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BaiJ and BaiB are key enzymes in the chenodeoxycholic acid 7α-dehydroxylation 
pathway in the gut microbe Clostridium scindens ATCC 35704
Karin Lederballe Meibom a*, Solenne Marion a*, Colin Volet a, Théo Nass a, Eduard Vico-Oton a, 
Laure Meninb, and Rizlan Bernier-Latmani a

aEnvironmental Microbiology Laboratory, École Polytechnique Fédérale de Lausanne (EPFL), Lausanne, Switzerland; bInstitute of Chemical 
Sciences and Engineering, École Polytechnique Fédérale de Lausanne (EPFL), Lausanne, Switzerland

ABSTRACT
Bile acid transformation is a common gut microbiome activity that produces secondary bile acids, 
some of which are important for human health. One such process, 7α-dehydroxylation, converts 
the primary bile acids, cholic acid and chenodeoxycholic acid, to deoxycholic acid and lithocholic 
acid, respectively. This transformation requires a number of enzymes, generally encoded in a bile 
acid-inducible (bai) operon and consists of multiple steps. Some 7α-dehydroxylating bacteria also 
harbor additional genes that encode enzymes with potential roles in this pathway, but little is 
known about their functions. Here, we purified 11 enzymes originating either from the bai operon 
or encoded at other locations in the genome of Clostridium scindens strain ATCC 35704. Enzyme 
activity was probed in vitro under anoxic conditions to characterize the biochemical pathway of 
chenodeoxycholic acid 7α-dehydroxylation. We found that more than one combination of 
enzymes can support the process and that a set of five enzymes, including BaiJ that is encoded 
outside the bai operon, is sufficient to achieve the transformation. We found that BaiJ, an 
oxidoreductase, exhibits an activity that is not harbored by the homologous enzyme from another 
C. scindens strain. Furthermore, ligation of bile acids to coenzyme A (CoA) was shown to impact the 
product of the transformation. These results point to differences in the 7α-dehydroxylation path-
way among microorganisms and the crucial role of CoA ligation in the process.
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Introduction

Bile acids are synthesized from cholesterol in the liver 
and stored in the gallbladder until their release into 
the intestinal tract, where they play an important role 
in digestion. The primary bile acids produced by 
humans are cholic acid (CA; 3α,7α,12α-trihydroxy 
-5β-cholan-24-oic acid) and chenodeoxycholic acid 
(CDCA; 3α,7α-dihydroxy-5β-cholan-24-oic acid) 
(the structures of all bile acids discussed in this 
work are listed in Table S1). Most bile acids are 
reabsorbed along the small intestine, particularly in 
the ileum, and are transported back to the liver 
through the portal vein. This process, known as the 
enterohepatic circulation, is highly efficient, and only 
about 5% of the bile acids escape reabsorption.1,2

Approximately 400–800 mg of bile acids enter 
the human large intestine daily and become sub-
strates for microbial transformations resulting in

the formation of a range of secondary bile acids.2 

Bacterial bile salt hydrolases release the primary 
bile acids from their conjugated taurine- or gly-
cine-groups, and only low amounts of conjugated 
bile acids are found in fecal samples whereas they 
dominate throughout the enterohepatic cycle.1,3 

Other transformations include epimerization, oxi-
dation, and dehydroxylation at C7. The products 
from 7α-dehydroxylation of CA and CDCA, 
deoxycholic acid (DCA; 3α,12α-dihydroxy-5β- 
cholan-24-oic acid) and lithocholic acid (LCA; 3α- 
hydroxy-5β-cholan-24-oic acid) respectively, are 
the most abundant secondary bile acids found in 
human fecal samples.1,2

In addition to their function in solubilizing diet-
ary fats, bile acids affect human health by acting as 
signaling molecules and interacting with various 
receptors.4,5 The 7α-dehydroxylated bile acids
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DCA and LCA serve as potent agonists for both the 
nuclear receptor Farnesoid X Receptor (FXR) and 
the membrane receptor G protein-coupled bile acid 
receptor (GPBAR1), also called Takeda G-Protein 
Receptor 5 (TGR5). FXR is the major regulator of 
bile acid homeostasis but affects other processes, 
such as glucose and lipid homeostasis, and is also 
activated by the primary bile acids CA and CDCA. 
TGR5 is activated mainly by LCA and DCA and is 
important for various functions, including glucose 
homeostasis, energy expenditure, and the control 
of inflammation.4,5

A bile acid-inducible (bai) operon encoding 
enzymes involved in primary bile acid 7α- 
dehydroxylation was first identified in 
Clostridium scindens VPI 12708 (formerly 
Eubacterium sp. strain VPI 12708).6 A similar 
operon is found in other strains and other 7α- 
dehydroxylating species, such as Extibacter hylemo-
nae (formerly Clostridium hylemonae) and 
Peptacetobacter hiranonis (formerly Clostridium 
hiranonis).7,8 The C. scindens operon contains 
eight genes (baiB-CD-E-A2-F-G-H-I), encoding 
one transporter (baiG) and 7 enzymes, of which 
six are sufficient to support 7α-dehydroxylation of 
CA in enzymatic assays in vitro (all but baiI).9 Bile 
acid entry into the bacterial cell is facilitated by 
BaiG,10 and is followed by conjugation of coen-
zyme A (CoA) to CA or CDCA by a CoA ligase 
encoded by baiB 11 and two oxidative steps by a 3α- 
hydroxysteroid dehydrogenase (3α-HSDH; BaiA1 
or BaiA2)9,12 and a flavin-dependent oxidoreduc-
tase (BaiCD),9,13 respectively. Following dehydra-
tion by BaiE,14 formation of DCA is achieved after 
three reductive steps catalyzed by BaiH (another 
flavin-dependent oxidoreductase), BaiCD, and 
BaiA29 (Figure 1a).

In addition to the bai genes harbored in the bai 
operon, bile acid 7α-dehydroxylating bacteria con-
tain other genes with potential roles in DCA and 
LCA production. A baiJKL operon is found in some 
organisms, where baiK encodes a bile acid CoA 
transferase and BaiJ is a flavoprotein that was 
shown to be involved in the formation of allo-bile 
acids.15,16 Indeed, a homologue of BaiJ (named BaiP 
by authors) found in other organisms, was likewise

shown to be a bile acid 5α-reductase leading to allo- 
bile acid production.16 BaiN is a flavoprotein that 
may play a role in the reductive part of the 7α- 
dehydroxylation pathway and the baiN gene is con-
sistently found next to baiO which encodes 
a NAD(FAD)-utilizing dehydrogenase for which 
a role in bile acid metabolism has yet to be 
shown.16–18 Also, many 7-dehydroxylating bacteria 
harbor 7α- and 12α-HSDHs (hydroxysteroid dehy-
drogenases) that act on the hydroxyl group found at 
C7 or C12 (in the case of CA) and furthermore, 
a gene named baiP (different from the baiJ homo-
logue mentioned above) was found adjacent to baiN 
and/or baiO in some bacteria and hypothesized to 
encode an exporter of DCA and LCA.18

Clostridium scindens ATCC 3570419 is capable of 
7α-dehydroxylation of both human primary bile 
acids in vitro, although the transformation of 
CDCA to LCA is much less efficient than that of 
CA to DCA.20,21 The reason for the lower amount 
of LCA is unclear, but could be due to less efficient 
uptake of the primary bile acid or lower affinity of 
the enzymes for CDCA than for CA (and/or inter-
mediates), since the expression of bai genes is 
induced in the presence of both CA and CDCA.21 

The biochemical pathway in its entirety has only 
been studied with CA as the substrate using pur-
ified enzymes in vitro, but bai operon genes can 
support 7α-dehydroxylation of CDCA when 
expressed in Clostridium sporogenes 9 and the path-
way is expected to be equivalent (Figure 1a).

