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Bile salt hydrolase acyltransferase activity 
expands bile acid diversity

Douglas V. Guzior1,2, Maxwell Okros1, Madison Shivel1,3, Bruin Armwald1,3, 
Christopher Bridges1,2, Yousi Fu1, Christian Martin1, Anthony L. Schilmiller4, 
Wendy M. Miller5,6, Kathryn M. Ziegler5,6, Matthew D. Sims5,6, Michael E. Maddens5,6, 
Stewart F. Graham5,6,7, Robert P. Hausinger1,2 & Robert A. Quinn1 ✉

Bile acids (BAs) are steroid detergents in bile that contribute to the absorption of  
fats and fat-soluble vitamins while shaping the gut microbiome because of their 
antimicrobial properties1–4. Here we identify the enzyme responsible for a mechanism 
of BA metabolism by the gut microbiota involving amino acid conjugation to the 
acyl-site of BAs, thus producing a diverse suite of microbially conjugated bile acids 
(MCBAs). We show that this transformation is mediated by acyltransferase activity of 
bile salt hydrolase (bile salt hydrolase/transferase, BSH/T). Clostridium perfringens 
BSH/T rapidly performed acyl transfer when provided various amino acids and 
taurocholate, glycocholate or cholate, with an optimum at pH 5.3. Amino acid 
conjugation by C. perfringens BSH/T was diverse, including all proteinaceous amino 
acids except proline and aspartate. MCBA production was widespread among gut 
bacteria, with strain-specific amino acid use. Species with similar BSH/T amino acid 
sequences had similar conjugation profiles and several bsh/t alleles correlated with 
increased conjugation diversity. Tertiary structure mapping of BSH/T followed by 
mutagenesis experiments showed that active site structure affects amino acid 
selectivity. These MCBA products had antimicrobial properties, where greater amino 
acid hydrophobicity showed greater antimicrobial activity. Inhibitory concentrations 
of MCBAs reached those measured natively in the mammalian gut. MCBAs fed to mice 
entered enterohepatic circulation, in which liver and gallbladder concentrations 
varied depending on the conjugated amino acid. Quantifying MCBAs in human  
faecal samples showed that they reach concentrations equal to or greater than 
secondary and primary BAs and were reduced after bariatric surgery, thus supporting 
MCBAs as a significant component of the BA pool that can be altered by changes in 
gastrointestinal physiology. In conclusion, the inherent acyltransferase activity of 
BSH/T greatly diversifies BA chemistry, creating a set of previously underappreciated 
metabolites with the potential to affect the microbiome and human health.

In the liver, primary bile acids (BAs), cholic acid (CA) and chenodeoxy-
cholic acid are synthesized from cholesterol and subsequently ligated at 
the C24 carboxyl group to either glycine or taurine to form glycocholic 
acid (GCA), glycochenodeoxycholic acid, taurocholic acid (TCA) and 
taurochenodeoxycholic acid, which collectively constitute our primary 
BA pool5,6. Conjugated primary BAs are stored in the gallbladder and 
then excreted into the gut on consumption of a meal, where they aid 
lipid digestion and function as key signalling molecules, detergents 
and antimicrobials7,8. After passing through the small intestine, BAs 
are reabsorbed at the terminal ileum and transported to the liver for 
reconjugation with glycine or taurine, if necessary, in a mechanism 
known as enterohepatic circulation (EHC)9,10. Approximately 5% escape 

recirculation and enter the large intestine where our gut microbiota 
can modify their structures extensively1,3,11,12.

On entering the colon, BAs undergo several transformations by 
our gut microbiota, including deconjugation of glycine or taurine, 
dehydroxylation, oxidation and epimerization of the steroid core1–3,13. 
Recently, another microbial transformation of BAs was described: 
amino acid conjugation11. This process initially included the description 
of three new acyl-conjugated BAs: phenylalanocholic acid (PheCA), 
leucocholic acid (LeuCA) and tyrosocholic acid (TyrCA). The first bacte-
rium identified to produce these conjugates was Enterocloster bolteae, 
a member of the Lachnospiraceae11. Recent work has shown that various 
amino acids can be conjugated to many base BAs by a wide variety of 
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gut bacteria, creating the microbially conjugated bile acids (MCBAs) 
that greatly diversify the mammalian BA pool1,12. However, the enzyme 
and biochemical mechanism responsible for MCBA production has 
not yet been determined.

Here we show that microbial BA conjugation with amino acids is  
mediated by previously unknown acyltransferase activity of the 
N-terminal nucleophile (Ntn) enzyme bile salt hydrolase, henceforth 
referred to as bile salt hydrolase/transferase (BSH/T). This activity is 
present in BSH/T from numerous bacterial taxa, resulting in unique 
MCBA profiles depending on BSH/T amino acid sequence. This acyl 
conjugation greatly diversifies the BA pool creating some MCBAs with 
antimicrobial properties that can enter EHC.

BSH/T acyl transfer characterization
The first BSH/T to be purified and have its hydrolase activity charac-
terized was from Clostridium perfringens (CpBSH/T)14. Owing to its 
established interaction with conjugated BAs, also known as bile salts, 
we investigated the capacity of CpBSH/T to exchange the conjugated 
amino acid. Enzyme-catalysed hydrolysis of bile salts occurs through 
a covalently bound cysteinyl intermediate15 (Fig. 1a, steps 1 and 2) and 
CpBSH/T was active for hydrolysis over a broad pH range (pH 3–7; 
Extended Data Fig. 1b). When incubated with TCA and an equimolar 
mix of 20 essential amino acids, CpBSH/T rapidly hydrolysed TCA to 
CA (Extended Data Fig. 1b), as expected, in addition to catalysing acyl 
conjugation of CA with a variety of amino acids (Fig. 1b,c). Indeed, 
16 of 20 amino acids became linked to CA, except aspartocholic acid 
(AspCA), methionocholic acid (MetCA), prolocholic acid (ProCA) and 
valocholic acid (ValCA) were not produced under these conditions 
(Extended Data Fig. 1d). CpBSH/T may catalyse acyl transfer through 
the reaction of amino acids with a covalently bound intermediate, 
where an amino acid acts as a nucleophile in lieu of water (Fig. 1a, steps 
1 and 3). We observed acyltransferase activity across a broad pH range 
(Fig. 1b), with an optimum at pH 5.3 (Extended Data Fig. 1a,c) based on 
the summed abundance of MCBAs following 120 min of incubation 
at 37 °C. This value is slightly higher than the previously reported pH 
4.5–4.9 optimum for TCA hydrolysis16,17. At peak activity, acyl transfer 
activity reaches 7.0% of hydrolysis activity. That is, one amino acid was 
incorporated for every 15 TCA molecules hydrolysed to CA, showing 
that acyl transfer by BSH/T is substantial.

