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ABSTRACT Gut metagenomic sequences provide a rich source of microbial genes,
the majority of which are annotated by homology or unknown. Genes and gene
pathways that encode enzymes catalyzing biotransformation of host bile acids are
important to identify in gut metagenomic sequences due to the importance of bile
acids in gut microbiome structure and host physiology. Hydroxysteroid dehydroge-
nases (HSDHs) are pyridine nucleotide-dependent enzymes with stereospecificity and
regiospecificity for bile acid and steroid hydroxyl groups. HSDHs have been identi-
fied in several protein families, including medium-chain and short-chain dehydroge-
nase/reductase families as well as the aldo-keto reductase family. These protein
families are large and contain diverse functionalities, making prediction of HSDH-
encoding genes difficult and necessitating biochemical characterization. We located a
gene cluster in Eggerthella sp. CAG:298 predicted to encode three HSDHs (CDD59473,
CDD59474, and CDD59475) and synthesized the genes for heterologous expression in
Escherichia coli. We then screened bile acid substrates against the purified recombi-
nant enzymes. CDD59475 is a novel 12�-HSDH, and we determined that CDD59474
(3�-HSDH) and CDD59473 (3�-HSDH) constitute novel enzymes in an iso-bile acid
pathway. Phylogenetic analysis of these HSDHs with other gut bacterial HSDHs and
closest homologues in the database revealed predictable clustering of HSDHs by
function and identified several likely HSDH sequences from bacteria isolated or se-
quenced from diverse mammalian and avian gut samples.

IMPORTANCE Bacterial HSDHs have the potential to significantly alter the physi-
cochemical properties of bile acids, with implications for increased/decreased
toxicity for gut bacteria and the host. The generation of oxo-bile acids is known
to inhibit host enzymes involved in glucocorticoid metabolism and may alter sig-
naling through nuclear receptors such as farnesoid X receptor and G-protein-
coupled receptor TGR5. Biochemical or similar approaches are required to fill in
many gaps in our ability to link a particular enzymatic function with a nucleic
acid or amino acid sequence. In this regard, we have identified a novel 12�-
HSDH and a novel set of genes encoding an iso-bile acid pathway (3�-HSDH and
3�-HSDH) involved in epimerization and detoxification of harmful secondary bile
acids.
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Metagenomic sequencing of microbial DNA in environmental samples, including
human stool, has provided a massive gene catalogue to the microbiologist, only

an estimated 50% of which has been annotated; many of these annotations are
homology based, and a miniscule number have been characterized biochemically (1).
The Human Microbiome Project (2) and Metagenomics of the Human Intestinal Tract
(MetaHIT) have provided a “second human genome” to decode (3). One set of func-
tional pathways within this “second human genome” is the gut sterolbiome (4), which
participates in the endocrine function of the host as well as, in the case of bile acids,
regulation of microbiome structure and functions. Gut bacterial metabolism of bile
acids is known to affect signaling through the farnesoid X receptor (5), G-protein-
coupled protein receptor TGR5 (6), muscarinic receptor (7), and vitamin D receptor (8).
In addition, the formation of oxo-bile acids has been shown to inhibit the enzyme
11�-hydroxysteroid dehydrogenase 1 (11�-HSD1), which has been reported to alter the
gut microbiome community structure (9).

The oxidation of bile acid hydroxyl groups by gut bacteria also allows epimerization
by the concerted action of two regiospecific enzymes differing in stereospecificity such
that the conversion of, for instance, 7�-hydroxylated chenodeoxycholic acid (CDCA)
to 7�-hydroxylated ursodeoxycholic acid (UDCA) bile proceeds through a stable
7-oxolithocholic acid intermediate (10). Epimerization of the 3�-hydroxy results in
formation of so-called iso-bile acids (3�-hydroxyl) (11) that are more hydrophilic and
less toxic than the 3�-hydroxyl host-derived bile acid (12, 13), as is also the case with
UDCA, which is used therapeutically in hepatobiliary diseases (14). The least-studied
pathway is the epimerization of the 12�-hydroxyl¡12-oxo¡12�-hydroxyl of cholic
acid derivatives (15, 16).

Eggerthella lenta (formerly Eubacterium lentum) is a Gram-positive, non-spore-
forming, nonmotile, obligate anaerobic bacterium whose growth is stimulated by
arginine (17, 18). E. lenta is a particularly important participant in the gut sterolbiome,
various strains of which have the potential to encode enzymes that metabolize cardiac
glycosides (19, 20) and 21-dehydroxylate corticosteroids (21), hydrolyze conjugated bile
acids (22), and oxidize bile acid hydroxyl groups (23, 24). E. lenta strains have previously
been grouped according to their pattern of hydroxysteroid dehydrogenase (HSDH)
activities, with some strains having no HSDH activity (group V) and others expressing
3�-HSDH, 3�-HSDH, 7�-HSDH, and 12�-HSDH (group III) (24). E. lenta and other members
of the Coriobacteriaceae family have been correlated with changes in the host liver
metabolome, specifically through reduction in serum triglycerides, cholesterol excre-
tion, and metabolism of xenobiotics (25).