Here, we cloned and purified 11 enzymes from 
Clostridium scindens strain ATCC 35704, both 
those encoded in the bai operon and implicated 
in the proposed 7α-dehydroxylation pathway9 

(Figure 1a), and also enzymes suspected to contri-
bute, but encoded by genes that do not pertain to 
the operon. We used the purified proteins for 
in vitro enzymatic assays under anoxic conditions 
and found that more than one combination of 
enzymes leads to the formation of 7α- 
dehydroxylated bile acids from CDCA. A set of 
five enzymes is sufficient for CDCA 7α- 
dehydroxylation, with one enzyme, BaiJ, encom-
passing an activity that is not harbored in its homo-
logue from C. scindens strain VPI 12708.
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Results

Identification of enzymes supporting 7α- 
dehydroxylation of CDCA

To characterize 7α-dehydroxylation of CDCA by 
C. scindens strain ATCC 35704, we performed 
in vitro assays with purified enzymes under anoxic 
conditions at 37°C and analyzed the bile acid meta-
bolites by liquid chromatography high-resolution 
mass spectrometry (LC/HRMS). We purified all 
enzymes encoded in the bai operon but were also 
interested in the role of additional enzymes encoded 
outside the bai operon that potentially contribute to 
7α-dehydroxylation (Figure 1b, Figure S1). 
Therefore, we also purified BaiA1/3, BaiN, BaiO, 
and BaiJ. We focused on CDCA as the substrate, as 
the 7α-dehydroxylation pathway of this primary bile 
acid was not previously characterized in its entirety

in vitro using purified enzymes. Recently, Funabashi 
and colleagues9 showed that six enzymes encoded in 
the bai operon (BaiB, BaiCD, BaiE, BaiA2, BaiF, and 
BaiH, hereafter the six-enzyme set), although origi-
nating from three different genera (C. scindens strain 
VPI 12708, P. hiranonis and E. hylemonae), were 
necessary and sufficient to transform CA into DCA 
in vitro. We probed whether the same set of enzymes 
from C. scindens strain ATCC 35704 converts 
CDCA to LCA in vitro by quantifying the bile 
acids obtained at different time points (Figure 2a). 
The six enzymes incubated with 100 μM CDCA only 
generated a very small amount of LCA (0.24 ± 0.01  
μM), and it was only observed after 24 hours incu-
bation. A more significant amount of another 7α- 
dehydroxylated secondary bile acid, 3-oxoLCA, was 
produced starting 1 hour after incubation and con-
tinued to increase in concentration (reaching 5.68 

Figure 1. Bile acid 7-dehydroxylation by C. scindens ATCC 35704.(a) CA 7α-dehydroxylation proposed by Funabashi and colleagues9 

(the six-enzyme pathway) projected onto CDCA. (b) bai operon along with other genes known or suspected to be involved in bile acid 
transformations in C. scindens ATCC 35704 and the function of the encoded proteins. All enzymes were purified except BaiG.
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Figure 2. 7α-dehydroxylation of CDCA using different enzyme combinations in vitro. (a) Bile acids detected after incubation of six- 
enzyme set (BaiB, BaiCD, BaiE, BaiA2, BaiF, BaiH) or negative control (NEC, no-enzyme control) with 100 μM CDCA at different times. 
Only CDCA was detected for NEC. Minor amounts of LCA (0.24 ± 0.01 μM) was detected at 24 hours. 3-oxoLCA was detected starting at 
1 hour with a maximum at 24 hours (5.68 ± 0.86 μM). No 3-oxoΔ4-CDCA, 3-oxo-Δ4.6-LCA, or 3-oxo-Δ4-LCA was detected. (b) Bile acids 
detected after 22-24 hours incubation of 100 μM CDCA with the base enzyme set amended with additional oxidoreductase(s), as 
indicated below the bars. No 3-oxo-Δ4-CDCA or allo-LCA were detected in any sample. A minor amount of 3-oxo-Δ4-LCA (0.26 ± 0.44  
μM) was detected only with one combination of enzymes (BaiB, CD, E, A2, H, J). In addition to 3-oxoLCA (14.51 ± 7.82 μM to 21.44 ±  
0.39 μM), minor amounts of 3-oxo-allo-LCA (0.37 ± 0.32 μM to 1.38 ± 0.15 μM) and LCA (0.08 ± 0.02 μM to 0.47 ± 0.03 μM) were 
detected in all enzyme mixes containing BaiJ. Histograms depict the mean and standard deviation of three assays. Incomplete mass 
balance is attributed to the formation of CoA conjugates that are not quantifiable due to the absence of standards. The structure of all 
bile acids discussed here is listed in Table S1. Allo-bile acids were not quantified for data in panel A.

4 K. L. MEIBOM ET AL.



± 0.86μM at 24 hours), indicating incomplete con-
version to LCA. However, most of the bile acids 
detected were either in the form of 3-oxoCDCA 
(initially) or 3,7-dioxo-CDCA (at later time points). 
The increasing amount of 3,7-dioxo-CDCA shows 
that most of the 3-oxoCDCA was oxidized at posi-
tion C7 rather than undergoing 7α-dehydroxylation. 
Addition of the final enzyme encoded in the bai 
operon, BaiI, had no effect on the bile acid profile 
obtained after 24 hours of incubation (data not 
shown).

We proceeded to probe whether we could iden-
tify a combination of enzymes that converts CDCA 
to LCA more efficiently. Starting with a base set of 
four enzymes (hereafter, the base enzyme set) com-
posed of the CoA ligase BaiB, the dehydratase BaiE, 
the 3α-HSDH BaiA2, and the oxidoreductase 
BaiCD, we then added other oxidoreductases 
(BaiH, BaiJ, BaiN, or BaiO). These combinations 
were tested for their capacity to 7α-dehydroxylate 
CDCA and were compared to the six-enzyme mix 
from the bai operon (Figure 2b). 7α- 
dehydroxylated bile acids LCA, 3-oxo-allo-LCA, 
and 3-oxoLCA (a total of 22.45 μM) were observed 
when the oxidoreductase BaiJ was added to the 
base enzyme set, with 3-oxoLCA produced in 
much larger amounts than the other 7α- 
dehydroxylated bile acids (21.44 ± 0.39 μM).

A very small amount of 3-oxoLCA (0.29 ± 0.04  
μM), but no LCA, was detected with BaiH added, 
and no 7α-dehydroxylation was observed when 
BaiO or BaiN were the supplemented oxidoreduc-
tase. We also assessed whether BaiH, BaiO, or 
BaiN, when included in addition to BaiJ, would 
improve the production of 7α-dehydroxylated bile 
acids, as opposed to when BaiJ alone was present. 
We did not observe increased amounts of 7α- 
dehydroxylated bile acids (Figure 2b).

Five enzymes are sufficient to 7α-dehydroxylate 
CDCA in vitro

Next, we examined CDCA conversion with the set 
of enzymes identified to be the most efficient at 
producing 7α-dehydroxylated bile acids, namely 
the mix of BaiB, BaiCD, BaiE, BaiA2, and BaiJ 
(hereafter, the five-enzyme set), resulting in 7α- 
dehydroxylation over a period of 24 hours 
(Figure 3). The two 7α-dehydroxylated secondary 
bile acids, 3-oxoLCA and LCA, were detected start-
ing at 2 hours, with the concentration of 3-oxoLCA 
increasing over the entire experiment (20.05 ± 0.32  
μM at 24 hours) and the concentration of LCA 
increasing until 5–9 hours and then decreasing 
between 9 and 24 hours. The continuous increase 
in 3-oxoLCA, alongside the decrease in LCA at 24

Figure 3. Conversion of CDCA over time with five-enzyme set (BaiB, BaiCD, BaiE, BaiA2, BaiJ). Bile acids detected after incubation of 
five-enzyme set with 100 μM CDCA and sampled at various times. Only CDCA was detected for no-enzyme control (NEC, 24 hours). LCA 
and 3-oxoLCA were detected starting at 2 hours. No 3-oxo-Δ4-CDCA, 3-oxo-Δ4,6-LCA, 3-oxo-Δ4-LCA or allo-bile acids were detected. 
Histograms depict the mean and standard deviation of three assays. Incomplete mass balances (between 10 minutes and 9 hours) are 
attributed to the formation of CoA conjugates that are not quantifiable due to the absence of standards. CoA conjugated bile acids are 
shown in Figure S2. The structure of all bile acids discussed here is listed in Table S1.
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hours suggests that re-oxidation of LCA to 
3-oxoLCA occurred. No allo-bile acids (3-oxo-allo- 
LCA or allo-LCA) were observed in this experi-
ment, whereas a minor amount was observed in 
the previous experiment (Figure 2b). As seen with 
the six-enzyme set (Figure 2a), we observed a large 
proportion of bile acids that were oxidized at posi-
tion C7, either in the form of 7-oxoLCA or 
3,7-dioxo-CDCA. We did not observe all of the 
proposed intermediates of the pathway, as no 
3-oxo-Δ4-CDCA, 3-oxo-Δ4,6-LCA or 3-oxo-Δ4- 
LCA was detected at any time (Figure 3). This 
may be due to either to the fact that they are short- 
lived or that they are found only as CoA conju-
gates. The latter interpretation is parsimonious, as 
the bile acid mass balance was not achieved in the 
middle of the experiment, from 10 min to 9 hours 
(Figure 3), while it was at the late time point (24  
hours). Indeed, while bile acid CoA conjugates 
could be detected throughout the experiment 
based on either enzymatically synthesized stan-
dards or their mass (Figure S2), their concentra-
tions could not be quantified due to the absence of 
commercial standards. Most of the intermediates 
were identified, including CDCA-CoA, 
3-oxoCDCA-CoA, 3-oxo-Δ4,6-LCA-CoA, 3-oxo- 
Δ4-LCA-CoA, and LCA-CoA (Figure S2).