We 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 because of its availability after hydrolysis (Fig. 1d and Exten-
ded Data Fig. 1d). Surprisingly, CpBSH/T produced MetCA and ValCA,  
otherwise absent when provided TCA. The reduced number of amino 
acids transferred (11 of 19 compared to 16 of 20 when provided TCA) 
may be a consequence of competition by high glycine concentrations 
following hydrolysis (Extended Data Fig. 1d).

We also demonstrated that CpBSH/T can ligate amino acids directly 
to CA (Fig. 1e), probably occurring through a covalent intermediate 
(Fig. 1a, steps 4 and 3). CpBSH/T successfully ligated 12 of 20 amino 
acids (Extended Data Fig. 1d), 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 a result of its unique secondary amine prevent-
ing proper nucleophilic attack; previous reports have not observed 
proline conjugation12.

To investigate the acyl transfer kinetics of CpBSH/T, we first deter-
mined a saturation concentration for TCA hydrolysis, as performed 
previously14 and found 8 mM TCA more than sufficient to saturate 
the hydrolysis reaction (Fig. 1f). Investigating constants for phenyla-
lanine transfer resulted in linear kinetics for PheCA production with 
increasing phenylalanine concentration (up to 5 mM; Fig. 1g). 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 transfer18. 
Kinetics of phenylalanine ligation to CA were also linear and showed 
rates that were nearly 10% of those for acyl transfer to TCA (Fig. 1h), 
again supporting the rate-determining reaction after formation of an 
enzyme-CA intermediate.

BSH/T sequence shapes conjugation profiles
After confirming MCBA production by BSH/T in vitro, we analysed 
genomes of 29 strains subsequently screened for MCBA production 
to determine if phylogenetic relatedness correlated with conjuga-
tion capability (Fig. 2a and Supplementary Table 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 (Fig. 2b) and production 
was particularly prevalent among the Lachnospiraceae, with only one 
species unable to produce MCBAs. Verrucomicrobiae (Akkermansia 
muciniphila) was the only class without observable production. The 
most robust MCBA producers, Lactiplantibacillus plantarum, Rumi-
nococcus gnavus, Enterococcus faecalis and Bifidobacterium bifidum 
subsp. infantis, were phylogenetically disparate, indicating little 
association between evolutionary relatedness and MCBA produc-
tion (Fig. 2a). Hierarchical clustering was used to group the bacterial 
conjugation profiles into five clusters on the basis of Bray–Curtis dis-
similarity (Fig. 2b and Extended Data Fig. 1e). Cluster 1 strains showed 
robust conjugation of a wide variety of amino acids. Strains in cluster 
2 favoured glycine and alanine conjugation, whereas cluster 3 prefer-
entially conjugated small, hydrophilic amino acids. Cluster 4 showed 
extensive lysine conjugation and cluster 5 profiles were dominated 
by aspartate conjugation (Fig. 2b). The most robust MCBA producer, 
L. plantarum, lies in cluster 1 and produced 16 of 18 observed MCBAs 
(Fig. 2b). Although clustering showed little phylogenetic correla-
tion, clusters 3 and 5 were primarily associated with members of the  
Lachnospiraceae (Fig. 2a).

We then mined the genomes of all 29 species for bsh/t presence 
to investigate relationships between translated protein sequences 
and MCBA profiles (Fig. 2c and Supplementary Table 1). Two species, 
Clostridium sporogenes and Lacrimispora aerotolerans, possess anno-
tated bsh/t but did not produce MCBAs. Further analysis showed valine 
in place of a traditional start codon in C. sporogenes BSH/T, which may 
explain why MCBA production was absent in this bacterium. By con-
trast, Clostridium scindens ATCC 35704 produced MCBAs although 
lacking an annotated bsh/t. Analysis of 35 publicly available C. scin-
dens genomes for bsh/t presence showed only strain Q4 contained a 
predicted bsh/t (Extended Data Fig. 2a and Supplementary Table 2).  
C. scindens Q4 BSH/T had high amino acid sequence similarity to BSH/T 
from R. gnavus and other sequences with BSH/T cluster 1 (Extended 
Data Fig. 2b). The absence of bsh/t in MCBA-producing C. scindens 
ATCC 35704 suggests that other enzymes capable of BA conjugation 
remain to be discovered.

The remaining 18 MCBA producers had at least one annotated or 
predicted bsh/t in their genome with some, such as E. bolteae, contain-
ing at least three. BSH/T phylogenetic tree topology (Fig. 2c) showed 
limited correlation to the five MCBA profile clusters (Fig. 2b). How-
ever, there were three main BSH/T lineages: group I, containing a set 
of diverse and robust MCBA producers; group II, primarily associating 
with MCBA clusters 3 and 5; and group III, showing significant sequence 
divergence from the other groups and little association with MCBA 
profiles (Fig. 2b,c). 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 Enterocloster clostridioformis contain BSH/T sequences 
from all three groups, yet E. bolteae produced a diverse MCBA pro-
file whereas GCA dominated MCBAs produced by E. clostridioformis. 
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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 (Fig. 2d,e; C. perfringens 
BSH/T as reference17,19) is reported as being highly conserved in BSH/T 
sequences in previous studies20. However, we show that this position 
is instead a Tyr in BSH/T from several Lachnospiraceae species, most 
residing in BSH/T group II. This residue lies in the active site of the 
BSH/T crystal structure from C. perfringens (PDB ID 2BJG), adjacent 
to the carboxylate of cocrystalized deoxycholic acid (DCA; Extended 
Data Fig. 1f)19 and directly at the location of the amide bond of TCA in 
Lactobacillus salivarius BSH/T cocrystallized with TCA (PDB ID 8BLT; 
Fig. 2e)21. We therefore propose that BSH/T sequence variation at the 
active site determines its capacity for BA conjugation and substituted 
both Asn82 and Cys2 of CpBSH/T 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 media containing 1 mM GCA or 
1 mM TCA (Fig. 2f). These trends were also seen when grown in medium 
containing 1 mM CA. However, AlaCA was significantly enriched in 
the N82Y variant compared to wild type (WT) when provided TCA. 
GCA was also enriched in the N82Y variant, although this was not sta-
tistically significant. By contrast, Cys2 substitution (C2A) resulted in 
complete ablation of BA conjugation, regardless of substrate. C2A 
variants were also unable to hydrolyse TCA, whereas WT and N82Y 
variants completely hydrolysed TCA (Extended Data Fig. 3a) and most 
GCA (Extended Data Fig. 3b) to CA.