The E. lenta sterolbiome offers a potential link between associations with strains of
this species and changes in host liver metabolome and physiology. Alteration of steroid
structure and absorption of E. lenta steroid metabolites (and derivatives from additional
microbial biotransformations) from the colon and transport to the liver via the portal
circulation may alter nuclear receptor and G-protein-coupled receptor activation, as
well as affect liver enzyme activities, leading to altered lipid and steroid metabolism.
Currently, the sterolbiome of E. lenta is poorly characterized. Genes encoding HSDHs,
particularly 7�-HSDH and 12�-HSDH, have yet to be identified. It may be expected that
diverse isoforms of currently identified 3�-HSDH and 3�-HSDH may exist, requiring
functional characterization of genes whose protein products are predicted to encode
these enzymes, namely, those within the family of short-chain dehydrogenases/reduc-
tases (SDRs) (26). A major barrier to such mechanistic study is the need to identify and
characterize much of the E. lenta sterolbiome.

In the current study, we queried the nonredundant database with the amino acid
sequence from the only characterized 12�-HSDH to date, identified in Clostridium sp.
strain ATCC 29733/VPI C48-50 (15). We located an open reading frame (ORF) in a gut
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metagenome of Eggerthella sp. CAG:298, a sequence from Metagenomics of the Human
Intestinal Tract (MetaHIT), that is part of a gene cluster with additional NAD(P)H-
dependent dehydrogenases in the SDR and aldo-keto reductase protein families.
Utilizing targeted gene synthesis, we identified and cloned these three synthesized
genes for heterologous expression in Escherichia coli. We report the characterization of
a gene encoding a novel 12�-HSDH as well as two genes encoding an iso-bile acid
pathway (3�-HSDH and 3�-HSDH), distinct from those previously reported (13).

RESULTS
Identification of a gene cluster predicted to encode multiple HSDHs in a

metagenomic sequence. 12�-HSDHs (EC 1.1.1.176) have been reported in gut bacteria
such as Clostridium perfringens (27), Clostridium leptum (28), E. lenta (23), and Clostridium
sp. strain ATCC 29733/VPI C48-50 (15). To date, the only reported 12�-HSDH whose
gene sequence is known is that of Clostridium sp. strain ATCC 29733/VPI C48-50 (29).
Previously, a phylogenetic analysis of the 12�-HSDH amino acid sequence (ERJ00208.1)
was performed, suggesting that this function may be widespread in gut microbiota
(30); however, biochemical characterization has yet to confirm this. An updated query
of the nonredundant database identified numerous gut microbial phyla, particularly
Firmicutes and Actinobacteria. One particular sequence, CDD59475, belonging to Egg-
erthella sp. CAG:298 and not reported previously (30), shared 71% identity (E value �

1e�134) with ERJ00208.1. This predicted 266-amino-acid protein in the 3-ketoacyl-
(acyl-carrier protein) reductase/SDR family was unique among gene products that
populated the BLAST query in that it is encoded by part of a three-gene cluster
encoding two additional putative NAD(P)(H)-dependent oxidoreductases. Directly up-
stream is a gene (BN592_00769) encoding a 250-amino-acid protein (CDD59474.1)
annotated as a 7�-HSDH by homology in the SDR family, and upstream is a gene
(BN592_00768) encoding a 280-amino-acid protein (CDD59473.1) predicted to encode
an aldo/keto reductase. Downstream of BN592_00768 is a gene (BN592_00767) pre-
dicted to encode a gamma-glutamylcysteine synthetase, and upstream on the opposite
strand of the gene cluster is an ORF (BN592_00771) encoding a hypothetical protein in
the phasin superfamily involved in intracellular storage of polyhydroxyalkanoates
(Fig. 1).

Targeted gene synthesis, cloning, and overexpression of CDD59475 in E. coli.
Since Eggerthella sp. CAG:298 is a metagenomic sequence and a microbial isolate is
not available, the genes were synthesized (GenBlock IDT, Inc.) and PCR amplified for
ligation-independent cloning (LIC) into pET46(�) for overexpression of the recombi-
nant N-terminal His-tagged protein in E. coli (Table 1). Purified recombinant CDD59475

