-ASV pairs that were changing in a seemingly coordinated
fashion, we correlated the vectors containing the AP/ s for all subjects for a metabolite with
that of a vector containing the AP/s for an ASV. We did this for all metabolite-ASV pairs.
For the sample size that we have, Pearson’s correlation can be highly affected by outliers;
therefore, to smooth-out the influence of outliers we reported an (approximately unbiased)

Bootstrap estimate for the correlation coefficients (84)

where 1, is the traditional Pearson correlation coefficient for Bootstrap sample b. A
standard error for these estimates was computed using the Bootstrap sample and t-tests
were used to determine if the correlation was significantly different from 0.
4.6.15 - Enrichment analysis

With the taxonomy grouping information for each metabolite and ASV, as well as
the above results indicating whether each of these molecules had a significant

longitudinal change, we used hypergeometric tests to identify groups of metabolites or
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ASVs that change significantly over time. These taxonomic groups with expected relative

abundance change coordinatively over time were used to form a network.

4.7 - Data availability

Raw mass spectrometry data are publicly available in the MassIVE database
(massive.ucsd.edu) for MCBA gavage samples under MSV000093173
(doi.org/10.25345/C57S7J35N), for mixed MCBA PBFM dosing under MSV000093171
(doi.org/10.25345/C5H98ZQ3R), for 100mg'kg of SerCA PBFM dosing at
MSV000093169 (doi.org/10.25345/C5RV0ODB2C), 10 mg-1 kg of MCBA PBFM dosing
under MSV000093172 (doi.org/10.25345/C5CJ87W9C) and for SG fecal samples under
MSV000093167 (doi.org/10.25345/C51834C9N). Raw mass spectrometry data for the
ABC baby cohort are available wunder MassIVE ID MSV000092782
(doi.org/10.25345/C5DJ58S9M).

GNPS molecular networks are available for SG fecal samples at

gnps.ucsd.edu/ProteoSAFe/status.jsp?task=f11eaab1cf1d43b1a5f754575d171e87 and

for the ABC Baby cohort at

gnps.ucsd.edu/ProteoSAFe/status.isp?task=7454748a6baa406b909540b1c90ade7e.

16S rRNA gene amplicon data were deposited in the EMBL-EBI European
Nucleotide Archive. Data from the 100 mg kg—1 gavage experiment can be found under
project PRJEB68000, study accession ERP153011. Tissue data from the 10 mg kg—1
PBFM experiment can be found under project PRJEBG68146, study accession
ERP153132. Fecal data available from the 10 mg kg—1 PBFM experiment are available
under project PRJIEB68149, study accession ERP153135. Fecal data from the ABC Baby

cohort can be found under project PRJIEB72674, study accession ERP157451. Analyses
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can be found on Qiita under analysis ID 53128 for the 100 mg kg~! gavage and IDs 57407
and 57481 for tissue and fecal samples, respectively, from the 10 mgkg™' PBFM

experiment. Analysis for the ABC Baby cohort can be found under analysis ID 48437.
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APPENDIX A: SUPPLEMENTARY TABLES

Table 4.1: Top 30 ASVs contributing to random forest classification of cecal samples by 100 mg kg' MCBA
gavage group

Higher percent mean decrease in accuracy (%MDA) corresponds the ASVs that are more important in the development of
the random forest model.

%MDA Phylum Class Order Family Genus Species
11.70 Bacteroidota Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae uncultured bacterium
9.79 Firmicutes Clostridia Lachnospirales Lachnospiraceae Lachnoclostridium
9.74 Bacteroidota Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae
9.44 Firmicutes Bacilli Erysipelotrichales Erysipelotrichaceae Faecalibaculum uncultured bacterium
8.82 Bacteroidota Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae
8.76 Bacteroidota Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae
8.36 Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus
8.35 Bacteroidota Bacteroidia Bacteroidales Muribaculaceae Muribaculum uncultured bacterium
8.27 Firmicutes Clostridia Lachnospirales Lachnospiraceae
8.23 Bacteroidota Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae
8.08 Firmicutes Clostridia Lachnospirales Lachnospiraceae
8.04 Bacteroidota Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae
7.98 Firmicutes Clostridia Lachnospirales Lachnospiraceae
7.89 Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus
7.86 Bacteroidota Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae uncultured bacterium
7.83 Bacteroidota Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae uncultured bacterium
7.68 Firmicutes Clostridia Lachnospirales Lachnospiraceae [Eubacte_num] uncultured bacterium

xylanophilum group

7.53 Bacteroidota Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae
7.48 Bacteroidota Bacteroidia Bacteroidales Rikenellaceae Alistipes uncultured bacterium
7.38 Firmicutes Clostridia Lachnospirales Lachnospiraceae
7.38 Firmicutes Clostridia _I?izz’irg"sggrl):;coccales- Peptostreptococcaceae  Romboutsia
7.31 Firmicutes Clostridia Lachnospirales Lachnospiraceae bagg?gg:) raceae uncultured bacterium
7.27 Actinobacteriota  Coriobacteriia Coriobacteriales Eggerthellaceae Enterorhabdus uncultured bacterium
7.26 Firmicutes Clostridia Lachnospirales Lachnospiraceae
714 Bacteroidota Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae uncultured bacterium
712 Firmicutes Bacilli Erysipelotrichales Erysipelotrichaceae Dubosiella Dubosiella newyorkensis
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Table 4.1 (cont'd)