Antimicrobial efficacy of MCBAs
Free BAs are known to exert antimicrobial activity by damaging cell 
membranes and chromosomal DNA4, a mechanism not limited to 
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Fig. 1 | C. perfringens BSH/T produces a broad range of MCBAs at acidic pH. 
a, Chemical reaction steps catalysed 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.  
c, Ratio of mean summed MCBA abundance to CA abundance, derived from 

acyltransferase activity and hydrolase activity of CpBSH/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. f, Deconjugation kinetics for commercial CpBSH/T when incubated 
with TCA. Km, Michaelis constant; Vmax, maximum rate of reaction. g,h, Reaction 
kinetics for the formation of PheCA when incubating 8 mM TCA (g) or 8 mM CA 
(h) with CpBSH/T and 1–5 mM phenylalanine. Data are presented as mean ± s.e.m.; 
n = 3 independent reactions per concentration.
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of Asn79 (Asn82 in CpBSH/T) and catalytic Cys2 with the amide bond of TCA.  
f–h, Fold-change (FC) in abundance of MCBAs produced by C. perfringens BSH/T 
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extend to minima. Statistical significance in f–h was determined by Wilcoxon 
rank-sum test against WT with Benjamini–Hochberg P value correction, 
*P < 0.05.
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bacterial cells. This antimicrobial activity is a well-known property 
of secondary BAs22–25, whereas conjugated primary BAs are less anti-
microbial4,26. We therefore suggested that microbial BA conjugation 
may be a means for bacteria to modulate BA toxicity. To test this, we 
first determined the effects of medium supplementation with 1 mM 
CA or individual MCBAs on E. 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 (Fig. 3a). 
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 tract27,28. Impacts of 
MCBA administration on further species showed variable antimicro-
bial efficacy. The most marked reductions in growth were observed for 
Clostridium hylemonae, Blautia coccoides, Peptostreptococcus anaero-
bius, L. aerotolerans and Lacrimispora indolis, of which only L. indolis 
produced MCBAs (Fig. 3a). P. anaerobius and L. aerotolerans showed 
the most marked deficit as growth was significantly reduced if not 
completely inhibited (Fig. 3b). Antimicrobial efficacy depended on 
the amino acid conjugated where hydrophobic conjugates showed the 
strongest effects, particularly PheCA and LeuCA (Fig. 3b). Importantly, 
these effects were not observed for host conjugates GCA or TCA, indi-
cating 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 (median 
effective dose ED50 = 236 µM versus 425 µM; Extended Data Fig. 4a,b) 
but showed slightly increased resistance to PheCA (ED50 = 460 µM; 
Extended Data Fig. 4c) compared with CA. However, PheCA effectively 
inhibited P. anaerobius growth at nearly two-thirds the concentration 
of CA (ED50 = 287 µM versus 388 µM; Extended Data Fig. 4d,e) whereas 
LeuCA and TyrCA were half as effective (ED50 = 557 µM and 521 µM, 
respectively; Extended Data Fig. 4f,g).

Given the in vitro effects of MCBAs in bacterial monoculture, we 
sought to determine if these effects translate in vivo. Administration 
of 100 mg kg−1 of PheCA, SerCA, TCA or mock control to C57BL/6J mice 
through oral gavage for 13 days resulted in significant caecal and fae-
cal microbiome community shifts, in which several ASVs showed the 
same treatment-specific trends in communities in both sample types 
(Supplementary Information, Extended Data Fig. 5 and Supplementary 
Tables 3 and 4). This indicates that the antimicrobial activity of MCBAs 
may translate to community shifts in vivo at this high concentration. 
To further explore these microbiome effects, we developed a more 
natural manner of administering MCBAs using a modified protocol 
from ref. 29 which involves feeding mice peanut butter pellets with 
known concentrations of BAs. Mice fed MCBAs with the peanut but-
ter feeding method (PBFM) at 10 mg kg−1 resulted in gastrointestinal 
concentrations similar to those measured in the human gut (Supple-
mentary Table 5; refs. 30,31). However, at this physiologically relevant 
concentration and feeding method, microbiome changes were more 
subtle. Significant differences in faecal microbiome structure were 
observed overall (Extended Data Fig. 6, timepoint-nested permuta-
tional multivariate analysis of variance (PERMANOVA); F = 1.4901, 
P = 0.003) but differences in individual timepoints were not. These 
experiments demonstrate that MCBAs have altered microbial activities 
compared to native BAs but these effects may only occur at the highest 
concentrations encountered in vivo.

MCBAs enter enterohepatic circulation
An important question about MCBAs is whether or not they can enter 
EHC, a tightly regulated process for recycling BAs starting at the ter-
minal ileum that returns BAs to the liver through the hepatic portal 
vein (HPV)9. To investigate the propensity for MCBAs to enter EHC, 
C57BL/6J mice were fed 100 mg kg−1 of SerCA through the PBFM29. SerCA 
was detected in all gastrointestinal tissues analysed, blood from the 
HPV, and appeared in faecal pellets after 24 h (Extended Data Fig. 7). 