FIG 1 SDS-PAGE of purified recombinant 3�-, 3�-, and 12�-hydroxysteroid dehydrogenases from a gene
cluster in Eggerthella sp. CAG:298.
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separated as a single band on SDS-PAGE with a subunit molecular mass of 28.0 � 0.6
kDa (theoretical molecular mass, 28.30 kDa) (Fig. 1). We initially screened CDD59475
dehydrogenase activity spectrophotometrically at 340 nm in the presence of oxo-bile
acids at a concentration of 50 �M, including 3-oxo-deoxycholic acid (3-oxo-DCA),
7-oxo-DCA, and 12-oxo-DCA, with 150 �M NADH or NADPH as a cofactor. We did not
detect enzyme activity when 3-oxo-DCA or 7-oxo-DCA was the substrate; however,
CDD59475 clearly displayed NADPH-dependent activity in the presence of 12-oxo-DCA
(Table 2). To initially confirm activity, we ran several substrates in the oxidative direction
and separated the reaction products by thin-layer chromatography (TLC), the products
of which were subjected to mass spectrometry (MS) (see Fig. S1 in the supplemental
material). In the presence of NADP�, CDD59475 was capable of oxidizing cholic acid
(CA) (3�,7�,12�-trihydroxy-5�-cholan-24-oic acid) and deoxycholic acid (DCA) (3�,12�-
dihydroxy-5�-cholan-24-oic acid) but not CDCA (3�,7�-dihydroxy-5�-cholan-24-oic
acid). TLC of overnight reactions confirmed the formation of a product, comigrating
with an authentic DCA standard, from 12-oxo-DCA in the presence of NAD(P)H (Fig. 2).
The reaction product was scraped from the TLC plate, and MS identified a major mass
ion in negative mode at m/z 391.2831 (the molecular mass of DCA is 392.57 amu) (see
Fig. S2 in the supplemental material).

Next, we optimized pH in both the oxidative and reductive directions. In the
oxidative direction, with DCA as a substrate and NADP� as a cofactor, the optimum
enzyme activity was observed at pH 7.0. Enzyme activity declined sharply from pH 7.0
to pH 8.0 (�10% relative activity), and �50% residual activity remained at pH 6.0 (Fig.
3). In the reductive direction, with 12-oxo-DCA as a substrate and NADPH as a cofactor,
the optimum was also determined to be pH 7.0, with a similar sharp decline to �5%
residual activity at pH 8.0 but �80% maximal activity between pH 6.5 and 6.0. We
therefore chose pH 7.0 to examine steady-state kinetics in both directions.

Kinetic parameters are listed in Table 2; substrate-saturation curves and Lineweaver-
Burk plots are displayed in Fig. S2. Recombinant CDD59475 had Kms that were an order
of magnitude higher for DCA (139.71 � 14.64 �M) than for 12-oxo-DCA (11.41 � 0.68
�M). The native 12�-HSDH characterized from Clostridium sp. strain ATCC 29733/VPI
C48-50 had a comparable Km value for DCA in the presence of NADP� (12 �M). The
catalytic efficiency (Kcat/Km) for CDD59475 in the reductive direction was nearly an
order of magnitude greater than that in the oxidative direction, but the turnover
number (Kcat) was on the same order in both directions.

In the oxidative direction, CDD59475 recognized substrates regardless of side chain
conjugation to glycine or taurine or presence/absence of a 7�-hydroxyl group, which
was reported for the native 12�-HSDH from Clostridium sp. strain ATCC 29733/VPI

TABLE 1 Oligonucleotides used for amplification and directional cloning

Gene

Primer sequence (5=¡3=) Protein
mol mass
(kDa)

Ext.
coefficient
(M�1 cm�1)aForward Reverse

CDD59473 GACGACGACAAGATGCAAGATGTTTTTACGTTGAAGAACG GAGGAGAAGCCCGGTTTAGAAGTCGATCTCATCCGCATCC 31.59 46,785
CDD59474 GACGACGACAAGATGGGAAAGCTCGAAGGGAAAGT GAGGAGAAGCCCGGTTTACGAGCGGGAAAGGCCG 26.355 6,085
CDD59475 GACGACGACAAGATGGGATTTCTCGAAGGTAAGACCG GAGGAGAAGCCCGGTCTAGGGACGCAGACCCATGC 28.33 27,640
aExt. coefficient, extinction coefficient.

TABLE 2 Kinetic parameters for Eggerthella CAG:298 HSDHsa

Gene
Protein
function Substrate Coenzyme Vmax (�mol min�1 mg�1) Km (�M) Kcat (min�1) Kcat/Km

CDD59473 3�-HSDH Iso-DCA NADP� 42.26 � 6.34 282.70 � 25.68 1.33 � 0.20 4.7 � 10�3 � 9.6 � 10�4

3-Oxo-DCA NADPH 13.39 � 1.56 470.42 � 34.75 0.42 � 0.049 9 � 10�4 � 1.44 � 10�4

CDD59474 3�-HSDH DCA NADP� 126.94 � 5.57 155.12 � 3.53 3,351 � 146.73 21.6 � 1.23
3-Oxo-DCA NADPH 123.92 � 2.88 179.1 � 8.73 3,271.52 � 75.92 18.27 � 1.14

CDD59475 12�-HSDH DCA NADP� 21.29 � 17.12 139.71 � 14.64 603.15 � 48.52 4.32 � 0.667
12-Oxo-DCA NADPH 14.04 � 2.79 11.41 � 0.68 397.59 � 79.25 34.84 � 8.4

aValues represent mean � standard error of the mean from five technical replicates.
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C48-50. Interestingly, in the reductive direction, the enzyme displayed only 4.06%
activity for 12-oxo-CA relative to 12-oxo-DCA, suggesting steric hindrance from the
7�-hydroxyl group (Table 3).