7.07
6.93
6.91
6.88

Firmicutes
Firmicutes
Proteobacteria
Firmicutes

Bacilli

Clostridia
Gammaproteobacteria
Clostridia

Erysipelotrichales
Oscillospirales
Enterobacterales
Oscillospirales

Erysipelotrichaceae
Oscillospiraceae
Enterobacteriaceae
Oscillospiraceae

Faecalibaculum
Oscillibacter
Escherichia-Shigella
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Table 4.2: Top 30 ASVs contributing to random forest classification of fecal samples by 100 mg kg™' MCBA gavage

group

Higher percent mean decrease in accuracy (%MDA) corresponds the ASVs that are more important in the development of
the random forest model.

%MDA Phylum Class Order Family Genus Species
28.87  Actinobacteriota Coriobacteriia Coriobacteriales Eggerthellaceae Enterorhabdus
27.44  Actinobacteriota Coriobacteria Coriobacteriales Eggerthellaceae Enterorhabdus uncultured bacterium
24.07 Bacteroidota Bacteroidia Bacteroidales Rikenellaceae Alistipes uncultured bacterium
23.09  Firmicutes Bacilli Erysipelotrichales Erysipelotrichaceae Faecalibaculum uncultured bacterium
22.56  Firmicutes Bacilli Erysipelotrichales Erysipelotrichaceae Faecalibaculum
20.64  Firmicutes Bacilli Erysipelotrichales Erysipelotrichaceae Dubosiella Dubosiella newyorkensis
20.55 Bacteroidota Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae
20.25  Firmicutes Clostridia _lF_’.e pFostreptococcaIes- Peptostreptococcaceae Romboutsia

issierellales
19.94  Actinobacteriota Coriobacteriia Coriobacteriales Atopobiaceae Coriobacteriaceae UCG-002 uncultured bacterium
19.68  Actinobacteriota Coriobacteriia  Coriobacteriales Eggerthellaceae Enterorhabdus uncultured bacterium
19.53  Bacteroidota Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae
19.31 Bacteroidota Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae
18.69  Firmicutes Clostridia Lachnospirales Lachnospiraceae [Eubacte_rium] uncultured bacterium

xylanophilum group

18.22  Actinobacteriota Coriobacteriia  Coriobacteriales Eggerthellaceae
18.09  Bacteroidota Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae
18.03  Bacteroidota Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae uncultured bacterium
17.49  Firmicutes Clostridia Lachnospirales Lachnospiraceae Lachnoclostridium
17.09  Actinobacteriota Coriobacteriia  Coriobacteriales Eggerthellaceae Enterorhabdus uncultured bacterium
16.35  Bacteroidota Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae
15.73  Actinobacteriota Coriobacteriia  Coriobacteriales Eggerthellaceae Enterorhabdus mouse gut
15.51 Firmicutes Clostridia Monoglobales Monoglobaceae Monoglobus
15.11 Firmicutes Bacilli RF39 RF39 RF39
14.68 Bacteroidota Bacteroidia Bacteroidales Muribaculaceae Muribaculum uncultured bacterium
14.67  Firmicutes Bacilli RF39 RF39 RF39 human gut
14.59  Bacteroidota Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae uncultured bacterium
14.39  Bacteroidota Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae uncultured bacterium
14.24  Bacteroidota Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae uncultured bacterium
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Table 4.2 (cont’'d)

13.21 Firmicutes Clostridia Oscillospirales Ruminococcaceae Incertae Sedis

13.01 Firmicutes Clostridia Lachnospirales Lachnospiraceae Dorea

12.43  Firmicutes Clostridia P.e pFostreptococcaIes- Peptostreptococcaceae Romboutsia
Tissierellales
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Table 4.3: Summary of previously reported MCBA concentrations in murine and
human samples

*Total MCBA molar concentrations were estimated using the mass of glutamate
conjugated cholic acid (glutamatocholic acid, GIuCA; 537 Da).

Study Bile Acid Concentration

Gentry et al. (preprint)
1 - .
Population: Healthy adults PheCA 1 ug kg™ feces (~1.8 yM, maximum 11 pM)
doi: 10.21203/rs.3.rs-820302/v1
Shalon et al. (2023) 3,000-10,000 ng/mL (5.55-18.5 uM¥)
. Total MCBAs

Population: Healthy adults Average 4,000 ng/mL (7.4 puM*)

doi: 10.1038/s41586-023-05989-7 SInCA 1,000 ng/mL (1.86 uM, highest individual

concentration)
This work Total MCBAs  77.7 uM (range: 0-724 uM)
splzgtj/leatl(;r;i[rzzlttl)emnts undergoing Individual Average 9.77 puM (range: 0.307-359 pM)
9 y MCBA across MCBAs present

GIluCA Average 15.1 uM (range: 0-359 uM)
GIluDCA Average 20.1 uM (range: 0-263 yM)
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Table 4.4: BA concentrations in murine tissue and feces following 10 mg kg' MCBA dosing via PBFM
All concentrations are presented as micromolar concentrations. Data are presented as mean (s.e.m.), n = 5 male and 5
female per treatment group