We then sought to determine the ability of MCBAs with various con-
jugated amino acids to enter EHC. Mice were fed a mixture of eight 
MCBAs for 5 days (10 mg kg−1 of AlaCA, AspCA, GluCA, LeuCA, PheCA, 
SerCA, ThrCA and TyrCA) through PBFM. These MCBAs were observed 
throughout the gastrointestinal tract and in the liver, kidney, serum 
and gallbladder with particularly high abundances of PheCA and SerCA 
across all samples (Extended Data Fig. 8 and Supplementary Table 6). 
However, these were also detected 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 equimolar amino 
acid + BA controls (matching 10 mg kg−1 of individual BA). Interest-
ingly, SerCA concentrations were eight-fold higher in the gallblad-
der of SerCA-treated animals than PheCA in PheCA-treated animals 
(359 ± 80.4 µM versus 41.6 ± 12.4 µM) and SerCA was detected consist-
ently in the liver (0.95 ± 0.20 µM) when PheCA was not (Fig. 4a,b and 
Supplementary Table 6). 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 BAs32,33. However, neither carboxypeptidase showed 
activity when incubated with PheCA or SerCA while each catalysed 
near-complete hydrolysis of positive controls (Extended Data Fig. 9). 
It is also possible that preferential microbial hydrolysis of PheCA in the 
gut, which has been recently described, may have occurred34. These 
experiments support 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.
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Human bariatric surgery affects faecal MCBAs
To investigate whether MCBA concentrations change in the context 
of human gastrointestinal health, we analysed faecal samples from 
patients who underwent sleeve gastrectomy as a treatment modality for 
obesity. The concentrations of MCBAs and other BAs were quantified 
from samples collected before surgery and 3 months postoperation. 
A diverse complement of MCBAs were detected, including at least 25 
unique compounds (Fig. 4d and Supplementary Table 7) with an average 
total MCBA concentration of 77.7 ± 11.9 µM. In comparison, primary 
conjugated BAs were measured at 34.2 ± 19.6 µM, free primary BAs 
at 10.8 ± 2.4 µM and secondary BAs at 223 ± 32.7 µM. This is evidence 
that faecal MCBAs can reach concentrations at or above primary BAs 
in faeces and approximately one-third the concentration of secondary 
BAs (Supplementary Table 8). Furthermore, collective analysis of BA 
chemistry showed significant reductions in faecal concentrations of 
MCBAs (P = 8.9 × 10−4) and total BAs (P = 0.016) after sleeve gastrectomy 
but conjugated primary BAs, free BAs and secondary BAs were not 

(Fig. 4c). This supports that MCBAs are a substantial component of 
the human BA pool and are affected by surgical treatment for obesity.

Conclusions
We identified BSH/T as an enzyme responsible for MCBA produc-
tion. This acyltransferase activity of BSH/T changes our understand-
ing of one of the best-studied and ubiquitous enzymes in the human 
gut microbiome35. Transferase activity is a substantial feature of the 
enzyme, favoured at pH close to that of lower human gastrointestinal 
tract. The pH of the small intestine remains fairly neutral, around pH 7.0, 
whereas caecal pH can drop to 5.42–6.50 but then increase to around 
7.0 in the colon36,37. A recent study showed that MCBAs have higher 
concentrations in the upper gastrointestinal tract than stool which may 
be explained by pH variability along the gut altering the conjugation 
or hydrolysis activity of BSH/T30.

We also show that sequence variation in BSH/T, long known to exist 
among gut bacteria, is associated with unique amino acid conjugation 
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profiles38,39. Sequence comparisons suggested that differences at resi-
due 82 (Asn versus Tyr) reflected differences in both the total MCBA pro-
duction and the diversity of amino acids used in conjugation. This was 
then confirmed by mutation of C. perfringens bsh/t. MCBA abundances 
were significantly reduced in E. coli expressing bsh/tN82Y compared 
to WT. Interestingly, there was an enrichment of MCBAs containing 
small amino acids (alanine and glycine) in cultures expressing the N82Y 
variant. There may be selective pressure on certain BSH/T enzymes to 
conjugate particular amino acids akin to preferential hydrolysis of TCA 
or GCA35. We show that this selectivity may be driven by modulating 
inherent BA toxicity, depending on the amino acid conjugated but fur-
ther work to determine their affects in vivo are required. Hydrophobic 
conjugates (PheCA and LeuCA) were more antimicrobial than hydro-
philic conjugates but antimicrobial effects were only observed at the 
highest concentrations of MCBAs detected in humans. Although not 
tested in this study, other base BAs with stronger antimicrobial proper-
ties, 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.

The fate of MCBAs in vivo remains a significant question. Recent 
work has shown that BSH/T can hydrolyse these compounds in vitro34, 
as can pancreatic carboxypeptidases A and B33. Our experiments in 
mice using PheCA and SerCA showed they can enter EHC and were 
not deconjugated by pancreatic carboxypeptidases in vitro. Liver and 
gallbladder concentrations of SerCA were higher than PheCA, indicat-
ing some selection for entry into these organs. Whether this was due to 
specific selectivity by BA transporters in the ileum, favoured microbial 
hydrolysis or other forms of metabolism remains unknown. Follow-up 
studies will be needed to better understand the fate of MCBAs and their 
effects on the host and its microbiome. As physiological and microbio-
logical effects of MCBAs become clearer, so too does the potential for 
their use as treatments for gastrointestinal-related diseases.
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Methods

Reaction conditions for enzyme characterization and 
determining acyl transfer kinetics
Lyophilized C. perfringens BSH/T (BSH/T, Creative Enzymes) was 
resuspended in 0.1 M phosphate buffer at pH 7.0 to a concentration of 
2 units µl−1. Stocks of 100 mM GCA and TCA were prepared in water and 
CA stocks were produced in dimethylsulfoxide. Each enzyme reaction 
was run in triplicate in bicarbonate, Tris or citrate-phosphate buffer at 
the indicated pH using 0.1 units µl−1 of enzyme, 2.5 mM BA (TCA, GCA 
or CA) and 125 µM complete amino acid mixture (Promega) for 6.25 µM 
individual amino acid concentration. Reactions were incubated at 37 °C 
and 30 µl aliquots of the reaction were quenched by the addition of 
45 µl of ice-cold methanol at each timepoint for a final concentration 
of 60% methanol (v/v). Extracts were stored at −80 °C before mass 
spectrometry analysis.

We examined the kinetics of the acyl transfer reaction using phenyla-
lanine, CA and TCA. Phenylalanine stocks were prepared in sterile water 
followed by 0.2 µm filtering. Reactions were prepared in 0.1 M citrate 
buffer at pH 5.3 with a final concentration of 0.05 units µl−1 of enzyme 
and 8% dimethylsulfoxide. Reactions were sampled at 1, 5, 10, 15 and 
20 min and quenched with cold methanol. Reactions 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 described13. 
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 before mass spectrometry analysis.