Characterization of recombinant CDD59473 and CDD59474 purified from E.
coli. We then overexpressed and purified recombinant CDD59473 (34.2 � 0.4 kDa;
theoretical molecular mass, 31.59 kDa) and CDD59474 (28.0 � 0.6 kDa; theoretical
molecular mass, 26.40 kDa) in E. coli (Fig. 1) and tested these enzymes against a panel

FIG 2 Representative TLC and ESI-IT-TOF-MS of bile acid reaction products from recombinant CDD59473
(a), CDD59474 (b), and CDD59475 (c). Standard reaction mixtures contained 50 �M bile acid substrates
and 150 �M pyridine nucleotide, and experiments included a no-enzyme control. Reaction mixtures were
incubated at 37°C for 12 h. Reaction products that comigrated with authentic standards were scraped
from the TLC plate, extracted with ethyl acetate, dried, and subjected to MS analysis after resuspension
in mobile phase. Experiments were repeated three times.
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of bile acids and their oxo-derivatives. Separation of CDD59473 and CDD59474 reaction
products by TLC revealed formation of iso-DCA and DCA, respectively, when 3-oxo-DCA
was the substrate (Fig. 2). The CDD59473 reaction product comigrated with authentic
iso-DCA (392.57 amu) with a major mass ion of m/z 391.2849 in negative ion mode,
consistent with iso-DCA formation. The reaction product from CDD59474 comigrated
with DCA (Fig. 2), and the product in the oxidative direction comigrated with 3-oxo-
DCA, with a major mass ion of m/z 389.2688 in negative ion mode (Fig. S2), consistent
with formation of 3-oxo-DCA. A pH optimum for CDD59474 in the oxidative direction
between pH 9 and 10 was observed, and the optimum in the reductive direction was
pH 7.0. With NADP(H) as a cosubstrate, CDD59474 favored the reductive direction, but

FIG 3 pH optima for purified recombinant CDD59473 (a), CDD59474 (b), and CDD59475 (c) in the
oxidative (red) and reductive (blue) directions. Substrates for CDD59473 were 50 �M 3-oxo-DCA
(reductive) and iso-DCA (oxidative). CDD59474 was tested with 50 �M 3-oxo-DCA (reductive) and DCA
(oxidative). CDD59475 was tested with 50 �M 12-oxo-DCA (reductive) and DCA (oxidative). See Materials
and Methods for buffer compositions. Experiments were repeated three times, and results are repre-
sented as mean � standard error of the mean (SEM).
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mass action should favor the oxidative direction in the anaerobic environment of the
gut (Table 2; Fig. S2).

E. lenta DSM 2243T was shown to express two 3�-HSDHs (Elen_0198 and Elen_1325)
in the SDR family, which share 38.1% amino acid sequence identity and are involved in
iso-DCA formation (13). In contrast, the aldo/keto reductase family member, CDD59473,
shares only 20% amino acid sequence identity with the 3�-HSDHs Elen_0198 and
Elen_1325. The pH optimum of CDD59473 in the oxidative direction was between
pH 9 and 10, as observed in CDD59474, with an optimum at pH 6.5 in the reductive
direction (Fig. 3). The 3�-HSDH activity of CDD59473 displayed a Km �2.5-fold higher,
a Vmax an order of magnitude lower, and a Kcat four orders of magnitude lower than
those of CDD59474 (3�-HSDH) when 3-oxo-DCA was the substrate. CDD59473 shares
with Elen_0198 and Elen_1325 the ability to form small quantities of DCA (Fig. 2) and
thus low epimerase activity. Previous work (24) and unpublished data from our labo-
ratory with cultures of E. lenta DSM 2243T demonstrate that iso-CDCA and iso-DCA are
minor metabolites and that the mono-keto and di-keto intermediates predominate.

The high Km and low turnover number and catalytic efficiency of CDD59473 in the
reductive direction (Table 2), which partially agree with values previously reported for
E. lenta DSM 2243T 3�-HSDH, may further explain why iso-CDCA does not predominate
in culture (13). Taken together, this three-gene cluster accounts for three of the four
HSDH activities reported in E. lenta strains (13, 23, 24) (Fig. 4).