A paralogue of BaiA2, encoded by the baiA1/3 
gene, is present in the genome of C. scindens strain 
ATCC 35704. As the sequences of the two proteins 
are about 90% identical, we hypothesized that BaiA1/ 
3 could substitute for BaiA2 in the five-enzyme mix. 
As anticipated, replacing BaiA2 with BaiA1/3 
resulted in 7α-dehydroxylation and the bile acid 
profile obtained was very similar to that obtained 
when BaiA2 was included (Figure S3), showing that 
BaiA2 and BaiA1/3 are interchangeable.

Heterologous expression of bai genes in E. coli 
supports 7α-dehydroxylation of CDCA

No genetic system has been established in 
C. scindens to date, preventing us from directly 
assessing the involvement of individual genes in 
the pathway. Instead, we opted to engineer several 
E. coli strains expressing various bai genes (Figure 
S4A) to support the purified enzyme findings. In 
addition to the five-enzyme set, shown above to 
catalyze 7α-dehydroxylation in vitro, we also

introduced the gene encoding the bile acid trans-
porter BaiG. When only this gene is present, E. coli 
transformed a large fraction of CDCA to 
7-oxoLCA (Figure S4B), indicating the presence 
of a 7α-HSDH in this bacterium, as has been 
reported before.22 However, when all five genes 
(baiB-baiCD-baiE-baiA2; baiJ) are present in addi-
tion to baiG, the E. coli strain converted a small 
fraction of CDCA to 3-oxoLCA and LCA and 
a very small amount of 3-oxo-allo-LCA 
(Figure 4). In the absence of either baiA2 or baiJ, 
no 7α-dehydroxylation took place. These data sup-
port the finding with the purified enzymes that 
BaiB, BaiCD, BaiE, BaiA2, and BaiJ (the five- 
enzyme set) are sufficient to obtain conversion of 
CDCA to 7α-dehydroxylated secondary bile acids.

BaiJ is involved in the reductive part of the pathway

To detect intermediates of the 7α-dehydroxylation 
pathway and evaluate the involvement of indivi-
dual enzymes in specific steps, we added single 
enzymes from the five-enzyme set to CDCA, one 
at a time, in the sequence in which we expected 
them to act. Initially, CDCA was incubated with 
BaiB, followed by the addition of BaiA2, of BaiCD, 
of BaiE and finally, addition of BaiJ. Before supple-
mentation with each enzyme, a sample was taken 
and the bile acids quantified (Figure 5a). 
3-oxoCDCA appeared as expected after BaiA2 
was added to the reaction, and the concentration 
increased during the experiment. However, we did 
not detect the intermediates 3-oxo-Δ4-CDCA, 
3-oxo-Δ4,6-LCA or 3-oxo-Δ4-LCA, suggesting that 
these only exist as CoA conjugates. In agreement 
with this inference, we observed 3-oxo-Δ4-CDCA- 
CoA and a bile acid-CoA compound with a mass 
corresponding to 3-oxo-Δ4,6-LCA-CoA after addi-
tion of BaiCD (Figure 5b). No new bile acid-CoA 
compounds were observed after the addition of 
BaiE, but two novel bile acid-CoAs with masses 
corresponding to 3-oxo-Δ4-LCA-CoA and LCA- 
CoA were detected after addition of BaiJ. In addi-
tion, we observed CDCA-CoA at all steps and 
3-oxoCDCA-CoA at all steps after adding BaiA2. 
These data corroborate that BaiB ligates CoA to 
CDCA, followed by oxidation at position C3 by 
BaiA2 forming 3-oxoCDCA-CoA, but also 
3-oxoCDCA from unconjugated CDCA. The next
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steps are catalyzed by BaiCD and BaiE (oxidation 
followed by dehydration), but we only detected 
these intermediates in the form of CoA conjugates. 
Finally, we only observed the bile acids 3-oxo-LCA 
and LCA and CoA compounds with masses corre-
sponding to 3-oxo-Δ4-LCA-CoA and LCA-CoA 
after the addition of BaiJ (we could not determine 
whether 3-oxoLCA-CoA was present). This 
strongly suggests that BaiJ participates in the 
reductive steps of the pathway.

BaiJ catalyzes the first reductive step of the 
pathway

Based on the CA pathway, the reductive steps are 
expected to proceed via the reduction of 3-oxo- 
Δ4,6-LCA to 3-oxo-Δ4-LCA and then to 
3-oxoLCA and LCA (Figure 1a). The five-enzyme 
set produced both 3-oxoLCA and LCA (Figure 3). 
Therefore, we hypothesized that BaiJ is involved in 
the first reductive step and perhaps the second, as it 
was shown to be necessary to produce LCA. To 
assess this activity, the enzyme was incubated with 
3-oxo-Δ4,6-LCA and was found to reduce it to 
3-oxo-Δ4-LCA (Figure 6). In the model of the path-
way based on the six-enzyme set, this first reductive 
step is catalyzed by BaiH.9 Thus, our data reveal 

that BaiJ can replace BaiH for this step in 
C. scindens strain ATCC 35704 and is responsible
for the initiation of the reductive part of the path-
way with the five-enzyme set.

The second reductive step requires CoA ligation

BaiCD has previously been shown to catalyze 
the second reductive step, the conversion of 
3-oxo-Δ4-DCA to 3-oxoDCA, in the CA 
pathway.9 We hypothesized that it would exhibit 
the same activity in the CDCA 7α-dehydroxylation 
pathway. Surprisingly, a very small amount of 
3-oxoLCA (0.40 ± 0.04 μM) was produced from 
3-oxo-Δ4-LCA after 24 hours incubation with 
BaiCD (Figure 7a).

Therefore, we probed the activity of BaiJ with 
3-oxo-Δ4-LCA. A recent study has shown that BaiJ 
from C. scindens strain VPI 12708 and from strain
ATCC 35704 (named BaiP by authors) formed 
allo-bile acids (3-oxo-allo-LCA and allo-LCA) 
from 3-oxo-Δ4-LCA, when expressed in E. coli 
either alone or in combination with BaiA1.16 Our 
data confirmed that BaiJ reduces 3-oxo-Δ4-LCA 
and forms 3-oxo-allo-LCA as the only reduced 
product (Figure 7b). In addition, it was also capable 
of oxidizing 3-oxo-Δ4-LCA to 3-oxo-Δ4,6-LCA, 

Figure 4. Conversion of CDCA by E. coli expressing bai genes. Concentration of selected bile acids detected after incubation of 
engineered E. coli strains with 200 μM CDCA and sampled after 24 hours. Only detected intermediates of the 7α-dehydroxylation 
pathway are shown to allow visualization of bile acids found in low amounts. Concentrations of all detected bile acids are shown in 
Figure S4B. The bai genes in each strain are shown below bars. The last bar corresponds to the five-enzyme set plus BaiG. Histograms 
depict the mean and standard deviation of three assays. The structure of all bile acids discussed here is listed in Table S1.
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a reversal of the first reductive step for which BaiJ is 
responsible in the five-enzyme set (Figure 7b).

The formation of allo-bile acids from the reduction 
of 3-oxo-Δ4-LCA by BaiJ was surprising given that
very little (or no) allo-bile acids were observed during 
CDCA 7α-dehydroxylation with the five-enzyme set 
or in examination of a previous experiment with 
whole cells.21 When we did observe allo-bile acids

with the five-enzyme set, only 3-oxo-allo-LCA was 
detected, and it was found in much lower concentra-
tions than 3-oxoLCA (15- to 46-fold less) (Figure 2b, 
Figure S3).

A significant difference between CDCA 7α- 
dehydroxylation with the five-enzyme set and the 
assays performed with single enzymes and 3-oxo- 
Δ4-LCA, is the presence of BaiB in the former, 