Bacterial strains, media and growth conditions
All media used in anaerobic experiments were prereduced for at least 
24 h in the anaerobic chamber before inoculation and cultures were 
grown in an atmosphere containing 98% nitrogen and 2% hydrogen. 
Bacterial cultures were grown from glycerol freezer stocks in rein-
forced clostridial medium (RCM, Merck), brain heart infusion medium 
(BHI, Merck) and BHI supplemented with 5 µg ml−1 of hemin, 1 µg ml−1 of 
vitamin K, 10 g l−1 of yeast extract and 0.5 g l−1 of l-cysteine (BHIS). A full 
list of strains used in this work can be found in Supplementary Table 1.

C. perfringens bsh/t was amplified and inserted into pBAD18-Cm 
through Gibson assembly (New England Biolabs) followed by clon-
ing into E. coli DH5α. Plasmid purification was performed through 
Mini-Prep (Qiagen) and inserts were verified through PCR. Site-directed 
mutagenesis was performed for codons of residues Asn82 and Cys2 
using a Q5 site-directed mutagenesis kit (New England BioLabs) with 
mutations confirmed through Sanger sequencing. Primers can be found 
in Supplementary Table 9. To compare MCBA production profiles, 
overnight cultures of each strain were diluted to optical density meas-
ured at 600 nm OD600 = 0.01 in LB with a final concentration of 1 mM 
CA/TCA/GCA or 1% dimethylsulfoxide, 1 mg ml−1 of arabinose, 100 µM 
taurine and 20 µg ml−1 of chloramphenicol. Cultures were incubated 
aerobically for 24 h at 37 °C with 220 rpm shaking. OD600 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 10,000g for 5 min to pellet cell debris followed by storage 
at −80 °C before liquid chromatography–tandem mass spectrometry 
analysis (LC–MS/MS).

In vitro screen for MCBA production
Overnight cultures were grown from freezer stocks, anaerobically at 
37 °C. Once OD600 reached at least 0.10, cultures were then diluted 
to a final OD600 of 0.01 in media with or without 1 mM CA and 100 µM 
taurine in 96-deep-well plates (Thermo Fisher Scientific). Taurine is 
absent in all standard media formulations and was therefore supple-
mented to screen TCA production. Plates were sealed with a rubber 
mat (Thermo Fisher Scientific) and incubated for 24 h at 37 °C under 

anaerobic conditions. The OD600 was again measured following incuba-
tion and metabolites were extracted as previously described.

Untargeted metabolomics for BA analysis
Bacterial culture extracts were diluted 1:1 (v/v) in 50% methanol con-
taining 2.5 µg ml−1 of phenol red internal standard before LC–MS/MS. 
Extracts for measuring enzyme activity were not diluted before LC–MS/
MS analysis. LC was performed using a Thermo Scientific Vanquish 
Autosampler and an Acquity UPLC BEH C-18 column, 2.1 × 100 mm2 
(Waters). MS was performed using a Thermo Scientific Q Exactive 
hybrid quadrupole-orbitrap mass spectrometer running in positive 
ion mode. All analyses used a 10 µl injection volume, 0.4 ml min−1 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. MS1 data were 
collected using a 35,000 resolution, AGC target of 1 × 106, maximum 
injection time of 100 ms and a scan range set from 100 to 1,500 m/z 
(during min 1–10). Data-dependent MS2 spectra were collected for the 
top five most abundant peaks identified in MS1 survey scans. Files were 
converted to mzXML format through GNPS Vendor Conversion and 
submitted the Global Natural Products Social Molecular Networking 
Database (GNPS, University of California at San Diego) for molecular 
networking and spectral identification41.

For bsh/t expression and mutagenic studies, 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 Thermo Scientific XCaliber software based on m/z 
and retention time of each MCBA annotated by GNPS (Supplementary 
Table 10).

Targeted metabolomics for BA quantification
For mouse and human samples, BAs were quantified by running a 
standard mix of known concentrations of various BAs (Supplementary 
Table 11) 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)42 to obtain AUC abundance for BAs 
present in both standards and analysed 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 behaviour of 
individual BAs. Because many MCBAs were detected for which there 
were no available standards, we used the standard curve from AlaCA 
to calculate pseudoconcentrations of these compounds.

LC–MS for BSH/T conjugation kinetics
Enzyme extracts were run without dilution. LC was performed as 
described above and MS1 data were collected as described above, with 
the exception that 70,000 resolution was used. PheCA concentra-
tions were calculated using Thermo Scientific XCaliber software and 
an eight-point standard curve containing labelled standards.

Assaying MCBA impacts on bacterial growth
Pure cultures were grown in reduced RCM and incubated overnight 
under anaerobic conditions at 37 °C. The OD600 was measured followed 
by dilution to a final OD600 of 0.01 in clear-bottom 96-well plates con-
taining RCM supplemented with 1 mM BA or vehicle (dimethylsulfox-
ide). Growth curves were generated through a BioTek Synergy HTX 
plate reader equipped with Gen5 imaging software (v.3.10, Agilent). 
Plates were incubated at 37 °C under aerobic or anaerobic conditions, 
as described above, with 205 cycles per min orbital shaking. OD600 was 
measured every 15 min for 24 h for anaerobic growth, every 20 min 
for 20 h for aerobic growth. Measurements were blank-corrected and 
subsequent growth curve analyses were performed in R (v.4.2.2)43 and 



R studio (v.2023.06.2 + 561, Posit). Growth curves were analysed using 
the ‘growthcurver’ R package (v.0.3.1)44 and comparisons were drawn 
between fold-change differences in the logarithmic AUC. ED50 values 
in Extended Data Fig. 4 were determined using terminal OD600 after 
growing L. aerotolerans or P. anaerobius in RCM supplemented with 
0–1,000 µM PheCA, TyrCA, LeuCA or CA for 24 h.

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 and the 
National Center for Biotechnology Information (NCBI) protein data-
bases (Supplementary Table 1). Phylogenetic trees were constructed 
using FastTree and visualized in R using the ‘ggtree’ package (v.3.6.2)45. 
BSH/T sequences were aligned using the NCBI constraint-based aligner 
tool (COBALT)46. 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 three-dimensional structure of CpBSH/T (PDB 
ID 2BJG; refs. 17,19) was visualized using the Protein Data Bank online 
structure viewer, Mol*Viewer47. The three-dimensional structure of  
L. salivarius BSH/T (PDB ID 8BLT; refs. 21,40) was visualized using 
PyMOL (v.2.5.4, Schrödinger).