Phylogeny of Eggerthella HSDH enzymes. Next, the phylogenetic relationship of
these novel Eggerthella HSDH enzymes to other E. lenta SDR family proteins and
bacterial HSDH proteins was determined (Fig. 5; see Table S1 in the supplemental
material). The 3�-HSDH, CDD59473, had by far the longest branch length of any cluster
in the tree, distinct from other 3�-HSDHs characterized in E. lenta DSM 2243T and
Ruminococcus gnavus ATCC 29149T (13). Proteins clustering with CDD59473 include
predicted aldo/keto reductases and SDR family members. A BLAST search of CDD59473
against the nonredundant database revealed amino acid sequences (61 to 59%
identity) that cluster with CDD59473 encoded by Lactobacillus spp. isolated from
the gut of pigeon, such as L. agilis (KRM65245.1 and WP_050611824.1) and L.
ingluviei (WP_019206370.1 and KRL88436.1) (31, 32), L. hayakitensis (WP_025022266.1
and KRM19149.1) from healthy equine (33), L. saniviri isolated form human feces (34),
and L. curvatus isolated from kimchi (WP_089557116.1 and WP_085844664.1) (35)
(Fig. 5).

CDD59474 is located within a cluster of confirmed and predicted 3�-HSDHs and
shares a node and 65.46% amino acid sequence identity with a reported 3�-HSDH
(Rumgna_02133) (13). The enzyme EDT24590.1 from C. perfringens clusters closely with

TABLE 3 Substrate specificities of Eggerthella CAG:298 HSDHs

Steroid Coenzyme

Relative activity (%)a

CDD59473 CDD59474 CDD59475

Iso-DCA NAD(P)� 100 ND ND
DCA NAD(P)� 22.37 � 0.68 71.65 � 0.78 51.93 � 1.56
GDCA NAD(P)� 20.56 � 0.59 57.84 � 0.79 55.87 � 1.17
TDCA NAD(P)� 21.83 � 0.48 59.18 � 0.06 58.90 � 1.40
CA NAD(P)� 12.65 � 0.17 65.53 � 1.30 55.74 � 1.23
GCA NAD(P)� 12.43 � 0.30 61.18 � 1.50 60.32 � 1.37
TCA NAD(P)� 11.54 � 0.31 63.90 � 0.53 53.78 � 0.35
CDCA NAD(P)� 11.65 � 1.59 19.83 � 0.82 NA
GCDCA NAD(P)� 13.15 � 1.08 50.74 � 0.36 NA
TCDCA NAD(P)� 11.51 � 0.33 53.34 � 1.52 NA
12-Oxo-DCA NAD(P)H NA NA 100
12-Oxo-CA NAD(P)H NA NA 4.06 � 1.22
3-Oxo-DCA NAD(P)H 55.24 � 2.08 100 NA
3-Oxo-CA NAD(P)H 10.27 � 5.05 84.46 � 1.07 NA
aNA, no activity; ND, not determined. Values represent mean � standard error of the mean from four
technical replicates.
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Rumgna_02133, suggesting that this may be a 3�-HSDH whose activity was previously
reported (27). Clustering closely with CDD59474 are uncharacterized potential 3�-
HSDH candidates from species including the equol-utilizing bacterium Adlercreutzia
equolifaciens (BAN77692.1), which shares many of its protein-coding genes with E. lenta
strains (36), and the “Eubacterium-like” arginine utilizer Cryptobacterium (CDD77593.1),
which is involved in periodontal disease (37). Also represented in this cluster are the
BaiA enzymes from Clostridium scindens, Clostridium hylemonae, and Clostridium hira-
nonis, which are involved in the multienzyme bile acid 7�-dehydroxylation pathway
responsible for conversion of CA to DCA and CDCA to lithocholic acid (LCA). BaiA
enzymes are NAD(H)-dependent SDR family enzymes with strict specificity for bile acid
coenzyme A thioesters, which is unique among bacterial HSDHs (38, 39). Our phylogeny
also revealed distinct clustering of recently reported 20�-HSDHs from gut and urinary
tract isolates (40).

Predicted 12�-HSDHs (30) also formed a separate branch which includes the 12�-
HSDH CDD59475 and the characterized 12�-HSDH from Clostridium sp. strain ATCC
29733 (15, 29) (Fig. 5). We have recently confirmed 12�-HSDH activity in whole cells
and pure CLOHYLEM_04236 and CLOSCI_02455 from C. hylemonae DSM 15053T and C.
scindens ATCC 35704T, respectively (H. Doden, S. A. Sallam, S. Devendran, L. Ly, G.
Doden, S. M. Mythen, S. L. Daniel, J. M. P. Alves, and J. M. Ridlon, unpublished data).
Collinsella aerofaciens is reported to encode 7�-HSDH (COLAER_RS09325) (41) but is
also predicted to encode a 12�-HSDH (COLAER_RS06615) based on homology with
CDD59475. We also identified a putative 12�-HSDH in a strain of the butyrate-
producing species Anaerostipes hadrus, an organism reported to exacerbate colitis in
dextran sulfate sodium (DSS)-treated mice (42). Human gut metagenomic sequences
from Clostridiales bacterium Nov_37_41 (OKZ96620.1), Lachnospiraceae bacterium
5_1_63FAA (WP_009265642.1), and Clostridium sp. strain CAG:590 (CCX88977.1) are
also predicted to encode 12�-HSDH. Interestingly, while the majority of sequences
were represented by Firmicutes and Actinobacteria, a human gut metagenomic
sequence from a pectin-degrading bacterium, Bacteroides pectinophilus CAG:437
(CDD56334.1), was also represented.