Figure 5. Conversion of CDCA during sequential addition of five-enzyme set enzymes. (a) Bile acid concentrations after incubation of 
100 μM CDCA with indicated enzyme(s) for 90 min (150 min for BaiB) after which the next enzyme was added. Only bile acids in the 
proposed pathway are shown, but 7-oxoLCA and 3,7-dioxo-CDCA were also detected. Only CDCA was detected for no-enzyme control 
(not shown). No 3-oxo-Δ4-CDCA, 3-oxo-Δ4,6-LCA, 3-oxo-Δ4-LCA or allo-bile acids were detected. Histograms depict the mean and 
standard deviation of three assays. The structure of the bile acids discussed here is listed in Table S1. (b) CoA conjugated bile acids 
detected at each step. CoA intermediates with * are only identified by their mass, whereas the others were identified on the basis on 
enzymatically produced standards. 3-oxoLCA-CoA could not be detected due a technical problem.
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which allows for the formation of CoA-conjugated 
bile acids. To explore whether CoA conjugation 
plays a role in the formation of allo-bile acids, we 
compared the products of 7α-
dehydroxylation in the presence and absence of 
CoA-conjugated bile acids, i.e., with and without 
BaiB. It was not possible to use CDCA as the sub-
strate for this experiment, as omitting BaiB essen-
tially blocks the 7α-dehydroxylation pathway (see 
Figure 1A), and only the early intermediate 
3-oxoCDCA as well as the 7-oxidized bile acids 
(7-oxoLCA, 3,7-dioxo-CDCA) are formed in sig-
nificant amounts (Figure S5A). Instead, we opted 
to use the 3-oxo-Δ4-CDCA intermediate, as it is 
a substrate for BaiB-dependent CoA ligation, 
which is the case neither for 3-oxo-Δ4,6-LCA nor 
3-oxo-Δ4-LCA intermediates (data not shown). 
3-oxo-Δ4-CDCA was incubated in buffer with 
CoA alone or containing BaiB for 18 hours 
(Figure 8, part A) and, as expected, the concentra-
tion of 3-oxo-Δ4-CDCA decreased significantly in 
the reaction with BaiB, indicating conjugation to 
CoA. We then added BaiE+BaiJ or BaiE+BaiJ 
+BaiCD to either pre-incubation condition and 

quantified the bile acids after 7 hours of incubation 
(Figure 8, Part B). In all incubations, we only 
recovered part of the total bile acids present; 
a total of about 45 μM bile acids were found in
the no-enzyme control (NEC) compared to a total 
of 9–10 μM with BaiB and 28–30 μM without BaiB. 
In the former case, we expect CoA-conjugated 
forms to be present (but not quantifiable). 
However, we could not identify them because it is 
not possible to discriminate between 3-oxo-allo- 
LCA-CoA and 3-oxoLCA-CoA as there are no 
standards for either. In the assays without BaiB, 
we also observed a lower concentration than in 
the NEC. This may be due to the properties of 
some of the intermediates, as we have observed 
that both 3-oxo-allo-LCA and 3-oxoLCA likely
adsorb onto the surface of the assay tube. As 
neither BaiA2 nor BaiA1/3 were included, we 
expected no production of LCA or allo-LCA, 
which was indeed the case. In all cases, 
a significant amount of 3-oxo-allo-LCA was pro-
duced, but more so in the assays without BaiB pre- 
incubation. A small amount of 3-oxoLCA (0.53 ±  
0.02 μM) was produced in the BaiB pre-incubation 

Figure 6. First reductive step in 7α-dehydroxylation pathway. Bile acid concentrations after incubation of 3-oxo-Δ4,6-LCA with BaiJ 
from strain ATCC 35704 for 3 hours. A minor amount of 3-oxo-Δ4-CDCA was seen in both samples (2.41 ± 0.07 μM and 2.21 ± 0.08 μM), 
indicating a slight enzyme-independent transformation (not shown in graph). Allo-bile acids were not assessed as they are not 
relevant for the first reductive step but a minor amount of a bile acid observed with BaiJ (not shown in graph and assigned as 3-oxo- 
LCA in data file), is believed to be 3-oxo-allo-LCA. Histograms depict the mean and standard deviation of three assays. Structures of 
bile acids are shown on the right.
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case, but only when BaiCD was present in addition 
to BaiE and BaiJ. Together, these data support 
a scenario where BaiJ produces 3-oxo-allo-LCA 
from 3-oxo-Δ4-LCA in the absence of CoA and
where 3-oxoLCA is only formed when CoA- 
conjugated bile acids and BaiCD are present. This 
suggests that BaiCD reduces 3-oxo-Δ4-LCA-CoA.

BaiJ from C. scindens strain VPI 12708 differs from 
BaiJ from strain ATCC 35704

BaiJ from C. scindens ATCC 35704 is only approxi-
mately 47% identical to the C. scindens VPI 12708 

BaiJ protein (hereafter VPI-BaiJ), which has also 
been shown to form allo-bile acids from 3-oxo-Δ4- 
LCA.16 However, it is unclear whether VPI-BaiJ 
performs the first reductive step in the 7α-
dehydroxylation pathway (3-oxo-Δ4,6-LCA to
3-oxo-Δ4-LCA) as we reported for BaiJ from the 
ATCC 35704 strain (Figure 6). We found that VPI- 
BaiJ was unable to reduce 3-oxo-Δ4,6-LCA to 3-oxo- 
Δ4-LCA, but was able to reduce 3-oxo-Δ4-LCA to 
3-oxo-allo-LCA (Figure 9a) as previously 
reported.16 Since BaiJ in the five-enzyme set is 
responsible for initiating the reductive part of the 
pathway, we expected that the VPI-BaiJ would not 

Figure 7. Second reductive step in 7α-dehydroxylation pathway. (a) 3-oxo-Δ4-LCA was incubated with BaiCD for 24 hours and bile 
acids quantified. Only a small amount of 3-oxoLCA (0.40 ± 0.04 μM) was detected with BaiCD. A slight contamination with 
3,7-dioxoCDCA was observed in both assays (not shown). (b) 3-oxo-Δ4-LCA was incubated with BaiJ for 3 hours and bile acids 
quantified. Only 3-oxo-Δ4,6-LCA, 3-oxo-Δ4-LCA and 3-oxo-allo-LCA were detected. Histograms depict the mean and standard deviation 
of three assays. Structures of bile acids are shown on the right.
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replace the ATCC 35704 BaiJ in the five-enzyme set. 
This was indeed the case as no 7α-dehydroxylated 
bile acids (3-oxoLCA or LCA) were detected when 
the five-enzyme set incubated with CDCA
contained VPI-BaiJ instead of BaiJ from the ATCC 
35704 strain (Figure 9B).

BaiA2 or BaiA1/3 catalyzes the last step in both 
directions

The third reductive and last step in the 7α- 
dehydroxylation of CDCA is the conversion of 
3-oxoLCA to LCA, which has previously been 
attributed to BaiA2 in the case of DCA 
production.9 Accordingly, we found that both 
BaiA2 and BaiA1/3 reduce 3-oxoLCA to LCA 
(Figure 10a). As mentioned earlier, in our experi-
ment assessing the 7α-dehydroxylation of CDCA 
with the five-enzyme set over time, we observed 
that the amount of LCA initially increased, fol-
lowed by a decrease, whereas 3-oxoLCA continu-
ously increased in concentration (Figure 3). This 
indicates re-oxidation of LCA to 3-oxoLCA and 
indeed, we observed that both BaiA2 and BaiA1/3 
support the reaction in the oxidative direction as 
well (Figure S6).

Furthermore, we also found that both BaiA2 and 
BaiA1/3 were capable of reducing 3-oxo-allo-LCA 
to allo-LCA (Figure 10b) and of oxidizing allo-LCA 
to 3-oxo-allo-LCA (data not shown).

Discussion

Most studies on the biochemical pathway of 7α- 
dehydroxylation have focused on the genes 
encoded in the canonical bai operon, baiB-CD 
-E-A2-F-G-H-I and on C. scindens strain VPI 
12708. We purified all enzymes encoded in the 
bai operon, as well as those encoded by the genes 
baiJ, baiN, baiO and baiA1/3 from C. scindens 
strain ATCC 35704 and used anoxic in vitro 
enzyme assays to probe the role of the various 
enzymes in CDCA 7α-dehydroxylation. While the 
six-enzyme set previously identified to 7α- 
dehydroxylate CA supports limited 7α- 
dehydroxylation, we found that other enzyme com-
binations, all including BaiJ, enhanced the overall 
yield. Indeed, a five-enzyme set (BaiB, CD, E, A2
and J), 7α-dehydroxylates CDCA more efficiently 
(Figure 3) than the six-enzyme set (BaiB, CD, E, 
A2, F, H) previously invoked for strain VPI 12708 
(Figure 2a).9 In addition, we found that BaiA2 

Figure 8. Second reductive step with CoA-ligated bile acids. Part A: 3-oxo-Δ4-CDCA was incubated for 18 hours in buffer containing 
CoA and with or without BaiB and bile acids quantified (only 3-oxo-Δ4-CDCA was detected, apart from a minor amount of 3-oxo-Δ4,6- 
LCA seen without BaiB and in the NEC, possibly due to enzyme-independent dehydration). Part B: Each incubation was amended with 
additional enzymes (BaiE+BaiJ or BaiE+BaiJ+BaiCD) and cofactors and bile acids were quantified after 7 hours. 3-oxoLCA (0.53 ± 0.02  
μM) was only detected in the assay with BaiB+BaiE+BaiJ+BaiCD. Histograms depict the mean and standard deviation of three assays. 
The structure of bile acids discussed here is listed in Table S1.
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Figure 9. BaiJ from C. scindens strain VPI 12,708 cannot initiate reductive part of 7α-dehydroxylation pathway. (a) Bile acid 
concentrations after incubation of 100 μM 3-oxo-Δ4,6-LCA or 3-oxo-Δ4-LCA with BaiJ from C. scindens VPI 12708 for 3 hours. 
Structures of bile acids for the reactions are shown below graph. A minor amount of 3-oxo-Δ4-CDCA (2.21 ± 0.08 μM) was observed 
in the NEC with 3-oxo-Δ4,6-LCA as substrate (not shown in graph). (b) Five-enzyme set with BaiJ from either strain ATCC 35704 or VPI 
12708 (as indicated) incubated for 24 hours with 100 μM CDCA. No 3-oxo-allo-LCA, 3-oxoLCA or LCA was produced with BaiJ from 
strain VPI 12708. Only CDCA was detected in the NEC (not shown). Histograms depict the mean and standard deviation of three assays.
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encoded in the bai operon can be replaced by 
BaiA1/3 encoded at another locus (Figure S3). 
BaiA1/3 and BaiA2 are approximately 90% identi-
cal and it is therefore not surprising that they per-
form similar roles. C. scindens VPI 12708 encodes 
two BaiA proteins as the ATCC 35704 strain,16,23,24

but not all 7α-dehydroxylating species contain two 
baiA genes. Extibacter hylemonae DSM 15053 only 

harbors a single baiA gene that is located adjacent 
to the baiJKL cluster and not in the bai operon, 
whereas Peptacetobacter hiranonis DSM 13275 and 
Proteocatella sphenisci DSM 23131 only harbor 
a single baiA gene, located within the bai 
operon.16,25