For C. scindens predictive bsh/t analysis, genomic sequences 
were obtained from NCBI (Supplementary Table 2; n = 35). Prodigal  
(v.2.6.3)48 was used to predict protein-encoding genes present in each 
genome followed by searching for predicted BSH/T sequences using 
to DIAMOND (v.0.9.36.137)49.

Microbial 16S rRNA gene sequencing
DNA from mouse faeces and tissue was extracted using the Quick-DNA 
Faecal/Soil Microbe Miniprep kit (Zymo) according to the manu-
facturer’s instructions. To test extraction efficacy, full-length 16S 
ribo somal RNA genes were amplified using primers 27f and 1492r 
and analysed 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 by ref. 50.  
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 (Beck-
man Coulter). Quality was checked and quantified using a combination 
of Qubit dsDNA HS (Thermo Fisher Scientific), 4200 TapeStation HS 
DNA1000 (Agilent) and Collibri Illumina Library Quantification qPCR 
assays (Invitrogen). This pool was loaded onto a MiSeq v.2 standard 
flow cell and sequencing was carried out in a 2 × 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 oli-
gomers were added to appropriate wells of the reagent cartridge. Base 
calling was done by Real Time Analysis v.1.18.54 (RTA, Illumina) and 
output of RTA was demultiplexed and converted to FastQ format with 
Bcl2fastq v.2.20.0 (Illumina).

Raw sequences were analysed using Qiita51, a web-based QIIME 2  
(ref. 52) analysis platform. Sequences were filtered on the basis of 
quality to generate amplicon sequence variants through the Deblur 
method53. Taxonomy was assigned using the q2-feature-classifier 
against the 99% SILVA 16S rRNA gene sequence database (release 
138)54,55. 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)56,57.

Ethics statement
All mouse experiments were approved by the Institutional Animal Care 
and Use Committee at Michigan State University. Animal health was 

routinely assessed by laboratory technicians as well as the Michigan 
State University veterinary staff.

Animals, housing, BA dosing and sample collection
C57BL/6J mice were purchased from Jackson Laboratories and accli-
mated in the new facility for 1 week before BA administration through 
oral gavage. 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−1 of TCA, PheCA or SerCA dis-
solved in corn oil through daily oral gavage for 14 d. A control group 
was administered corn oil alone (vehicle). Treatments were randomized 
upon receiving the mice and blinding was not used. Longitudinal fae-
cal 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 faecal material from the gut before necropsy 
and tissue collection. Animals used for necropsy and tissue collection 
were euthanized humanely through anaesthesia using isoflurane fol-
lowed by cervical dislocation. Before analysis, phosphate buffered 
saline (Sigma) was added 3:1 (v/w) to faecal samples while 200 µl was 
added to caecum samples followed by homogenization through bead 
bashing at maximum speed for 10 min using a Bead Ruptor 96 (Omni 
International).

Male and female C57BL/6Crl mice were bred inhouse 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 acclima-
tion period, paper towel lining was replaced and mice were fasted for 
12 h before training (P41). The next day, mice were given a plain peanut 
butter pellet and were observed to determine whether they would con-
sume 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 three consecutive days. On the third day of 
non-fasted training (P45), the mice were again weighed. All mice that 
successfully completed training (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−1 of each of the 
following for a total dose of 80 mg kg−1: AlaCA, AspCA, GluCA, LeuCA, 
PheCA, SerCA, ThrCA and TyrCA. Treatments were randomized for 
mice that successfully completed PBFM training and blinding was not 
used. Faecal 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 through anaesthesia using isoflurane followed 
by cervical dislocation. Tissue samples were collected and flash frozen 
in liquid nitrogen immediately after collection.

The experimental phase of the individual MCBA study including equi-
molar amino acid-BA controls lasted for 10 days (starting at P46, day 0).  
Mice were administered MCBAs using the PBFM (first developed by  
ref. 29; Supplementary Information), a means of administering hydro-
phobic compounds to mice in a palatable and controlled manner. Each 
day, mice were weighed and fed peanut butter pellets containing 
10 mg kg−1 of the following: TCA, equimolar taurine and CA (Taur + CA), 
SerCA, equimolar serine and CA (Ser + CA), PheCA, equimolar phenyla-
lanine and CA (Phe + CA), or a vehicle containing just peanut butter (five 
mice per sex per group). Faecal 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 through anaesthesia using 
isoflurane followed by cervical dislocation. Tissue samples were col-
lected and flash frozen in liquid nitrogen immediately after collection.

All mice were housed under a 12 h cycle of light and darkness and 
treatments, weights, faecal collections and paper towel changes 
were conducted in a laminar flow hood. Calculations for dosage for 
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treatments were done using weights at P45. Before analysis, phosphate 
buffered saline was added 3:1 (v/w) to faecal samples and 5:1 (v/w) to 
tissue samples followed by homogenization through bead bashing 
at 20 s−1 for 30 s with 1 min of rest three times using a Bead Ruptor 96 
(Omni International). Statistical methods were not used to predeter-
mine sample size and blinding was not used.

Sample collection from patients undergoing sleeve gastrectomy, 
processing and analysis
This prospective, single-arm study enroled 44 obese patients partici-
pating in our health system’s (Corewell Health (formerly Beaumont 
Health), Royal Oak, MI) bariatric surgery programme 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. Partici-
pants were recruited from the Royal Oak Weight Control Center, an 
affiliate of the Corewell Health William Beaumont University Hospi-
tal, 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 
programme. Fliers about the trial were posted and distributed at the 
Beaumont Weight Control Center and mailed to patients with the bari-
atric 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: body mass index (BMI) at or above 
40 kg m−2 or a BMI of 35–40 kg m−2 with an obesity comorbidity such 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.