Group CA GCDCA GCA lle/LeuCA PheCA SerCA TMCA TCA ThrCA TyrCA

Mock 6.6 (1.9) 0(0) 1.2 (0.5) 0(0) 0(0) 0(0) 39 (13) 26 (8) 0(0) 0(0)

Phe+tCA  19(7) 0(0) 17 (0.5) 0(0) 0(0) 0(0) 77 (42) 28 (14) 0(0) 0(0)

_ Pheca 17 (8) 0(0) 1.8 (0.5) 0(0) 0(0) 0(0) 93 (60) 64 (39) 0(0) 0(0)

3 SertCA  57(1.3) 0(0) 1.8 (0.4) 0(0) 0(0) 0(0) 30 (14) 14(7)  025(0.25)  0(0)

°  sercaA 15 (7) 0(0) 1.6 (0.6) 0(0) 0(0)  036(0.16) 50 (12) 25(10)  032(032)  0(0)

TaurtCA 61 (40) 0(0) 2.1(0.5) 0(0) 0(0) 0(0) 120 (50) 120 (71) 0(0) 0(0)

TCA 11 (5) 0(0) 2.0 (0.4) 0(0) 0(0) 0(0) 30 (14) 13(10)  0.27(027)  0(0)

Mock 19 (6) 0()  007(007)  0(0) 0(0) 0(0) 160 (60) 40 (19) 0(0) 0(0)

Phe+CA 38 (13) 0(0) 0(0) 0(0) 0(0) 0(0) 140 (80) 45 (20) 0(0) 0(0)

PheCA  32(22) 0(0)  034(034)  0(0) 0(0) 0(0) 160 (93) 19 (19) 0(0) 0(0)

g Ser+CA 53 (23) 0(0) 2.0 (2.0) 0(0) 0(0) 0(0) 5;88) 19 (12) 0(0) 0(0)

SerCA 68 (37) 0(0) (8:822) 0(0) 0(0) 14(08)  180(70) 15 (13) 0(0) 0(0)

TaurtCA 68 (42) 0(0) 0(0) 0(0) 0(0) 0(0) 190 (90) 52 (31) (gzgg]) 0(0)

TCA 14 (4) 0(0) 0(0) 0(0) 0(0) 0(0) 81 (13) 20 (17) 0(0) 0(0)

Mock 41 (15) 0(0) 5.8 (0.9) 0(0) 0(0) 0(0) 6400 (700) (126000000) 0(0) 0(0)

] Phe+CA  61(23) 0(0) 5.6 (2.6) 0(0) 0(0) (8:822) 5300 (800) (13600000(; 0(0) 0(0)

2 PheCA  110(40) 0(0) 9.8 (3.0) 0(0) 2.4 (15) (8:82‘1‘) (2288) (126000000) 0(0) 0(0)
§ Ser+CA 68 (25) 0(0) 42(1.2) 0(0) 0(0) (8:82‘5") 5500 (700) (12500000(; 0(0)  0.10(0.10)

SerCA 118 (46) 0(0) 8.0(1.7) 0(0) (8:823) 80(12) 6500 (900) (127000000) 0(0) 0(0)

TaurtCA 69 (15) 0(0) 5.6 (2.4) 0(0) 0(0) (8:822) 4600 (900) (12200000(; 0(0) 0(0)
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Table 4.4 (cont'd)

17000

TCA 39 (10) 0(0) 5.5 (0.8) 0(0) 0(0)  092(059) 5700(700) (oo 0(0) 0(0)
Mock 80 (46) 0(0) 21 (11) 0(0) 0(0) 0.60 (0.60) (%88) (gggg) 0.97 (0.97) 0(0)
Phe+CA 320 (10) 0(0) 57 (11) 0(0)  091(091) 025(0.17) (135000000) 600 (400) 3.3 (1.0) 0(0)
5 PheCA 280 (180) 0(0) 37 (8.4) 0(0) 42(13)  0.29(0.18) (136000000) (gggg) 3.4 (1.7) 0(0)
% Ser+CA 350 (90) 0(0) 59 (17) 0(0) 0(0) 0.62 (0.41) (230000000) 440 (300) 0(0) 0(0)
8 SercA  710(490) 0.77(077)  81(29) 0(0) 10(1.0) 360 (80) (133000000) (1288) 0.91(060)  0(0)
TaurtCA 320 (140)  0.38(0.38) 48 (14) 0(0) 0(0) 11(0.4) (140000000) (1?88) 1.0 (1.0) 0(0)
TCA 94 (45) 0(0) 31 (13) 0(0) 0(0) 47 (3.6) (142000000) (2888) 0.83(0.83)  0(0)
Mock 59 (43) 0(0) 30(09) 0.13(0.06)  0(0) 0(0) 810 (340) 1400 (600) 0 (0) 0(0)
Phe+CA 130 (107) 0(0) 37(1.8)  0.17 (0.07) 0(0) 0(0) 990 (520) (%‘88) (8:882) 0(0)
PheCA 280 (130) 0(0) 40(11)  0.13(006)  0(0) 0(0) 860 (340) 1800 (900) (8182;) 0(0)
E Ser+tCA 290 (110) 0(0) 53(1.8) 061(041)  0(0) 0(0) 1700 (800) 1900 (900) (8:823) 0(0)
SerCA 565 (300) 0(0) 13(9)  0.20 (0.08) 0(0) 46 (29) (ﬂgg) (?;88) 0.15(0.12)  0.10 (0.10)
Taur+CA 140 (60) 0(0) 33(11)  0.10 (0.06) 0(0) (8:8;]) 950 (450) 1700 (800) (8:832) 0(0)
TCA 270 (110) 0(0) 96(32)  0.16 (0.06) 0(0) 0(0) (‘2‘888) (gggg) (8:823) 0.12 (0.12)
Mock 15(0.7) 0(0) 0(0) 0(0) 0(0) 0(0) 220 (60) 690 (150) 0(0) (8:888)
Phe+CA 2.8 (0.8) 0(0) 0(0) 0(0) 0(0) 0(0) 130 (20) 420 (50) 0(0) 0(0)
PheCA 23 (0.5) 0(0) 0(0) 0(0) 0(0) 0(0) 170 (40) 630 (150) 0(0) 0(0)
% serrcA 23007 0(0) 0(0) 0(0) 0(0) 0(0) 150 (30) 480 (110) 0(0) 0(0)
T secA  20(07) 0(0) 0(0) 0(0) 0(0)  095(0.20) 140(30) 470 (80) 0(0) 0(0)
Taur+CA 1.4 (0.5) 0(0) 0(0) 0(0) 0(0) 0(0) 150 (20) 380 (30) 0(0) 0(0)
TCA 1.9 (0.5) 0(0) 0(0) 0(0) 0(0) 0(0) 170 (30) ~ 610(110) 0(0) (8:822)
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Table 4.5: List of BAs present in mass spectrometry standards

