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Eubacterium sp. strain VPI 12708 expresses inducible bile acid 7a-dehydroxylation activity via a multistep
pathway. The genes encoding several of the inducible proteins involved in the pathway have been previously
mapped to a bile acid-inducible (bai) operon in Eubacterium sp. strain VPI 12708. We now report the cloning,
sequencing, and characterization of the baiG gene, which is part of the bai operon. The predicted amino acid
sequence of the BaiG polypeptide shows significant homology to several membrane transport proteins, includ-
ing sugar and antibiotic resistance transporters, which are members of the major facilitator superfamily.
Hydrophilicity plots of BaiG show a high degree of similarity to class K and L TetA proteins from gram-positive
bacteria, and, like these classes of TetA proteins, BaiG has 14 proposed transmembrane domains. The baiG
gene was cloned into Escherichia coli and shown to confer an energy-dependent bile acid uptake activity.
Primary bile acids were preferentially transported into E. coli cells expressing this gene, with at least sevenfold
and fourfold increases in the uptake of cholic acid and chenodeoxycholic acid, respectively, over control
reactions. Less transport activity was observed with cholylglycine, 7-oxocholic acid, and deoxycholic acid. The
transport activity was inhibited by the proton ionophores carbonyl cyanide m-chlorophenylhydrazone, 2,4-
dinitrophenol, and nigericin but not by the potassium ionophore valinomycin, suggesting that the transport is
driven by the proton motive force across the cell membrane. In summary, we have cloned, sequenced, and
expressed a bile acid-inducible bile acid transporter from Eubacterium sp. strain VPI 12708. To our knowledge,
this is the first report of the cloning and expression of a gene encoding a procaryotic bile acid transporter.

Eubacterium sp. strain VPI 12708 is an anaerobic intestinal
bacterium which possesses bile acid 7a- and 7b-dehydroxyla-
tion activity (18, 40). The bile acid 7a-dehydroxylation activity
is induced by unconjugated C24 bile acids which possess a
7a-OH group and is accompanied by the appearance of several
new polypeptides on gels of soluble protein extracts from this
bacterium (30, 39). The genes encoding several of these in-
duced polypeptides have been previously mapped to a large
bile acid-inducible (bai) operon in Eubacterium sp. strain VPI
12708 (10, 24). The bai operon contains at least nine open
reading frames (Fig. 1) and is assumed to encode a majority of
the proteins involved in the bile acid 7a-dehydroxylation path-
way. The complete DNA sequences of baiB, baiC, baiE, baiA2,
baiF, and baiH have been reported (10, 24, 41, 42).
In the 7a-dehydroxylation pathway (5), the primary bile ac-

ids cholic acid and chenodeoxycholic acid are 7a-dehydroxy-
lated to deoxycholic acid and lithocholic acid, respectively. The
pathway is initiated by conjugation of the primary bile acid to
coenzyme A (22). The bile acid-coenzyme A conjugate is
sequentially oxidized to a 3-oxo (23) and then a 3-oxo-D4

bile acid intermediate. Following a 7a-dehydration step to a
3-oxo-D4,6 intermediate, in which the 7a-hydroxyl group is lost
(7), there are three sequential reduction steps resulting in the
final 7a-dehydroxylated bile acid. The physiological role of bile
acid 7-dehydroxylation in the bacterial cell is unknown. How-
ever, it has been suggested that bile acid 7-dehydroxylation
provides the bacterium with an ancillary electron acceptor
(18).
The 7a-dehydroxylation reaction is quite rapid, in one study

producing 17 nmol of deoxycholic acid/min/mg of protein when

cholic acid-induced whole cells of Eubacterium sp. strain VPI
12708 were incubated in a reaction mixture containing 100 mM
[24-14C]cholic acid (40). However, neither induced nor unin-
duced cells show appreciable accumulation of cholic acid or its
metabolites (39). This suggests the possibility of a constitutive
bile acid exporter and raises the question whether Eubacterium
sp. strain VPI 12708 has an inducible import mechanism for
bile acids. In this paper, we report the cloning, expression, and
characterization of an inducible bile acid transporter from Eu-
bacterium sp. strain VPI 12708.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. Escherichia coli DH5a
(Life Technologies, Gaithersburg, Md.) was used as the host strain for recom-
binant plasmids based on plasmid pSport1 (Life Technologies). The E. coli
strains were grown on LB medium (1% tryptone [Difco Laboratories, Detroit,
Mich.], 1% yeast extract, 0.5% NaCl [pH 7.4]) supplemented with 100 mg of
ampicillin per ml as required.
Sequencing of the baiG gene. Due to difficulties encountered in obtaining