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

Faecal samples were extracted 1:5 (w/v) in 70% LC–MS grade ice-cold 
methanol and BA concentrations were calculated on the basis of tar-
geted analysis described above. One faecal sample was lost during 
extraction, therefore resulting in a cohort of 44 subjects with paired 
faecal samples before and after SG. The extracts were spun in a micro-
centrifuge at 12,000g to pellet protein and the methanol superna-
tant was diluted 1:1 (v/v) in 50% methanol before mass spectrometry 
analysis. 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.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Protein structures are available on the Protein Data Bank. C. per-
fringens BSH/T in complex with DCA and taurine, from refs. 17,19, is 

available under PDB ID 2BJG (https://doi.org/10.2210/pdb2BJG/pdb). 
L. salivarius BSH/T in complex with TCA, from refs. 21,40, 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 the in vitro screen for MCBA production under 
MSV000090234 (https://doi.org/10.25345/C5S756Q1B), for CpBSH/T 
variant analysis under MSV000092138 (https://doi.org/10.25345/
C55D8NQ9V), for MCBA gavage samples under MSV000093173 
(https://doi.org/10.25345/C57S7J35N), for mixed MCBA PBFM dosing  
under MSV000093171 (https://doi.org/10.25345/C5H98ZQ3R), 
for 100 mg−1 kg of SerCA PBFM dosing at MSV000093169 (https:// 
doi.org/10.25345/C5RV0DB2C), 10 mg−1 kg of MCBA PBFM dosing 
under MSV000093172 (https://doi.org/10.25345/C5CJ87W9C) and for 
SG faecal samples under MSV000093167 (https://doi.org/10.25345/
C51834C9N). GNPS molecular networks are available for the MCBA 
production screen at gnps.ucsd.edu/ProteoSAFe/status.jsp?task=5
65151309a874d5f97caa3f383c95382, for CpBSH/T incubation with 
1 mM BA and equimolar amino acid mix at https://gnps.ucsd.edu/
ProteoSAFe/status.jsp?task=3dec8f7ab26d47098406a7e597825154  
and https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=33da5da024e
d44848770a4a02b119d9e, for the CpBSH/T mutagenesis experiment 
at https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=30c88ca297
a44f84be5fa32b376e5cb9 and for the SG faecal samples at https://
gnps.ucsd.edu/ProteoSAFe/status.jsp?task=f11eaab1cf1d43b1a5f754 
575d171e87. 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 PRJEB68146, study accession ERP153132. 
Faecal data available from 10 mg kg−1 PBFM experiment are available 
under project PRJEB68149, study accession ERP153135. Analyses can 
be found on Qiita under analysis ID 53128 for the 100 mg kg−1 gavage 
and IDs 57407 and 57481 for tissue and faecal samples, respectively, 
from the 10 mg kg−1 PBFM experiment.  Source data are provided with 
this paper.
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Extended Data Fig. 1 | MCBA abundance following purified CpBSH/T  
or microbial incubation with BAs. a, Summed MCBA auc after 120 min 
incubation of CpBSH/T, 2.5 mM TCA and 125 µM equimolar amino acid mix at 
various pH revealing 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. b, Proportion of TCA 
and CA in the bile acid pool when CpBSH/T was incubated with 8 mM TCA at 
different pH values across time. n = 3 replicates. c, Goodness of fit outputs for 
curve fitting to determine CpBSH/T pH optimum, values in parentheses as sem. 
Equation used to calculate pH optimum (5-factor, bolded) based on adjusted 
R2. Coefficient significance determined by one-sided t test and model 
significance determined by one-way ANOVA without P value adjustment. 

*P < 0.1, **P < 0.05 ***P < 0.01. d, Relative abundances of MCBAs produced  
by purified CpBSH/T. Enzyme was individually provided 1 mM BA and an 
equimolar mix of amino acids, buffered at pH 5, and sampled after 120-min 
incubation at 37 °C. Data presented as mean auc abundance (sem), n = 3.  
e, Nonmetric data scaling using Bray-Curtis dissimilarity of amino acids used in 
BA conjugation, using average amino acid auc per strain. Colour represents 
cluster assigned based on cluster analysis and dot size represents the average 
total MCBA abundance. n = 3 independent cultures. f, CpBSH/T (PBD ID: 2bjg)17,19 
cocrystalized with TDCA and residues important for BA deconjugation  
are highlighted in addition to Asn82, the residue playing a key role in BA 
reconjugation specificity.

https://doi.org/10.2210/pdb2bjg/pdb
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Extended Data Fig. 6 | Microbiome community shifts following 10 mg kg−1 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.



G
al

lb
la

dd
er

D
uo

de
nu

m

Ile
um

C
ec

um

C
ol

on

Bl
oo

d 
− 

H
PV

Fe
ce

s 
D

0

Fe
ce

s 
D

1

Fe
ce

s 
D

5

0.1

1.0

10.0

100.0

1000.0
[S

er
C

A]
,μ

M Treatment
SerCA
Mock

a

b
Sample SerCA-treated Mock

Blood - HPV 31.3 ± 24 μM 1.86 ± 1.86 μM
Gallbladder 247 ± 105 μM 0.328 ± 0.131 μM
Duodenum 506 ± 65.1 μM 0.103 ± 0.0628 μM

Ileum 166 ± 123 μM 0.0875 ± 0.069 μM
Colon 72 ± 38.2 μM 0 ± 0 μM
Cecum 146 ± 64.1 μM 0.0625 ± 0.053 μM

Feces - D0 0 ± 0 μM 0 ± 0 μM
Feces - D1 27.6 ± 16.3 μM 0 ± 0 μM
Feces - D5 56.5 ± 35.8 μM 0 ± 0 μM

Extended Data Fig. 7 | SerCA concentrations following 100 mg kg−1 feeding. 
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100 mg kg−1 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 ± sem, n = 4 mice per group.
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Extended Data Fig. 9 | Extracted ion chromatograms of PheCA and SerCA 
exposed to pancreatic carboxypeptidases. When incubated with a, 1 mM 
PheCA or b, 1 mM 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 A and 
carboxypeptidase B, respectively. Reactions were performed in triplicate.
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Reporting Summary
Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection Thermo Scientific XCaliber (version 4.1.31.9), Axygen Gen5 (version 3.13).