Previously characterized 7�-HSDHs formed two distinct clusters in our phylogenetic
analysis, one containing sequences from Firmicutes (Gram positive) and the other

FIG 4 Schematic representation of bile acid metabolism by Eggerthella lenta. Accession numbers of proteins that we identified in
Eggerthella CAG:298 and the reactions they catalyze are shown.
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containing sequences from Bacteroidetes and E. coli (Gram negative); both clusters
share a common node. While 7�-HSDH activity has been reported in numerous E. lenta
strains, a gene encoding 7�-HSDH has yet to be reported in E. lenta (23, 24).

DISCUSSION

In the current study, we utilized targeted gene synthesis to clone and heterologously
express genes from a gene cluster (BN592_00768 to BN592_00770) in Eggerthella CAG:298
that is hypothesized to encode multiple HSDHs (CDD59473, CDD59474, and CDD59475)
(Fig. 1; Table 2). Characterization of the purified recombinant enzymes revealed that

FIG 5 iTOl representation of FastTree maximum-likelihood phylogeny from MUSCLE alignment of bacterial hydroxysteroid dehydrogenases and the placement
of CDD59473, CDD59474, and CDD59475. The phylogeny is the result of 100 bootstraps compared via Phylo.io. Clusters are shaded according to function, as
indicated. See Table S1 in the supplemental material for additional sequence information.
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each enzyme catalyzed a distinct oxidation/reduction of bile acid hydroxyl groups.
CDD59473 catalyzed NADPH-dependent reduction of 3-oxo-DCA yielding iso-DCA
(3�-hydroxyl) as the main reaction product, comigrating on TLC and with mass spec-
trum consistent with iso-DCA (Fig. 2). CDD59473 is a member of the aldo-keto
reductase family and is distantly related to previously characterized 3�-HSDHs from
E. lenta DSM 2243T (Elen_0198 and Elen_1325) and R. gnavus (Rumgna_00694), all
of which are SDR family enzymes (Fig. 5). Interestingly, despite the divergence in
sequence, the epimerase activity of CDD59473 (Fig. 2; Table 2) is consistent with gut
microbial 3�-HSDHs characterized previously (13).

The host generates �-hydroxyl bile acids at C-3, C-7, and, in half of the bile acid pool,
C-12 (cholic acid). Each �-hydroxyl group and the carboxyl group (C-24) is on the same
face of the ABCD ring system, resulting in a polar, hydrophilic side (Fig. 4). Below the
ABCD ring system is the hydrophobic face, which interacts with lipids and cholesterol
packaged into mixed micelles. The isomerization of the 3�-hydroxyl to 3�-hydroxyl
decreases the amphipathic nature of bile acids, making them less effective detergents
and also less toxic to bacteria as well as host cells (13, 42, 43). The high Km value (Table
1) suggests that this enzyme functions at high concentrations of toxic secondary bile
acids. The low turnover number (Kcat) and catalytic efficiency (Kcat/Km) of CDD59473
versus SDR family enzymes (Elen_0198, Elen_1325, and Rumgna_00694) provide a
contrast that structural biology might illuminate in an attempt to optimize the reduc-
tase direction of 3�-HSDH and also to establish the basis for the stereospecificity of the
reaction that yields low 3�-HSDH (epimerase) activity. Currently, there are no structures
reported for gut bacterial 3�-HSDH. Our phylogenetic analysis identified multiple
Lactobacillus spp. isolated from diverse avian and mammalian gastrointestinal tracts
encoding putative 3�-HSDHs with sequence identities at or below 71% (Fig. 5). A similar
targeted gene synthesis approach would be useful in determining the functions and
catalytic potentials of these putative 3�-HSDHs. Isomerization at C-3 of primary bile
acids may be important in precluding bile acid 7�-dehydroxylation, a microbial bio-
chemical pathway responsible for formation of DCA and LCA, bile acids that are causally
associated with cancers of the colon and liver (4).