clones in this region of the operon (24), the 59 region of the baiG gene was
sequenced from DNA fragments obtained by PCR. A 335-bp HaeIII fragment
and a 597-bp BclI fragment, both of which overlap the adjoining baiF gene by
approximately 200 bp, were amplified by inverse PCR and sequenced as previ-
ously described (24). The 39 end of the baiG gene was sequenced from a
previously reported 1.8-kb EcoRI fragment, which also contained a large portion
of the adjoining baiH gene (10). The middle portion of the baiG gene was
amplified by PCR from Eubacterium sp. strain VPI 12708 chromosomal DNA
with primers which created a 934-bp fragment that overlapped the previously
mentioned BclI site on the 59 end and the EcoRI site on the 39 end. The amplified
DNA fragment was then subjected to asymmetric PCR before being sequenced.
All DNA fragments were sequenced completely from both strands.
Construction of a baiG expression vector. The baiG gene was amplified by

PCR from Eubacterium sp. strain VPI 12708 chromosomal DNA with the syn-
thetic oligonucleotide primers 59-CTGGTACCGAGGAGTAAGAGTATGAG
CAC and 59-CCGGATCCTTATGCCTCTTTCTTCTGATAG, which add KpnI
and BamHI sites, respectively. The resulting PCR product was digested with
KpnI and BamHI and inserted into a predigested pSport1 vector. The 1,447-bp
insert portion of the resulting plasmid (pSport1-50K) was sequenced to verify the
fidelity of the PCR. This plasmid construct allows expression of baiG through the

* Corresponding author. Phone: (804) 828-2331. Fax: (804) 828-
9946. Electronic mail address: Hylemon@GEMS.VCU.EDU.

7053



isopropyl-b-D-thiogalactopyranoside (IPTG)-inducible T7 and lac promoters in
the pSport1 vector.
Analysis of sequence data.Amino acid sequence analyses were performed with

the Wisconsin Package (Genetics Computer Group, Madison, Wis.). The
FASTA algorithm was used to find sequences homologous to the BaiG polypep-
tide. The PileUp and LineUp programs were used for multiple-sequence align-
ment and editing, respectively. The Jukes-Cantor distance and Kimura protein
distance methods were used to create distances matrices based on the PileUp
alignments, and the UPGMA and neighbor-joining algorithms were used to
create phylogenetic trees from the Jukes-Cantor distance or Kimura protein
distance files.
Bile acid nomenclature. The bile acid nomenclature used in this paper follows

the recommendations of Hofmann et al. (17).
Radiolabeled bile acids. Radiolabeled [24-14C]cholic acid, [24-14C]chenode-

oxycholic acid, and [24-14C]cholylglycine were purchased from Dupont NEN
(Boston, Mass.). Radiolabeled [24-14C]deoxycholic acid and 7-[24-14C]oxocholic
acid were prepared by growth of Eubacterium sp. strain VPI 12708 in the pres-
ence of [24-14C]cholic acid (40). Under the conditions used, the primary cholic
acid metabolites are deoxycholic acid and 7-oxocholic acid. The resulting bile
acids were extracted with ethyl acetate from the culture medium and separated
with authentic deoxycholic acid and 7-oxocholic acid controls on silica 1B thin-
layer chromatography plates (J. T. Baker, Inc., Phillipsburg, N.J.) with solvent
system S4 (8). The plates were dried and exposed to X-Omat AR film (Eastman
Kodak Co., Rochester, N.Y.). Unlabeled controls were visualized with phospho-
tungstic acid (Sigma Chemical Co., St. Louis, Mo.). The 14C-labeled bile acids

were scraped from the plates and extracted with ethyl acetate, and the radioac-
tivity was quantitated in a scintillation counter.
Transport assays. For bile acid transport studies, E. coli DH5a containing the

pSport1-50K plasmid or a pSport1 control plasmid were grown with shaking at
378C in LB medium containing 100 mg of ampicillin per ml to a Klett reading of
80. Cells containing the pSport1-50K plasmid were then induced with 0.4 mM
IPTG and incubated for an additional 1.5 h. The cultures were adjusted to a Klett
reading of 80, and 5-ml samples of cells were harvested by centrifugation at
3,000 3 g for 10 min at room temperature. The cell pellets were resuspended in
5 ml of 50 mM Tris-HCl (pH 7.5) and centrifuged at 3,000 3 g for 10 min at 48C.
The resulting cell pellets were resuspended in 500 ml of 50 mM potassium
phosphate (pH 7.0) and preincubated at 378C for 7 to 8 min. Reaction mixtures
were prepared by adding 50 ml of the preincubated cells to 0.01 mCi of 14C-
labeled bile acid (final concentration, 4 mM). The reaction mixtures were scaled
up as necessary. After the appropriate period of incubation at 378C, 50-ml
samples were collected, added to 1 ml of 100 mM LiCl–100 mM potassium
phosphate (pH 7.0), and immediately filtered through Gelman GN-6, 25-mm,
0.45-mm-pore-size filters. The filters were washed twice with 5 ml of 100 mM
LiCl–100 mM potassium phosphate (pH 7.0) and dried, and the radioactivity was
quantitated in a scintillation counter. Background counts obtained from filtering
the appropriate 14C-labeled bile acid without cells were subtracted from all
readings. Ionophores, when used, were added immediately before the 7- to 8-min
preincubation period at the following concentrations: carbonyl cyanide m-chlo-
rophenylhydrazone (CCCP), 10 mM; valinomycin, 1 mM; nigericin, 0.5 mM; and
2,4-dinitrophenol, 1 mM.