Data analysis R (version 4.2.2), RStudio (version 2023.03.0+386), and XCaliber (version 4.1.31.9) were used for data analysis. Notable R packages used were 
ggtree (version 3.6.2), growthcurver (version 0.3.1), and randomforest (version 4.7-1.1), 

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

Protein structures are available on the Protein Data Bank (at rscb.org). C. perfringens BSH/T in complex with DCA and taurine, from Rossocha et al., is available 
under PDB ID 2bjg (doi:10.2210/pdb2BJG/pdb). L. salivarius BSH/T in complex with TCA, from Karlov et al., is available under PDB ID 8blt (doi:10.2210/pdb8BLT/
pdb). 
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Raw mass spectrometry data are publicly available within the MassIVE database (at massive.ucsd.edu) for the in vitro screen for MCBA production under 
MSV000090234 (doi:10.25345/C5S756Q1B), for CpBSH/T variant analysis under MSV000092138 (doi:10.25345/C55D8NQ9V), for MCBA gavage samples under 
MSV000093173 (doi:10.25345/C57S7J35N), for mixed MCBA PBFM dosing under MSV000093171 (doi:10.25345/C5H98ZQ3R), for 100 mg-1 kg SerCA PBFM dosing 
at MSV000093169 (doi:10.25345/C5RV0DB2C), 10 mg-1 kg MCBA PBFM dosing of under MSV000093172 (doi:10.25345/C5CJ87W9C), and for sleeve gastrectomy 
fecal samples under MSV000093167 (doi:10.25345/C51834C9N). 
 
GNPS molecular networks are available for the MCBA production screen at gnps.ucsd.edu/ProteoSAFe/status.jsp?task=565151309a874d5f97caa3f383c95382, for 
CpBSH/T incubation with 1 mM BA and equimolar amino acid mix at https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=3dec8f7ab26d47098406a7e597825154 and 
https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=33da5da024ed44848770a4a02b119d9e, for the CpBSH/T mutagenesis experiment at https://gnps.ucsd.edu/
ProteoSAFe/status.jsp?task=30c88ca297a44f84be5fa32b376e5cb9, and for the sleeve gastrectomy fecal samples at https://gnps.ucsd.edu/ProteoSAFe/status.jsp?
task=f11eaab1cf1d43b1a5f754575d171e87.  
 
16S rRNA gene amplicon data were deposited in the Qiita database. Data from 100 mg kg-1 gavage can be found under study ID 14697 with analysis available under 
analysis ID 53128. Data from 10 mg kg-1 PBFM can be found under study IDs 15013 and 15021 with analysis available under analysis IDs 57407 and 57481.

Human research participants
Policy information about studies involving human research participants and Sex and Gender in Research. 

Reporting on sex and gender Sex and gender were not considered in the study design as shift before and after sleeve gastrectomy were the main focus. 
Within this cohort, 4 patients were male and 40 patients were female.

Population characteristics Average patient age was 48 and ranged from 18 to 66 years old. Average baseline BMI was 45, ranging from 36.4 to 68.4. Of 
the patients within this cohort, 27 were white, 16 were African American/black, 1 was Native/American Indian, and 1 was 
multiple races. All participants were non-Hispanic. 12 patients exhibited type 2 diabetes as co-morbidity, 24 exhibited 
obstructive sleep apnea as a co-morbidity, and 2 exhibited coronary artery disease as a co-morbidity, and 1 exhibited arterial 
fibrilation as a co-morbidity. 

Recruitment Participants were recruited from the Royal Oak Weight Control Center, an affiliate of the Corewell Health William Beaumont 
University Hospital, during the preoperative bariatric surgery process. This involves a medical work-up, surgical risk 
stratification, and multidisciplinary education prior to moving on to surgery.  Information about the study was presented at 
the free informational bariatric surgery seminar that 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:  body mass index (BMI) at or above 
40 kg/m^2, or a BMI of 35 to 40 kg/m^2 with an obesity co-morbidity such as type 2 diabetes, heart disease, or obstructive 
sleep apnea. An additional inclusion requirement of 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 sleeve 
gastrectomy bariatric surgical procedure were included.  It is unlikely that these biases had a significant impact on the results 
of this study.

Ethics oversight Beaumont Institutional Review Board, Michigan State University Institutional Review Board. All patients provided informed 
consent prior to participating in the study.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to predetermine sample sizes for mouse experiments.

Data exclusions Fecal and cecal data from male mice involved in 100 mg/kg MCBA gavage were excluded from analysis due to less noticeable microbiome 
shifts being observed. 

Replication Multiple, individual experiments allowed for the confirmation that Clostridium perfringens BSH/T can produce MCBAs. Three biological 
replicates for bacterial culturing and screening for MCBA production allowed for verification of species-specific production of MCBAs. Three 
replicates for each commercial CpBSH/T experiment were sufficient in calculating deconjugation kinetic constants and observing linearity 
when investigating constants involved in phenylalanine conjugation to TCA or CA. 
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For the 100 mg/kg gavage study, 5 mice tested in each treatment group allowed for verification of the shifts observed in fecal and cecal 
microbiomes. For the 100 mg/kg SerCA PBFM study, 4 mice tested in each treatment group allowed for verification of the systemic movement 
of SerCA to various tissues throughout the body in addition to validating the novel bile acid dosing approach.  
 
For the 10 mg/kg/MCBA mixed MCBA PBFM study, 3 mice in the treatment group and two in the control were sufficient for this pilot study 
validating SerCA presence in murine tissues in addition to supporting the selection of PheCA as the second MCBA to use for the 10 mg/kg 
individual MCBA study including more robust controls. 10 mice (5 female, 5 male) per treatment group were sufficient to reasonably quantify 
BA concentrations within various sample types, with this robust replication to confirm that findings were separate from amino acid+CA 
controls.

Randomization Mice were randomized into treatment groups upon arrival from the vendor or reaching the appropriate age following on-site breading. Mice 
involved in peanut butter pellet  experiments were randomized upon successfully completing PBFM training.   
 
Patients within the bariatric surgery study were not randomized into treatment groups as temporal sampling was the primary measure to 
identify changes prior to surgery and three months following surgery.

Blinding Blinding for mouse experiments was not relevant due to a single variable being tested (MCBA gavaged/fed).  
 
Blinding for the bariatric surgery analysis was not relevant due to temporal changes before and after surgery were the primary measure. 
Patient samples were paired based on sampling time.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 
Research

Laboratory animals 6-week-old C57BL/6J mice

Wild animals This study did not involve wild animals.

Reporting on sex Findings apply to both male and female mice, however female response to MCBA gavage appear more pronounced than male 
response in the gavage study. All other reported results include both sexes.

Field-collected samples This study did not involve samples collected from the field.

Ethics oversight The Institutional Animal Care and Use Committee (IACUC) at Michigan State University provided guidance and oversight.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data
Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.

Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.
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Outcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.
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