Bile Acid Abbr.
Glutamatocholic acid GIuCA
Glycocholic acid GCA
Threonocholic acid ThrCA
Tyrosocholic acid TyrCA
Taurolithocholic acid TLCA

Taurochenodeoxycholic acid TCDCA
Glycochenodeoxycholic acid GCDCA

Taurodeoxycholic acid TDCA
Alanocholic acid AlaCA
Aspartocholic acid AspCA
Taurocholic acid TCA
Deoxycholic acid DCA
Ursodeoxycholic acid UDCA
Chenodeoxycholic acid CDCA
3-oxocholic acid 3-oxoCA
Cholic acid CA
Serocholic acid SerCA
Phenylalanocholic acid PheCA
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Table 4.6: Individual BA concentrations in human sleeve gastrectomy patient
cohort

Concentrations shown are for baseline samples collected and for samples collected 3
months after surgery. Data are presented as mean + s.e.m., n = 44 per visit, 88 combined.

Bile Acid Baseline Follow up Combined
AlaCA 1.1+£0.5 uM 0.4+£0.1uM 0.8+0.2 uM
AlaDCA 25+1.1uM 22+1.4uM 2.4+0.9uM
ArgCA 1.3+£0.7 uyM 0.2+0.2 uM 0.8+0.4 uM
AsnCA 0.3+0.2uM 0.2+0.1 uM 0.2+0.1 uM
AspCA 0.2+£0.1 uM 0.4+£0.2uM 0.3+£0.1 uM
CA 66 = 20 uM 8.7+27 uM 3711 uM
CDCA 0.1£0.0 uM 0.1£0.0 uM 0.1£0.0 uM
CitDCA 1.7 £0.5 uM 1.3+£0.4 uM 1.5%£0.3 uM
DCA 150 £ 20 uM 130 £ 20 uM 140 £ 10 uM
GCA 8.6 £3.7 uM 39 + 38 uM 24 £ 19 uM
GCDCA 8.6+ 1.5uM 8.0+ 1.7 uM 8.3+1.1uM
GLCA 0.0+ 0.0 uM 0.0+ 0.0 uM 0.0+ 0.0 uM
GInCA 23+1.3uM 0.5+0.2 uM 1.4 +0.6 uM
GIuCA 22 £ 10 uM 8.4+3.6 uM 15+ 5 uM
GIuCDCA 28+1.3 uM 23+1.2uM 25%+0.9 uM
GIuDCA 30+ 8 uM 11+ 3 uM 204 uM
HisDCA 1.7 £0.3 uM 0.8+0.2 uM 1.2+0.2 uM
lle/LeuCA_6.3min 3.7+£2.0uM 0.8+0.2 uM 23+1uM
lle/LeuCA_7.0min 59+ 1.6 uM 7+21uM 6.5+1.3 uM
LCA 0.2+0.0 uM 0.3£0.1 uM 0.3+0.0 uM
LysCA 26+1.3uM 0.4+£0.2uM 1.5+0.7 uM
LysUDCA 6.0+24 uM 3.5+£1.2uM 48+1.3uM
MetDCA 0.9+£0.3 uM 0.8+0.2 uM 0.8+0.2 uM
PheCA 8.4+2uM 45+1.1uM 6.5+ 1.1 uM
PheDCA 3.7+£1.5uM 1.7 £0.5 uM 2.7+0.8 uM
PheHDCA 0.3£0.1 uM 0.1+£0uM 0.2+0.1 uM
TCA 1.8+ 0.5 uM 2.7+1.6 uM 2.2+0.8 uM
TLCA 0.3+0.2uM 0.4+0.2uM 0.3+0.2 uM
ThrCA 1.6 £0.8 uM 0.2+£0.1 uM 0.9+£04 uM
ThrCDCA 1.7 £0.5 uM 1.4 +£0.4 uM 1.5%£0.3 uM
TrpCA 0.8+0.4 uM 0.1£0.1 uM 0.5+£0.2uM
TrpDCA 1.5+£0.4 uM 0.6+0.2 uM 1.0+ 0.2 uM
TyrCA 26+1.5uM 1.0+ 0.5 uM 1.8+0.8 uM
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Table 4.6 (cont'd)