The temporal bile acid profiles during CDCA 
7α-dehydroxylation differ between the five- 

Figure 10. Third reductive step in 7α-dehydroxylation pathway. Bile acid concentrations after incubation of (a) 3-oxoLCA for 3 hours or 
(b) 3-oxo-allo-LCA for 1 hour with indicated enzymes. Only 3-oxo-allo-LCA was detected in the NEC (panel B, not shown) after 24 hours 
incubation. Histograms depict the mean and standard deviation of three assays. Structures of bile acids are shown on the right.
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enzyme and the six-enzyme set (Figures 3 and 2a). 
In the latter case, rapid appearance of predomi-
nantly 3-oxoCDCA was observed, as opposed to 
7-oxoLCA for the five-enzyme set. However, after 
24 hours, both reactions contained 3,7-dioxo- 
CDCA as the major bile acid, indicating that one
or more enzymes can oxidize the hydroxyl group at 
C7. We found that both BaiCD and BaiJ were 
capable of this activity (Figure S7), and the pre-
sence of both in the five-enzyme set likely favored 
rapid oxidation at C7, resulting in limited 7α- 
dehydroxylation. Indeed, at 24 hours almost all of 
the bile acids were found in the form of either 
7-dehydroxylated or 7-oxidized species, with only 
a very minor amount of 3-oxoCDCA left 
(Figure 3). For the six-enzyme set, a significant 
amount of 3-oxoCDCA remained at 24 hours, 
which could be transformed into 3,7-dioxo- 
CDCA or 7α-dehydroxylated (Figure 2a).

The differences between these two enzyme com-
binations leading to 7α-dehydroxylation in 
C. scindens ATCC 35704, are (a) the substitution 
of BaiH in the six-enzyme set with BaiJ, and (b) 
the presence of a CoA transferase (BaiF) in the six- 
enzyme set. By analogy to the published CA path-
way, BaiH is expected to initiate the reductive 
branch in the CDCA pathway,9 converting 3-oxo- 
Δ4,6-LCA to 3-oxo-Δ4-LCA (Figures 1a and 11). 
Here, we show that BaiJ from strain ATCC 
35704 performs this activity (Figure 6), whereas 
BaiH from the ATCC strain has almost no activity 
(data not shown). This BaiJ activity seems to be 
restricted to some organisms, as the protein from 
C. scindens strain VPI 12708 is not able to reduce 
3-oxo-Δ4,6-LCA, and hence, a five-enzyme set 
including BaiJ from strain VPI 12708 is not func-
tional (Figure 9b). BaiJ homologues are found in 
many organisms and a recent phylogenetic analysis 
showed that BaiJ from C. scindens VPI 12708 is 
found in a separate sub-cluster from the 
C. scindens ATCC 35704 BaiJ.16 It was found that 
BaiJ from strain ATCC 35704 clustered with pro-
teins from other C. scindens strains as well as from 
Pe. hiranonis and Pr. sphenisci, whereas BaiJ from 
the VPI 12708 strain clustered with proteins from 
Dorea and Oscillospiraceae among others.16 

Interestingly, Pe. hiranonis harbors two baiJ genes 
and one of the two proteins clusters with BaiJ from 

C. scindens VPI 12708, while the other clusters with 
the ATCC 35704 enzyme. These results suggest that 
there may be two distinct pathways for CDCA 7α- 
dehydroxylation, one involving BaiJ in the first 
reductive step and the other involving BaiH (or 
another oxidoreductase).

Expression of genes in the bai operon is induced 
by CA in various organisms,6,7,21,23,25 but less is 
known about genes encoded at other loci. It has 
been observed that expression of baiA1/3 and baiJ 
in C. scindens strain ATCC 35704 is induced by 
CA, whereas baiN is expressed at the same level 
with or without CA.23 It was recently found that 
the baiJ gene in C. scindens strain VPI 12708 is not 
induced by CA (or other primary bile acids) as 
opposed to baiJ in strain ATCC 35704,21 which 
could reflect the distinct functions played by BaiJ 
in the two strains.

Allo-bile acids are “flat” stereoisomers, in which 
the hydrogen at C5 is α-oriented instead of β- 
oriented. It is not completely clear what role allo- 
bile acids play for the host, but increased levels of 
some iso- and allo-forms of LCA have been observed 
in centenarians as compared to younger individuals 
and in colorectal cancer patients.26–29 We have not 
detected any allo-bile acids in experiments with 
C. scindens bacterial cultures, or in mice infected 
with a defined microbiota including C. scindens (SI 
Material and Methods).21,30 However, allo-DCA has 
been reported earlier in studies of 7α- 
dehydroxylation of CA by C. scindens VPI 12708.31 

In a recent study, BaiJ from C. scindens strain ATCC 
35704 and from strain VPI 12708 were shown to 
have 5α-reductase activity and responsible for redu-
cing 3-oxo-Δ4-LCA (and 3-oxo-Δ4-DCA) to 3-oxo- 
allo-LCA (and 3-oxo-allo-DCA).16 We confirmed 
this finding (Figures 7b and 9a), and as discussed 
above, BaiJ from C. scindens ATCC 35704 is also 
responsible for the preceding reductive step during 
7α-dehydroxylation with the five-enzyme set 
(Figure 6). Yet we found little, or no, 3-oxo-allo- 
LCA during the CDCA 7α-dehydroxylation experi-
ments with the five-enzyme set containing BaiJ, with 
the majority of 7α-dehydroxylated bile acids being 
3-oxoLCA (Figures 2b, 3, 5, 9b, S3, S5A). This result 
was quite surprising, given that BaiJ efficiently 
reduces 3-oxo-Δ4-LCA to 3-oxo-allo-LCA (approxi-
mately 24% of total bile acids after 3 hours,
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Figure 11. Model of CDCA 7α-dehydroxylation in C. scindens ATCC 35704. CDCA is transformed to 3-oxo-Δ4-CDCA-CoA by BaiB, BaiA2, 
and BaiCD, followed by dehydration catalyzed by BaiE to form 3-oxo-Δ4,6-LCA-CoA, as described previously.9 The next steps in the 
published 7α-dehydroxylation pathway based on bai operon-encoded six-enzyme set are shown on the left.9 In our model of CDCA 
7α-dehydroxylation with the C. scindens ATCC 35704 five-enzyme set (middle panel), the first reductive step directly follows the
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Figure 7b), whereas BaiCD reduces the same sub-
strate to 3-oxo-LCA poorly (less than 1% of total bile 
acids after 24 hours, Figure 7a). One possible expla-
nation for this discrepancy could be that the inter-
mediate available for the second reductive step 
during 7α-dehydroxylation of CDCA with the five-
enzyme set is not 3-oxo-Δ4-LCA, but rather 3-oxo- 
Δ4-LCA-CoA, and BaiJ and/or BaiCD reduce the 
CoA conjugate to 3-oxoLCA-CoA. We could not 
assess this directly because 3-oxo-Δ4-LCA-CoA is 
not commercially available, and we could not pro-
duce it because BaiB does not ligate CoA to 3-oxo- 
Δ4-LCA in vitro (data not shown). Instead, we opted 
to utilize the 3-oxo-Δ4-CDCA intermediate (because 
it is a substrate for CoA ligation by BaiB) and com-
pared its further conversion by BaiE, BaiJ, and 
BaiCD with and without CoA conjugation (i.e., 
with and without BaiB) (Figure 8). We found that 
3-oxoLCA was only produced when BaiB was pre-
sent and was dependent on the presence of BaiCD, 
whereas 3-oxo-allo-LCA was most abundantly pro-
duced in the absence of the CoA-conjugating 
enzyme. This corroborates the co-existence of two 
branches of the pathway: one predominant in the 
absence of BaiB, and in which BaiJ reduces the 
unconjugated 3-oxo-Δ4-LCA intermediate to 3-oxo- 
allo-LCA; and a second in which BaiCD reduces the 
CoA-conjugated intermediate to produce 
3-oxoLCA-CoA (Figure 11).