In contrast to CDD59473, CDD59474 converted 3-oxo-DCA to DCA, and thus
BN592_00769 encodes 3�-HSDH (Fig. 4). DCA is generated by the multistep bile acid
7�-dehydroxylation of CA by a few species of intestinal clostridia (4) and is found in
fecal water at �50 �M (44) but can reach several hundred micromolar (45). With Km

values for CDD59474 at �150 �M and specificity for DCA, these results indicate that at
high DCA concentrations, CDD59473 and CDD59474 work in concert to epimerize DCA
to iso-DCA, potentially as a means of detoxification in E. lenta. Interestingly, CDD59474
was clustered with 3�-HSDH from R. gnavus (Rumgna_02133) but was more distantly
related to a 3�-HSDH characterized in E. lenta DSM 2243T (Elen_0690) (Fig. 5) (13).
E. lenta has been reported to express 7�-HSDH (23, 24); however, genes encoding
7�-HSDH in E. lenta have yet to be identified. CDD59474 was annotated as “7�-HSDH”
due to sequence homology, yet expression and characterization of this protein revealed
specificity for 3�-hydroxyl groups, providing a cautionary tale and further reinforcing
the need to functionally characterize genes predicted to encode particular functions by
annotation.

To our knowledge, BN592_00770 is the only reported sequence so far demonstrated
to encode 12�-HSDH (CDD59475) in E. lenta (Fig. 2 and 4; Tables 2 and 3), and sequence
comparison with CDD59475 is expected to elucidate further gut bacterial 12�-HSDHs
(Fig. 5). CDD59475 shares with 12�-HSDH from Clostridium sp. strain ATCC 29733/VPI
C48-50 and the 3�-HSDH CDD59474 a conserved N-terminal pyridine nucleotide
binding domain (GX3GXG) and active-site catalytic triad (SYK) (see Fig. S3 in the
supplemental material). Particular bile acid structures trigger germination of Clostridium
difficile spores. Recent work on a germinant receptor (CspC) in C. difficile determined
that bile acid specificity was dependent on 12�-hydroxylation (46). Binding to this
receptor led to the release of Ca2� dipicolinic acid from the inside of the spore and

Mythen et al. Applied and Environmental Microbiology

April 2018 Volume 84 Issue 7 e02475-17 aem.asm.org 10

http://aem.asm.org


subsequent influx of water, ultimately leading to growth into a vegetative cell (46). Gut
bacterial 12�-HSDH activity may therefore affect C. difficile germination.

Thus, our analysis demonstrates that E. lenta strains harbor distinct forms of 3�-
HSDH, 3�-HSDH, and 12�-HSDH enzymes (Fig. 1 and 4). Critical at the intersection
between next-generation sequencing data (metagenomics and metatranscriptomics)
and metabolomics is biochemistry, providing the ability to experimentally demonstrate
that a particular amino acid sequence catalyzes a particular biochemical reaction. A
major task in gut microbiology research today is linking nucleic and amino acid
sequences in databases to function and determining how functions affect microbiome
structure and host physiology. A major question in the field of bile acid metabolism (47)
that we are currently working to address is why bacteria, such as E. lenta, encode
numerous HSDHs and oxidize bile acids in an anaerobic environment.

MATERIALS AND METHODS
Bacterial strains and chemicals. Escherichia coli DH5� was obtained from New England Biolabs

(NEB; Ipswich, MA), and E. coli BL21-CodonPlus(DE3) RIPL competent cells were obtained from Agilent,
Santa Clara, CA. The pET-46 Ek/LIC vector kit was obtained from Novagen (San Diego, CA). The QIAprep
Spin Miniprep kit was obtained from Qiagen (Valencia, CA). Isopropyl �-D-1-thiogalactopyranoside (IPTG)
was purchased from Gold Biotechnology (St. Louis, MO). Bile acid substrates were purchased from
Steraloids, Inc (Newport, RI, USA).

Targeted gene synthesis, cloning, expression, and purification of recombinant proteins. Gene
fragments (GenBlock) encoding 3�-HSDH, 3�-HSDH, and 12�-HSDH from E. lenta CAG:298 (Bio Project
PRJEB816) were synthesized by Integrated DNA Technologies (IDT) (Coralville, IA, USA). Gene fragments
were amplified with primers synthesized by IDT (Table 1) using the Phusion high-fidelity polymerase
(Stratagene, La Jolla, CA) and were cloned into the pET-46b vector (Novagen) as described by the
manufacturer’s protocol. Cultivation, plasmid isolation, and sequence confirmation were as previously
described (40). HSDH enzymes were expressed as previously described (40). The recombinant proteins
were then purified using Talon metal affinity resin (Clontech Laboratories, Mountain View, CA) as per the
manufacturer’s protocol. The recombinant protein was eluted using an elution buffer composed of 20 mM
Tris-HCl, 150 mM NaCl, 20% glycerol, 10 mM 2-mercaptoethanol (pH 7.9), and 250 mM imidazole. The protein
purity was assessed by SDS-PAGE, and protein bands were visualized by staining with Coomassie brilliant blue
G-250. Subunit molecular mass was calculated using three independent SDS-polyacrylamide gels with Bio-Rad
Precision Plus Protein Kaleidoscope prestained protein standards (Bio-Rad Laboratories, Inc., Hercules, CA)
using the image processing software ImageJ (https://imagej.nih.gov/ij/index.html). Recombinant protein
concentrations were calculated based on their molecular mass and extinction coefficients (see Table S1
in the supplemental material). Briefly, the deduced amino acid sequence was used as input for Expasy’s
ProtParam tool (https://web.expasy.org/protparam/), and the subunit mass and extinction coefficient
(mM�1 cm�1) were utilized to determine enzyme concentration (mg ml�1) in a NanoDrop 2000c with a
10-mm-pathlength cuvette at 280 nm.