TyrUDCA 0.4+£0.2 M 0.3£0.2 uM 0.3+£0.1 uM
UCA 49+22uM 4.7 +1.9 uM 48 +1.4 uM
oxoCA_5.2min 20 £ 13 uM 21 £12 uM 20+ 9 uyM

oxoCA_5.7min 68 £ 35 uM 61 £ 32 uM 64 £ 24 yM
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Table 4.7: BA concentrations, based on class, in human sleeve gastrectomy
patient cohort

Concentrations are shown before surgery, at a 3-month post-operation visit (follow up),
or across all samples. Total includes BAs included in other classes, such as sulfated or
acetylated BAs. n = 44 per visit, 88 combined. Data are presented as mean * s.e.m.

Visit Baseline Follow up Combined

Primary Conjugated 19+ 5 uM 49+39uM 34 £ 19 uyM
Primary Unconjugated 124 puyM 8.7x27uyM 11 x2uM

Secondary 23040 M 210£40puM 220 £ 30 uM
MCBA 110+20 uyM 50 £ 9 uM 78 £ 12 yM
Total 430+ 60 pM 360 + 80 pM 390 £ 50 uM
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Table 4.8: Results from PERMANOVA testing of infant metabolome Bray-Curtis
dissimilarity

Infant age at time of sampling (timepoint), if the infant ceased breastfeeding (bmilkstop),
and antibiotic use within 14 days of sampling (antibiotic) were assessed individually in
addition to assessing interactions between variables. ***P<0.001.

. Sum of 2
Variable DF Squares F Pr(>F)
timepoint 3.535 0.02548 13.5336 0.001 ***
bmilkstop 2.593 0.01869 9.9263 0.001 ***

antibiotic
timepoint:bmilkstop

0.366  0.00264 1.4020 0.110
0.363  0.00261 1.3888 0.121
timepoint:antibiotic 0.237 0.00170 0.9055 0.531
bmilkstop:antibiotic 0.270 0.00194 1.0324 0.373
timepoint:bmilkstop:antibiotic 1 0.258 0.00186 0.9873 0.416
Residual 502 131.131 0.94507

Total 509 138.752 1.00000

JEE N L U G G §
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Table 4.9: Results from PERMANOVA testing of infant microbiome Bray-Curtis
dissimilarity

Infant age at time of sampling (timepoint), if the infant ceased breastfeeding (bmilkstop),
and antibiotic use within 14 days of sampling (antibiotic) were assessed individually in
addition to assessing interactions between variables. *P<0.05, ***P<0.001.

Sum of

H 2
Variable DF Squares R F Pr(>F)

1 2477  0.02287 8.7641 0.001 ***
bmilkstop 1 1.829 0.01688 6.4695 0.001 ***
antibiotic 1 0.381 0.00352 1.3484 0.123
timepoint:bmilkstop 1 0.532 0.00491 1.8824 0.042 ~*

1

1

1

timepoint

timepoint:antibiotic 0.670 0.00618 2.3697 0.011 *
bmilkstop:antibiotic 0.226  0.00208 0.7979 0.681
timepoint:bmilkstop:antibiotic 0.157  0.00145 0.5560 0.916
Residual 361 102.044 0.94210

Total 368 108.316 1.00000
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Table 4.10: EnvFit results based on Bray-Curtis dissimilarity for infant fecal

metabolome data

Variable Grouping P value
White (Non-Hispanic), Black (Non-Hispanic), Hispanic,
Infant Race Other (American Indian/Alaskan Native, Asian, Native 0.0006
Hawaiian/Pacific Islander, Multiracial, Non-Hispanic)
Weight Status Underweight, Normal, Overweight, Obese 0.4226
Length, Z Score Numeric 0.4859
Weight/Length, Z Score Numeric 0.4859
Weight, Z Score Numeric 0.4859
Infant Sex Female, Male 0.6243
Pre-pregnancy BMI Numeric 0.0006
White (Non-Hispanic), Black (Non-Hispanic), Hispanic,
Mother Race Other (American Indian/Alaskan Native, Asian, Native 0.0006
Hawaiian/Pacific Islander, Multiracial, Non-Hispanic)
Mother BMI Numeric 0.0029
Antibiotic Yes, No 0.6243
Recently Breastfed Yes, No 0.0006
Breastmilk Diet Yes, No 0.0006
Formula Yes, No 0.0006
Freq. Finishing Pumped Meal Never, Rarely, Sometimes, Most of the time, Always 0.0009
Dairy Yes, No 0.2255
Meat Yes, No 0.4226
Fruit Yes, No 0.4226
Organic Cereal Yes, No 0.4859
Vegetables Yes, No 0.4226
Eggs Yes, No 0.4226
Sweetened Foods Yes, No 0.4706
Fruit Juice Yes, No 0.4226
Nuts Yes, No 0.7644
Cow’s Milk Yes, No 0.8626
French Fries Yes, No 0.5467
Breakfast Cereal Yes, No 0.4859
Times Fed, Daily Numeric 0.4706
Seafood Yes, No 0.8626
Sweetened Drink Yes, No 0.6243
Recently Bottle-fed Yes, No 0.4589
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Table 4.10 (cont’'d)
Oat Milk Yes, No 0.8626