Interpretation of our various results leads us to 
believe that the vast majority of bile acids that 
proceed through 7-dehydroxylation are CoA- 
conjugated bile acids (Figure 11). Several lines of 
evidence support this assertion: (a) The first oxida-
tive step by BaiA2, which produces 3-oxoCDCA 
from CDCA, can take place without CoA conjuga-
tion (Figure S7). But if BaiB is absent from the five- 
enzyme set, and therefore no CoA conjugation can 
take place, CDCA is converted almost exclusively 
to 3- and 7-oxidized bile acids (3-oxoCDCA, 

7-oxoLCA and 3,7-dioxo-CDCA, Figure S5A) and 
never advances further, indicating that BaiCD has 
specificity for 3-oxoCDCA-CoA and not 
3-oxoCDCA; (b) We could corroborate this by 
demonstrating that 3-oxoCDCA is converted to
3-oxo-Δ4-CDCA by BaiCD very poorly (less than 
1% of total bile acids (Figure S5B) (c) In agreement 
with this, when the enzymes from the five-enzyme 
set were sequentially added to CDCA (Figure 5), 
we observed the formation of 3-oxo-Δ4-CDCA- 
CoA but not 3-oxo-Δ4-CDCA after BaiCD was 
supplied, strongly suggesting that BaiCD produces 
only 3-oxo-Δ4-CDCA-CoA; (d) Finally, in the 
same experiment, the substrate for the first reduc-
tion (3-oxo-Δ4,6-LCA) was only detected in CoA- 
ligated form prior to the addition of BaiJ and its 
subsequent reduction (Figure 5). Taken together, 
these data suggest that the majority of bile acids 
that proceed to the reductive arm of 7α- 
dehydroxylation from CDCA with the five- 
enzyme set are conjugated to CoA, and we 
hypothesize that this determines why minor 
amounts of allo-bile acids are produced (if any) 
(Figure 11).

This raises the question of when CoA is 
added and lost during the transformation of 
CDCA to LCA. In the six-enzyme 7α- 
dehydroxylation pathway, CoA is removed by 
the CoA transferase BaiF immediately before 
the reductive arm (Figure 11).9 This may be 
necessary for the reaction to proceed, as we 
observed that BaiF is needed if BaiH is present 
and BaiJ absent (Figure 2b). However, in the 
five-enzyme set, there is no BaiF and 7α- 
dehydroxylation still occurs. In that case, few 
non CoA-conjugated intermediates are observed 
and the intermediates in which the ring is oxi-
dized are missing entirely (only 3-oxoCDCA, 
3-oxoLCA, and LCA, and sometimes 3-oxo-allo- 
LCA are observed). In contrast, we observe 

dehydration step and is catalyzed by BaiJ (and is reversible). The second reductive step is most likely catalyzed by BaiCD (as BaiCD is 
necessary to form 3-oxoLCA when starting from 3-oxo-Δ4-CDCA, Figure 8). The final reductive step can be catalyzed by either BaiA2 or 
BaiA1/3. CoA is expected to be lost only after the third reductive step (as we observed the presence of LCA-CoA), resulting in 
production of LCA. The final product LCA may be re-oxidized to 3-oxo-LCA by either BaiA2 or BaiA1/3. Without BaiB (right panel), 
a minor fraction of bile acids may proceed through the pathway and unconjugated 3-oxo-Δ4,6-LCA enters the reductive branch where 
BaiJ catalyzes both the first and second reductive step resulting in the formation of 3-oxo-allo-LCA, with the possibility of further 
reduction to allo-LCA by either BaiA2 or BaiA1/3.
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almost all CoA-conjugated intermediates, 
including LCA-CoA, indicating that CoA may
be ligated to both CDCA and 3-oxoCDCA, and 
then carried along to the conclusion of the
pathway. How CoA is removed without BaiF 
remains to be established, but this reaction 
could be catalyzed by BaiB.

Recent work has established that there are var-
iations in the organization of the bai operon and 
the genes it contains among microorganisms, but 
relatively little is known about bai genes external 
to the operon.16,18,25,32–34 This work demonstrates 
on the one hand that an enzyme encoded by 
a gene outside the bai operon (i.e., BaiJ) is neces-
sary for efficient 7α-dehydroxylation at least in 
one C. scindens strain and, on the other, that 
enzymes from the operon can be replaced by 
others. This demonstrates that even within 
a single organism, there is redundancy in the 
enzymatic bile acid 7α-dehydroxylation pathway 
(Figure 11).

The CDCA 7α-dehydroxylation pathway dis-
cussed here for C. scindens strain ATCC 35704 
differs from the one evidenced for CA in strain 
VPI 12708 in several ways (Figure 11). First, 
CoA is ligated either at CDCA or 3-oxoCDCA 
and released at the end of the pathway (LCA). 
Second, BaiJ, rather than BaiH, is the reductase 
for the first reductive step. Third, we postulate 
that the presence of CoA determines the out-
come of the second reductive step. Fourth, 
BaiA2 and BaiA1/3 are interchangeable as the 
3α-HSDH in this pathway. Finally, the last 
reductive step is reversible, suggesting that 
LCA efflux must occur rapidly to preclude its 
re-oxidation to 3-oxoLCA.

Further work is needed to determine the role 
of other proteins found in some organisms, such 
as BaiO, BaiN, BaiK, BaiL, and 12αHSDH, and 
establish whether they, such as BaiJ and BaiA1/3, 
can also replace bai operon enzymes in 7α- 
dehydroxylation of primary bile acids. This 
study used a simplified in vitro system to deci-
pher a complex pathway, but it would be valuable 

to assess in future work how other bacterial spe-
cies present in the gut microbiota, as well as the 
host factors, modulate or influence 7α- 
dehydroxylation in vivo.

Material and methods

Bacterial strains and culture conditions

Bacterial strains and plasmids used in this study are 
listed in Table S2.

E. coli strains were grown in LB medium or TB 
medium (for protein expression) at 37°C and sup-
plemented with ampicillin (100 μg/mL), kanamy-
cin (50 μg/mL), spectinomycin (50 μg/mL), or 
chloramphenicol (25 μg/mL) when indicated.

Cloning of bai genes for protein expression

Genes encoding BaiA1/3, BaiA2, BaiCD, BaiH, BaiB, 
BaiF, BaiE, BaiJ, BaiO, BaiI, and BaiN from 
Clostridium scindens ATCC 35704 and BaiJ from 
C. scindens VPI 12708 (see Table S3 for gene loci 
and protein accession numbers) were amplified by 
PCR using primers listed in Table S4. Each PCR- 
amplified gene was cloned into pET28b+ or 
a modified pET28b+ vector (m-pET28b+) using 
Gibson Assembly (New England BioLabs), accord-
ing to the manufacturer’s instructions. The modified 
pET28b+ carries both a His-Tag and a Strep-Tag 
sequence (K. Lau, unpublished). Restriction sites 
used for plasmid digestion are indicated in Table 
S4. The recombinant plasmids were transformed 
into E. coli TOP10 (One Shot™ TOP10 Chemically 
Competent E. coli, Invitrogen). All plasmid con-
structs were verified by sequencing and further 
transformed into the expression strain E. coli BL21- 
CodonPlus(DE3)-RIPL (Agilent).

Protein expression and purification

Recombinant E. coli BL21-CodonPlus(DE3)-RIPL 
cells were grown on LB agar plates containing 
kanamycin, spectinomycin, and chloramphenicol. 
A single colony was used to start an overnight 
culture in 100 mL LB medium containing the anti-
biotics mentioned above. The overnight culture 
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was used to inoculate 2 L of TB autoinduction 
medium. For the purification of BaiCD and BaiH, 
600 μM cysteine and 200 μM FeCl3 were added to 
the medium. Cultures were maintained at 37°C 
under constant agitation for two hours until 
OD600 reached 0.5. Cultures were grown for 
approximately 18 hours at 18°C before being
harvested by centrifugation at 15,000 × g. Cell pel-
lets were stored at −20°C until purification.