Enzyme assays. The buffers used to study the pH profiling of each enzyme contained 150 mM NaCl,
20% glycerol, and 10 mM 2-mercaptoethanol and varied as follows: 50 mM sodium citrate, (pH 4.0 to 6.0),
50 mM sodium phosphate (pH 6.5 to 7.5), 50 mM Tris-Cl (pH 8 to 9), and 50 mM glycine-NaOH (pH 10
to 11). Linearity of enzyme activity with respect to time and enzyme concentration was determined
aerobically by monitoring the oxidation/reduction of NAD(P)(H) at 340 nM (� � 6,220 M�1 cm�1) in the
presence of bile acid and steroid substrates. The standard reaction mixtures were 50 mM sodium
phosphate buffer at pH 6.5 (CDD59473 in reductive direction) or pH 7.0 (CDD59474 in reductive direction
and CDD59475 in both oxidative and reductive directions) and 50 mM Tris-HCl buffer at pH 9.5
(CDD59473 in oxidative direction) or pH 10 (CDD59474 in oxidative direction), each containing 150 �M
pyridine nucleotide cofactor and with reactions initiated by addition of the enzyme (50 nM). Kinetic
parameters were estimated by fitting the data to the Michaelis-Menten equation by the nonlinear
regression method using the enzyme kinetics module in GraphPad Prism (GraphPad Software, La Jolla,
CA). Substrate specificity studies were performed with 150 �M pyridine nucleotide and 50 �M bile acid
substrate at the respective pH optimum for the enzyme and each reaction direction.

TLC and MS of bile acid metabolites. The standard reaction mixtures with different pyridine
nucleotide were set up as described above and incubated overnight at room temperature. The reactions
were stopped by adding 100 �l of 1N HCl. The reaction mixtures were extracted by vortexing with 2�
volumes of ethyl acetate for 1 to 2 min, and then the organic phase was recovered. The organic phase
was evaporated under nitrogen gas. The residue was dissolved in 50 �l ethyl acetate and spotted along
with standards on thin-layer chromatography (TLC) plate (Silica Gel IB2-F Flexible TLC sheet, 20 by 20 cm
with 250-�m analytical layer; J.T. Baker, Avantor Performance Materials LLC, PA, USA). A mobile phase
consisting of 70:20:2 (vol/vol/vol) toluene–1,4-dioxane–acetic acid was used. Bile acid metabolites
separated on the TLC plate were visualized by spraying 10% phosphomolybdic acid in ethanol and
heated at 100°C for 15 min. The spots corresponding to substrate and product were isolated and
extracted and underwent mass spectrometry (MS) analysis. Liquid chromatography (LC)-MS analysis was
run on a Shimadzu LC-MS-IT-TOF system (Shimadzu Corporation, Kyoto, Japan). The mass spectrometer
was operated with an electrospray ionization (ESI) source in negative ionization mode. The nebulizer gas
pressure was set at 150 kPa with a source temperature of 200°C and the gas flow at 1.5 liters/min. The
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detector voltage was 1.65 kV. High-purity nitrogen gas was used as the collision cell gas. The mass
spectrogram data were processed with the LC solution Workstation software.

Phylogenetic reconstruction of bacterial SDR family and aldo-keto reductase family protein
sequences. Protein sequences were aligned with MUSCLE using the web service from the EMBL-EBI
(http://www.ebi.ac.uk/Tools/msa/muscle/). The alignment was manually explored to verify the absence of
inaccuracies. Phylogeny reconstruction was performed using both FastTree v2.1 (48, 49) and IQ-TREE, a
time-efficient tool to generate maximum-likelihood phylogenies (50). The two methods were used for
comparative purposes. FastTree ran locally using default settings. IQ-TREE ran locally using the following
options: -st AA -m TEST -bb 1000 -alrt 1000 (-st, sequence type; -m, automatic model selection; -bb, number
of bootstrap replicates). The generated trees were exported in newick format and uploaded to iTOL v3 for
visualization (51). The trees were compared using Phylo.io (52). Sequence information given in Table S1
includes a number of previously characterized gut bacterial HSDH enzymes (53–61).
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