Soy Yes, No 0.9221
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Table 4.11: EnvFit results based on Bray-Curtis dissimilarity for infant fecal

microbiome data

Variable Grouping P value
White (Non-Hispanic), Black (Non-Hispanic), Hispanic,
Infant Race Other (American Indian/Alaskan Native, Asian, Native 0.1442
Hawaiian/Pacific Islander, Multiracial, Non-Hispanic)
Weight Status Underweight, Normal, Overweight, Obese 0.7238
Length, Z Score Numeric 0.7215
Weight/Length, Z Score Numeric 0.7238
Weight, Z Score Numeric 0.6017
Infant Sex Female, Male 0.7238
Pre-pregnancy BMI Numeric 0.7215
White (Non-Hispanic), Black (Non-Hispanic), Hispanic,
Mother Race Other (American Indian/Alaskan Native, Asian, Native 0.0132
Hawaiian/Pacific Islander, Multiracial, Non-Hispanic)
Mother BMI Numeric 0.0845
Antibiotic Yes, No 0.7215
Recently Breastfed Yes, No 0.0017
Breastmilk Diet Yes, No 0.0017
Formula Yes, No 0.0363
Freq. Finishing Pumped Meal Never, Rarely, Sometimes, Most of the time, Always 0.1094
Dairy Yes, No 0.7932
Meat Yes, No 0.7238
Fruit Yes, No 0.3171
Organic Cereal Yes, No 0.5797
Vegetables Yes, No 0.7238
Eggs Yes, No 0.7215
Sweetened Foods Yes, No 0.5797
Fruit Juice Yes, No 0.3019
Nuts Yes, No 0.7932
Cow’s Milk Yes, No 0.4809
French Fries Yes, No 0.7238
Breakfast Cereal Yes, No 0.9930
Times Fed, Daily Numeric 0.7215
Seafood Yes, No 0.4809
Sweetened Drink Yes, No 0.9447
Recently Bottle-fed Yes, No 0.7215
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Table 4.10 (cont’'d)
Oat Milk Yes, No 0.7215

Soy Yes, No 0.7215
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APPENDIX B: SUPPLEMENTARY FIGURES

Day 1 Day 4
0.41 PERMANOVA I PERMANOVA I PERMANOVA
DF=6 ! DF=6 ! DF=6
F = 0.5444 F=0.4789 | F =0.8342
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PC1 (15.5%)
Figure 4.14: Microbiome community shifts following 10 mg kg' MCBA dosing via PBFM

Timepoint-nested PERMANOVA reveals significant shifts by treatment, though significance is lost when tested within
individual timepoints. n = 5 male, 5 female per treatment.
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Figure 4.15: Extracted ion chromatograms of PheCA and SerCA exposed to
pancreatic carboxypeptidases

When

incubated with a,

1mM PheCA orb,

1mM SerCA,

neither

pancreatic

carboxypeptidase A nor pancreatic carboxypeptidase B were able to deconjugate the
supplemented MCBA while still showing near-complete elimination of native substrates c,

hippuryl-L-phenylalanine and d, hippuryl-L-arginine for

carboxypeptidase B, respectively. Reactions were performed in triplicate.
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Figure 4.16: Expected change in probability of zero for metabolites and ASVs by
feature and individuals

Each gray dot represents the expected change in the probability of not being detected
(probability of zero) for a metabolite (left) or an ASV (right) in a subject. Dots within the
same row correspond to the same feature (metabolite or ASV). The colored triangle is the
average change in probability of zero for the corresponding feature (the color used for the
average expected changes matches the colors of the curves in Fig. 2: blue indicates a
significant decline and yellow an increase in the probability of not being detected, gray
represents features with no significant change in prevalence over time). The horizontal
dispersion of dots within a row represents how heterogeneous a metabolite or ASV
trajectory was across subjects. The dots within the purple rectangle include metabolites
and ASVs with overall non-significant changes in the proportion of zeros.
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Figure 4.17: Microbial and metabolite features with significant correlations in temporal shifts of zero-proportions
Each dot represents a subject, the x- and y-coordinates of the points are the predicted change in the probability of zeros for
a metabolite (x-axis) ASV (y-axis) pair. a-c, Panels showing metabolite-ASV pairs with positive correlations and d-f pairs
with negative correlations.
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Figure 4.18: MS? comparison between putative cholestane glucuronide and annotated cholestane

MS? spectra for a, the putative glucuronidated cholestane decreasing in abundance over time as infants mature compared
to b, the annotated cholestane metabolite present within the same molecular network. Mass shifts corresponding to loss of
the glucuronide moiety are shown in addition to putative structural annotations for prevalent MS? fragment
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CHAPTER 5:

CLOSING REMARKS
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5.1 - Conclusions and significance