In a typical purification, the cell pellet was resus-
pended in 30 mL lysis buffer (20 mM HEPES, pH 
7.5, 300 mM NaCl) supplemented with 10% v/v 
glycerol, 5 μL Benzonase® nuclease (Merck), and 
one protease inhibitor cocktail tablet (Roche). For 
the purification of the flavoproteins (BaiJ, BaiO, 
BaiCD) 500 μM FAD and FMN were added to the 
cells prior to lysis. Cell lysis was performed using 
a French Press Emulsiflex-C3 (Avestin). The lysate 
was removed by centrifugation at 4°C for 40 min at 
20,000 × g. Supernatant was filtered through a 0.45  
μm filter and subsequently loaded onto a 5 mL 
HisTrapTM excel column (GE Healthcare Life 
Sciences) or 5 mL Strep-Tactin® XT Superflow® 
column (Iba) for the purification of His-tagged 
protein and Strep-tagged proteins respectively, 
using an ÄTKA Purifier (GE Healthcare Life 
Sciences). The column was washed with 10 column 
volumes of lysis buffer before elution. The elution 
buffer for His-tagged proteins contained 500 mM 
NaCl, 10 mM HEPES (pH 7.5), and 500 mM imi-
dazole (pH 7.5). The elution buffer for purification 
of Strep-tagged proteins contained 60 mM HEPES 
(pH 7.5), 30 mM Tris, 250 mM NaCl, and 50 mM 
biotin. Samples from the lysate, the column flow- 
through, and the eluted fractions were run on a -
NuPAGETM 4–12% Bis-Tris gel (Invitrogen) to 
verify the size of the purified protein and the purity 
of the eluted fractions. The fraction(s) containing 
the protein, based on absorbance at 280 nm, were 
pooled and dialyzed overnight in 2 L of dialysis 
buffer (20 mM HEPES pH 7.5, 150 mM NaCl). 
After dialysis, proteins were concentrated using 
Amicon Ultra-15 Centrifugal Filter Units 
(Merck). The final protein concentration was esti-
mated using absorbance measurements at 280 nm, 
and the extinction coefficient calculated withe 
ExPASy ProtParam tool based on its amino acid 
sequence. Figure S1 shows the gels with the pur-
ified enzymes.

In vitro enzyme assays

General setup of enzyme assay
Assays were performed in buffer (50 mM HEPES 
pH 7.5, 50 mM KCl, 0.5 mM tris(2-carboxyethyl)
phosphine (TCEP)) containing a cofactor mix (500  
μM of each NAD, NADP, NADH, NADPH, FMN, 
FAD, CoA, ATP, ADP) and 100 μM of cheno-
deoxycholic acid (CDCA) or other bile acid sub-
strate. The buffer and enzymes (kept on ice) were 
purged under N2 flow for 1 hour. All subsequent 
steps were carried out in an anoxic chamber (Coy 
Laboratory Products, 95% N2, 5% H2) at 37°C.

Generally, for assays with a single enzyme, 10 μg 
of protein was used per reaction, and for assays 
with an enzyme mix, 10 μg of each enzyme was 
pooled together in a tube with buffer before pur-
ging. Reactions (100 μL) were initiated by the addi-
tion of a single enzyme or enzyme mix to the 
buffer-substrate solution and incubated at 37°C. 
Samples (20 μL) were collected and mixed with 
50% v/v of methanol/H2O (180 μL) at times indi-
cated to stop the reaction and kept at −20°C until 
analysis. All assays, as well as no-enzyme controls 
(NEC), were performed in triplicate. Bile acids 
were analyzed by LC/MS.

Sequential addition of enzymes
The reaction was initiated by adding 20 μg BaiB to 
100 μM CDCA in buffer containing cofactor mix 
(final volume 200 μL). After 2.5 hours, 20 μL was 
sampled and 20 μg of BaiA2 (5 μL) was added to 
the assay. After an additional 1.5 hours, 20 μg of 
BaiCD, then 20 μg of BaiE, and finally 20 μg of BaiJ 
were added with sampling before each enzyme 
addition. Bile acids were analyzed by LC/MS.

Role of CoA in 3-oxo-Δ4-CDCA conversion
Individual assays with 3-oxo-Δ4-CDCA in buffer 
containing only CoA and ATP were incubated 
overnight (18 hours) with either 20 μg BaiB or an 
equal volume of buffer (in final volume of 50 μL), at 
which point samples were removed (10 μL) (Part A, 
Figure 8). Then, buffer containing cofactors were 
added, as well as additional enzymes to assays pre-
viously incubated with BaiB (BaiB-BaiE-BaiJ or 
BaiB-BaiE-BaiJ-BaiCD) or previously incubated 
only with buffer (BaiE-BaiJ or BaiE-BaiJ-BaiCD). 
The final concentration of all co-factors was 500  
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μM (except CoA and ATP; 1 mM) in a final volume 
of 100 μL. Samples (20 μL) were removed after 7  
hours (Part B, Figure 8). Bile acids were analyzed 
by LC/MS.

Bile acid standards

Bile acid standards were purchased from Steraloids 
or Toronto Research Chemicals and were used for 
the identification and quantification of bile acid 
samples. Information regarding the quantified bile 
acids is provided in Table S1. Authentic standards 
were used for all bile acids listed in Table S1. 
Extracted ion chromatograms (EICs) of all stan-
dards and experimentally observed compounds are 
shown in Figure S8.

CoA conjugates of CDCA, 3-oxoCDCA, 3-oxo- 
Δ4-CDCA, 7-oxoLCA, and 3,7-dioxoCDCA were 
synthesized by incubating 10 μg of BaiB in buffer 
(50 mM HEPES pH 7.5, 50 mM KCl, 0.5 mM 
TCEP) containing co-factor mix (500 μM of each 
NAD, NADP, NADH, NADPH, FMN, FAD, CoA, 
ATP, ADP) with 100 μM of bile acid substrate 
under anoxic conditions for 24 hrs. We were 
unable to synthesize CoA conjugates of LCA, 
3-oxoLCA, 3-oxo-Δ4-LCA, and 3-oxo-Δ4,6-LCA 
and identification of these were based on mass. 
EICs of bile acid CoA conjugates that were enzy-
matically synthesized are shown in Figure S9.

In vitro enzyme assay sample preparation

100 μL from each sample, which was previously 
diluted and 100 μL from each calibration stan-
dard, were transferred into individual wells of 2  
mL 96-well plate. 50 μL of an ISTD solution 
(CA-d4, CDCA-d4, DCA-d4 and LCA-d4, each at 
2 μM in methanol) was pipetted into each well. 
Immediately after the addition of ISTD, 600 μL of 
0.2% formic acid in H2O was added to each sam-
ple or calibration standard level. The 96-well plate 
was shaken using an orbital shaker at 300 rpm and 
centrifuged at 3500 rpm for 5 min at 4°C.

The contents of the 96-well plate were extracted 
by solid-phase extraction using an Oasis HLB 96- 
well μElution plate. The extracted samples were 
dried in a Biotage® SPE Dry 96 at 20°C and recon-
stituted with 100 μL of MeOH/H2O (50/50). The 

plate was shaken using an orbital shaker at 300 rpm 
for 5 min and centrifuged at 3500 rpm for 5 min at 
4°C. The samples were injected on the LC-HRMS 
system.

Bile acid extraction from E. coli cells

Samples (1 mL) were vacuum-dried overnight 
(evaporated in a SpeedVac, RVC 2–33 CDplus 
Infrarot, Martin Christ, Germany). The dried cells 
were collected, and approximately 450 mg of 0.5  
mm zirconium beads were added to each tube. 
1200 μL of MeOH/H2O (2/1) + 0.1% formic acid 
was used as extraction solvent. Samples were 
homogenized in a Precellys 24 Tissue 
Homogenizer (Bertin Instruments, Montigny-le- 
Bretonneux, France) at 6500 rpm with a 2 × 20” 
beat and 20” rest. Homogenized samples were cen-
trifuged at 21’000 rcf for 15 min at 4°C. 10 μL of 
each supernatant and 100 μL of each calibration 
standard were transferred into individual wells of 
a 2 mL 96-well plate. 50 μL of an ISTD solution 
(CA-d4, CDCA-d4, DCA-d4 and LCA-d4, each at 
2 μM in methanol) was pipetted into each well. 
Immediately after the addition of ISTD, 600 μL of 
0.2% formic acid in H2O was added to each sample 
or calibration standard level. The 96-well plate was 
shaken using an orbital shaker at 300 rpm and 
centrifuged at 3500 rpm for 5 min at 4°C.

The contents of the 96-well plate were extracted 
by solid-phase extraction using an Oasis HLB 96- 
well μElution plate. The extracted samples were 
dried in Biotage® SPE Dry 96 at 20°C and recon-
stituted with 100 μL of MeOH/H2O (50/50). The 
plate was shaken using an orbital shaker at 300 rpm 
for 5 min and centrifuged at 3500 rpm for 5 min at 
4°C. The samples were injected on the LC-HRMS 
system.