Building upon the nearly two century-long history of bile research to understand
how products of microbial metabolism interact with both the host and their microbiome is
essential for responding to and reducing the burden of gastrointestinal diseases. An
estimated 24% of adults have been diagnosed with a digestive disease with annual
medical costs ranging from approximately $10,000 to over $100,000 for each case (1).
This work contributes to that goal by identifying one enzyme responsible for producing
MCBAs (Chapter 2), characterizing the diversity of bacteria capable of producing these
compounds (Chapter 3), and describing interactions between MCBAs, the host, and their
resident microbiome (Chapter 4).
5.1.1 - Structural nuances of MCBA production

Prior to my investigation into the capacity for amino acid ligation to bile acids (BAs)
by the enzyme bile salt hydrolase/transferase (BSH/T), bacterial BA deconjugation was
thought to be a unidirectional transformation (2). The catalytic mechanism first involves
forming a covalent bond between glycine- or taurine-conjugated BA and BSH/T, liberating
the amino acid in the process. As a result, water can easily act as a nucleophile, freeing
this deconjugated BA and regenerating the catalytic cysteine present in BSH/T (3). | show
that unidirectionality of this mechanism is simply untrue by incubating purified BSH/T from
Clostridium perfringens (CpBSH/T) with a mix of all 20 proteinaceous amino acids and
taurocholic acid (TCA), glycocholic acid (GCA), or cholic acid (CA). Across all three
primary BA forms, CpBSH/T was able to conjugate noncanonical amino acids to a CA
backbone. | observed differences in conjugation efficiency under these conditions by BA

substrate. Overall MCBA production was lower for GCA and CA compared to TCA,
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matching substrate preferences for CpBSH/T in the context of catalyzing deconjugation
4, 5).

In Chapter 2, | show that the structure of the BSH/T active site is an important
driver of amino acid specificity during MCBA production based on both sequence analysis
and mutagenesis experiments. After comparing BSH/T amino acid sequences across
strains screened for MCBA production, | identified Asn82 as an important driver of amino
acid selection in BA conjugation. By comparing MCBA production between WT and N82Y
variants, | show that this residue plays a role in active site structure. When including
comparisons between N82Y and C2A variants, | conclude that Asn82 is important in
MCBA product diversity but it is not essential for the catalysis of acyl transfer or
deconjugation. These findings have significant implications for the over 50 year history of
research on BSH/T, which has long been confused about substrate specificity between
taurine and glycine BAs. This confusion in the literature may be due to evolutionary
pressure acting on the previously unappreciated transferase activity of the enzyme
shaping the active site in a manner that dictates both acyl-transfer and hydrolysis.

5.1.2 - Diverse products of microbial bile acid metabolism

Not only are the bacteria capable of this transformation diverse, but so too is the
resulting MCBA pool. While production of the secondary BAs deoxycholic acid (DCA) and
lithocholic acid (LCA) has traditionally been associated with a subset of clostridial species,
the diversity of bacterial taxa containing bsh is significantly larger, shown in over 1 in 4
strains in the Human Microbiome Project microbiota reference genome containing at least
one (2, 6-8). However, unlike the multi-step pathway for 7a-dehydroxylation, | show that

simply having a bsh/t gene encoding a functional enzyme is enough to produce MCBAs.
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| show that evolutionary relatedness is not a strong predictor of the capacity for MCBA
production. Instead, BSH/T production is associated with the enzyme’s amino acid
sequence. | also show that BSH/T itself is not the sole enzyme capable of MCBA
production as L. scindens was observed to produce MCBAs, despite its lack of an
annotated bsh/t gene. Other groups have also reported MCBA production by L. scindens
(9). Interestingly, but perhaps unsurprisingly, L. scindens was observed to produce
MCBAs using DCA as the BA backbone. | also show that amino acid use in production
extends beyond essential amino acids, including citrulline and ornithine.
5.1.3 - MCBA capacity for microbiome remodeling

In this work, | showed that MCBAs have highly variable effects on bacterial growth.
These effects match previous reports that increases in BA hydrophilicity via conjugation
with glycine and taurine reduce antimicrobial efficacy (10). Across all strains grown in the
presence of an MCBA, only the more hydrophobic forms showed notable impacts on
bacterial growth. Interestingly, | observed that E. bolteae grew better when exposed to
any MCBA than when provided CA alone. Whether this is due to resistance mechanisms
resulting from its robust ability to produce MCBAs, the biochemical changes resulting from
conjugation, or a combination of both remains to be determined. However, given the
response of L. plantarum and P. anaerobius, E. bolteae may only need to control for
hydrophobic conjugates, as MCBAs containing more hydrophilic amino acids
demonstrated little to no antimicrobial activity independent of established BA resistance
mechanisms.