LC/MS analysis

The quantitative method was performed on an 
Agilent Ultra-high-performance liquid chromatogra-
phy 1290 series coupled to an Agilent 6530 Accurate- 
Mass Q-TOF mass spectrometer. The separation was 
done on a Zorbax Eclipse Plus C18 column (2.1 ×  
100 mm, 1.8 μm) mounted with its guard column 
Zorbax Eclipse Plus C18 (2.1 × 5 mm, 1.8 μm), both 
provided by Agilent Technologies (Santa Clara, CA, 
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USA). The column compartment was kept heated at 
50°C. Two different solutions were used as eluents: 
ammonium acetate [5 mM] in water as mobile phase 
A, and pure acetonitrile as mobile phase B. A constant 
flow of 0.4 mL/min was maintained over 26 minutes 
of run time with the following gradient (expressed in 
eluent B percentage): 0–5.5 min, constant 21.5% B; 
5.5–6min, 21.5–24.5% B; 6–10 min, 24.5–25% B; 10– 
10.5min, 25–29% B; 10.5–14.5 min, isocratic 29% B; 
14.5–15 min, 29–40% B; 15–18 min, 40–45% B; 18– 
20.5 min, 45–95% B; 20.5–23 min, constant 95% B; 
23–23.1 min, 95–21.5% B; 23.10–26 min, isocratic 
21.50% B. The system equilibration was implemented 
at the end of the gradient for 3 minutes in initial 
conditions. The autosampler temperature was main-
tained at 10°C and the injection volume was 5 μL. 
Ionization mode was operated in negative mode for 
the detection using the Dual AJS Jet Stream ESI 
Assembly. The QTOF acquisition settings were con-
figured in 4 GHz high-resolution mode (resolution 
17,000 FWHM at m/z 1000), data storage in profile 
mode, and the high-resolution full MS chromato-
grams were acquired over the range of m/z 100– 
1700 at a rate of 3 spectra/s. The mass spectrometer 
was calibrated using ESI-L solution from Agilent 
Technologies every 6 hours to maintain the best 
mass accuracy. Source parameters were set as follows: 
drying gas flow, 8 L/min; gas temperature, 300°C; 
nebulizer pressure, 35 psi; capillary voltage, 3500 V; 
nozzle voltage, 1000 V. Data were processed using the 
MassHunter qualitative and quantitative software. In 
the quantitative method, 11 bile acids (Table S1) were 
quantified using external calibration curves. 
Calibration curves were made from 11 dilutions 
with concentrations ranging from 50 nM to 15,000  
nM. Estimated detection limits were 50–100 nM. The 
quantification was corrected by the addition of inter-
nal standards (CA-d4, CDCA-d4, DCA-d4 and 
LCA-d4, each at 1 μM in methanol) to all samples 
and standards. Extracted ion chromatograms were 
generated using a retention time window of ±1 min 
and a mass extraction window of ±40 ppm around 
the theoretical mass of the targeted bile acid. 
Reproducibility between assays was assessed by deter-
mining the variation between the no-enzyme control 
(NEC) values obtained in assays with CDCA as the 
substrate. Values were all within 87–116% of the 
average concentration obtained (Table S5). 
Furthermore, the stability of the instruments was 

verified by determining the mass of the three internal 
standards in all samples during a single run (Figure 
S10). Most were within 6 ppm of the expected mass.

Identification of CoA conjugates

The same acquisition method described in the pre-
vious paragraph was used to detect CoA- 
conjugated bile acids. However, the positive mode 
was chosen for better detection of these com-
pounds. The retention time and the exact masses 
in positive mode (M+H+) of CDCA-CoA, 3-oxo- 
CDCA-CoA, 3-oxo-Δ4-CDCA-CoA, 3,7-dioxo- 
CDCA-CoA, and 7-oxo-LCA-CoA were defined 
based on the final products of our enzymatically 
synthesized standards (Figure S9). 3-oxo-LCA, 
LCA-CoA, 3-oxo-Δ4,6-LCA-CoA and 3-oxo-Δ4- 
LCA-CoA could not be produced this way and 
were difficult to separate by LC. These compounds 
were identified based only on their theoretical 
masses (M+H+). The final samples of the experi-
ments were directly injected on the LC-HRMS 
without any treatment to avoid the loss of any 
CoA-conjugated bile acid.

Heterologous expression of bai genes in 
Escherichia coli

Plasmid constructions
A miniTn7 delivery vector, pUC18R6KT- 
miniTn7T-Km,35 was used to insert genes from 
the bai operon into the genome of E. coli 
Mt1B1.36 The regions encoding baiB-CD-E or 
baiB-CD-E-A2 were amplified by PCR with pri-
mers pUCmini-baiB_F and either pUCmini-baiE 
_R or pUCmini-baiA2_R (see Table S4 for pri-
mers) using genomic DNA from C. scindens 
ATCC 35704 as template. The fnrS promoter 
(fnrSP) from E. coli MG1655 was amplified with 
primers pUCmini(E)-fnrSp_F (for baiB-A2) or 
pUCmini(K)-fnrSp_F (for baiB-E) and pUCmini- 
fnrSp_R (for both). fnrSP and bai genes were 
inserted into KpnI-EcoRI (for baiB-E) or EcoRI- 
SacI (for baiB-A2) digested pUC18R6KT- 
miniTn7T-Km using NEB Builder HiFi Assembly 
mix (New England Biolabs) to construct pUC18- 
miniTn7-baiB-E and pUC18-miniTn7-baiB-A2, 
respectively.
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The baiJ gene from C. scindens ATCC 35704 was 
amplified with primers pKIKO-baiJ_F and R, and 
inserted into pKIKO-lacZ-Cm37 (digested with 
EcoRI and BamHI) together with the fnrS promo-
ter (amplified with primers pKIKO-fnrSp_F and R) 
using the NEB Builder HiFi Assembly mix to con-
struct pKIKO-baiJ.

pBAD-baiG was prepared by amplifying baiG 
(primers pBAD-baiG_F and R) and inserting the 
PCR product into EcoRI-SmaI-digested pBAD 
using the NEB Builder HiFi Assembly.

All plasmid constructs were verified by Sanger 
sequencing.

Insertion of baiB-E and baiB-A2 into attTn7 site in 
chromosome of E. coli Mt1B1
Insertion of fnrSP-baiB-E and fnrSP-baiB-A2 into 
the attTn7 locus in E. coli Mt1B1 was performed as 
previously described.35 Briefly, the miniTn7 deliv-
ery plasmid was co-electroporated with pTNS235 

(expressing the transposase) into E. coli Mt1B1. 
Clones were selected on LB agar plates with kana-
mycin, single colonies were streaked, insertion was 
verified by PCR (primers neoF and glmS_down), 
and loss of helper plasmid was confirmed. To 
remove the kanamycin resistance cassette, the 
pFLP335 helper plasmid (expressing FLP recombi-
nase) was introduced. Colonies were tested for 
absence of the kanamycin cassette and then 
grown on LB agar plates containing sucrose to 
promote loss of the helper plasmid. Single purified 
colonies without the kanamycin cassette (and 
helper plasmid) were selected and insertion verified 
by PCR using genome-specific primers 
(glms_down and DBZ-03745_R), followed by 
sequencing of the PCR product to confirm the 
presence of all inserted genes.

Insertion of baiJ into lacZ gene in Mt1B1
A fragment containing fnrSP-baiJ and the chloram-
phenicol resistance cassette flanked by lacZ homol-
ogy arms was amplified by PCR using the primers 
lacZ-insert_F and lacZ-insert-R from pKIKO- 
baiJ.37 The DNA fragment was electroporated 
into the recipient strain containing plasmid 
pSIJ838 that had been pre-induced with 15 mM 
arabinose for 45 min to express the lambda Red 
recombineering genes from the plasmid before 
processed for electroporation. Clones with 

insertions were selected by plating on LB agar 
plates supplemented with chloramphenicol and 
ampicillin and incubated at 30°C. Insertion of the 
fragment into the lacZ gene was confirmed by PCR 
(primers Cm-test and lacZ_RO). Next, the
chloramphenicol resistance gene was removed by 
inducing the expression of the FLP recombinase 
from pSIJ8 (with 50 mM rhamnose for 4 hours), 
followed by growth on LB supplemented with 
ampicillin at 30°C. Single colonies were screened 
for absence of the chloramphenicol cassette and 
then grown at 37°C to induce loss of the tempera-
ture-sensitive plasmid pSIJ8. Clones cured of pSIJ8 
were purified, the insertion of baiJ verified by PCR 
using genome-specific primers (lacZ_FO and RO), 
and the PCR product was sequenced to confirm the 
insertion of fnrSP-baiJ.

CDCA transformation by E. coli expressing bai 
genes

Strains KM0c, KM02, KM03, and KM04 (Table S2, 
Figure S4) were grown aerobically in LB supple-
mented with ampicillin to exponential phase at 
37°C and then transferred to an anoxic chamber. 
The cultures were diluted 100-fold in anoxic LB 
medium supplemented with ampicillin (100 μg/ 
mL), glucose (20 mM), and arabinose (0.005%) 
and grown for an additional 2 hours. CDCA (200  
μM) was added to 1.5 mL of the culture (in tripli-
cate) and incubated at 37°C overnight in an anoxic 
chamber. The samples (1 mL) were frozen before 
processing for bile acid extraction.
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