These effects translated to the murine gastrointestinal tract when provided at a

high dose. However, the magnitude of shifts in the microbiome decreased upon reducing
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the MCBA dose 10-fold to more physiologically relevant concentrations. Corn oil gavage
alone is sufficient to cause microbiome community shifts within mice (11). Therefore,
adding a detergent likely impacting host lipid uptake may only exacerbate changes
already occurring. Observing community shifts at the highest concentration may be
indicative that these compounds are more impactful within gastrointestinal
microenvironments, such as the space between intestinal villi or within small intestinal
crypts. In addition to uncertainties involving the potential roles played within these
microenvironments, it is difficult to fully quantify the concentration of MCBAs within the
gut, particularly within the mouse due to the small size of the collected sample. Folz et al.
showed that MCBAs are enriched in the human small intestine compared to feces utilizing
an ingestible sampling device, contrary to what one would expect with the significantly
smaller microbial population present (12, 13). Measuring these compounds accurately is
challenging due to their diversity. Limiting the acyl-conjugate repertoire to only the 20
essential amino acids and two primary BA backbones, would result in 40 separate
compounds, making it difficult to measure collectively as standards in an LC-MS run.
Expanding to include products of other BA transformations increases the number to the
thousands while still excluding C27 bile acids, C24 bile alcohols, and other related
compounds (2, 14).
5.1.4 - MCBA implications in human health

With the recency of the discovery of MCBAs, understanding their roles in host
health remains an important and ongoing pursuit. Previous work has shown that these
compounds are enriched in patients with irritable bowel diseases, specifically Crohn’s

disease (15), and multiple groups have shown that MCBAs are capable of modulating
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host signaling pathways depending on the ligated amino acid (16, 17). In the work
presented here, | build upon the other evidence showing these compounds are enriched
within a dysbiotic gut. The concentration of MCBAs significantly decreases following
sleeve gastrectomy as a treatment modality for obesity, whereas primary and secondary
BA concentrations did not show this significant change. | also show that infant maturation
correlates with decreasing MCBA prevalence, matching reductions in other forms of
detoxified BAs, namely glucuronidated BAs.

5.2 - Future directions

5.2.1 - Identifying alternate routes of microbial BA conjugation and the true diversity of
the BA pool

One of the surprising observations in this work was the capacity for L. scindens
ATCC 35704 to conjugate bile acids, though it does not contain an annotated or predicted
bsh/t allele. Human BAAT has previously been shown to transfer glycine to various fatty
acids (18). Therefore, microbial fatty acid transferases are a prime target for investigation
into their capacity for amino acid transfer to bile acids, perhaps as a detoxification
mechanism for bile acids and fatty acids alike.

Untangling the capacity for individual bacterial strains to conjugate bile acids
merely scratches the surface of truly understanding the biochemical importance of these
molecules. The work here focused on C. perfringens BSH/T, given its availability
commercially and its prevalence within BA research throughout previous literature.
However, recent work by Song et al. revealed BSH/T presence across 117 genera within
12 phyla from the Human Microbiome Project database (8). Using these sequences as

references for analyzing global metagenomic data, they found that global BSH/T
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sequences grouped into 8 distinct BSH/T phylotypes within which the capacity for
deconjugation varied significantly. Marrying their in silico analysis with experimental
validation in the context of MCBA production could bolster our understanding of not only
how the amino acid sequence impacts conjugation capacity but the relevance of these
compounds to global health.
5.2.2 - Interrogating microbe-MCBA-host interactions

The work here focused primarily on MCBA production from CA, GCA, and TCA,
but these core molecules are not the only conjugated BAs to which gastrointestinal
bacteria are exposed. Primary BA hydrolysis by BSH/T enzymes from different organisms
shows BSH/T sequences can be grouped by preference for either glycine- or taurine-
bound BAs. Certain BSH/T are capable of hydrolyzing MCBASs, exhibiting preferences for
certain amino acids (19, 20). For example, BSH/T from C. perfringens is capable of
deconjugating TyrCA but is practically unable to deconjugate PheCA or LeuCA, yet BSH/T
from L. plantarum demonstrated the ability to deconjugate all three MCBAs with only slight
reductions in its ability to deconjugate LeuCA (20). Just as substrate preferences for
deconjugation by BSH/T have been routinely described, much remains unknown for both
BA and amino acid preferences across bacterial taxa.

| show here that MCBAs have the propensity for species-specific inhibition of both
commensal and pathogenic bacteria. For example, PheCA and TyrCA have been reported
to inhibit C. difficile germination (21). Teasing out the structural nuances of this inhibition
would provide useful information in the context of drug development for the treatment of
C. difficile infections with the potential for broad application to additional gastrointestinal

pathogens, such as Vibrio cholerae.
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One of the most significant drawbacks of 16S-V4 amplicon microbiome and
untargeted metabolome analysis is that findings are primarily correlative. We show here
that supplementing the diet with a high individual MCBA dose is sufficient for causing
observable microbiome shifts within the gastrointestinal microbiome, but a 10-fold
reduction in dose results in a loss of these shifts. Future work involving more direct, causal
analysis is essential to understand the true physiological role these compounds play
within the gut and throughout the body.

5.3 - Concluding remarks

Findings from the work presented in this thesis provide novel insights into the
production and physiological impacts of MCBAs. To the best of our knowledge, we
reported the first describe a microbial enzyme capable of conjugating BAs, a discovery
that not only moved the entire field of BA research forward, but also opens up an entirely
new area of research to understand how the gut microbiome broadly modifies host lipids
through acyl-transfer. Beyond this, the discoveries presented here act as the foundation
for future research into microbial, murine, and human consequences of MCBA production.
It is my hope that this thesis lays the groundwork for investigation and characterization of

microbial BA metabolism that we have only just discovered.
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