FIG. 2. Nucleotide and translated amino acid sequence of the baiG gene and surrounding region. Putative ribosome-binding sites are underlined. Possible internal
ribosome-binding sites are boxed.

FIG. 1. The bai operon from Eubacterium sp. strain VPI 12708 (10, 24).
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Nucleotide sequence accession number. The GenBank accession number of
the sequence of the baiG gene and the rest of the bai operon is U57489 (replaces
GenBank numbers M36292 and L11069).

RESULTS

Cloning and sequencing of baiG. The baiG gene from Eu-
bacterium sp. strain VPI 12708 was sequenced from a combi-
nation of overlapping PCR fragments and clones as detailed in
Materials and Methods. The gene contains an open reading
frame capable of encoding a 477-amino-acid BaiG polypeptide
with a calculated molecular weight of 49,964. The complete
sequences of the baiG gene and BaiG polypeptide are pre-
sented in Fig. 2. A PCR was then used to amplify the entire
baiG gene, and this fragment was cloned into a pSport1 ex-
pression vector, resulting in the pSport1-50K plasmid. North-
ern blots confirmed transcription of the baiG gene in IPTG-

induced E. coli DH5a containing the pSport1-50K plasmid
(data not presented). Several unsuccessful attempts were made
to confirm the expression of BaiG with protein gels by using
soluble extracts and membrane fractions from IPTG-induced
cells of E. coli containing the pSport1-50K plasmid.
Analysis of sequence data. Database searches revealed that

the BaiG polypeptide shares sequence homology with a group
of membrane proteins known as the major facilitator super-
family (25). These membrane proteins have been categorized
as being composed of N-terminal (a) and C-terminal (b) do-
mains (20). When an alignment of homologous sequences to
amino acid residues 50 to 164 of BaiG (part of the a domain)
is made, a possible evolutionary tree can be constructed (Fig.
3). An alignment in this region, in which the sequences that
make up the tree have 25 to 35% amino acid sequence identity
with BaiG, can be made with minimal manual editing of se-
quence gaps.
With the methods detailed in Fig. 3 or multiple-sequence

alignments of entire polypeptides (data not shown), the se-
quences most closely related to BaiG are tetracycline resis-
tance proteins from gram-positive bacteria, and several other
prokaryotic drug resistance proteins (dotted box in Fig. 3).
Figure 4 shows a comparison of hydropathy plots of the BaiG
polypeptide and the TetA (class L) tetracycline resistance pro-
tein from Bacillus subtilis, and Fig. 5 presents a model of BaiG
with 14 proposed transmembrane domains.
Development of a bile acid transport assay. Tetracycline

transport assays used by Thanassi et al. (38) and McMurry et
al. (26) were used as the starting point for development of a
bile acid transport assay using [14C]cholic acid in E. coli. The
use of a potassium phosphate reaction buffer provided higher
transport activity than did the use of sodium phosphate or Tris
buffers. Incubation of the reaction mixtures at 378C provided
better transport activity than did incubation at 25, 32, or 428C.
The addition of 5 mM glucose, succinate, or citrate to the
reaction mixtures did not enhance bile acid transport activity.
The addition of 1 mM CaCl2, MgCl2, or ZnCl2 had no appar-
ent effect on bile acid transport activity. The accumulation of
[14C]cholic acid increased with decreasing pH in E. coli DH5a
containing either the pSport1-50K plasmid or the pSport1 con-
trol plasmid. Assays performed at pH 7.0 provided good cholic
acid transport activity in IPTG-induced cells containing the
pSport1-50K plasmid and low background accumulation of
cholic acid in control reactions with cells containing the
pSport1 plasmid.
Bile acid transport studies. E. coli DH5a cells containing

the pSport1-50K plasmid or a pSport1 control plasmid were
tested for uptake of bile acids. Figure 6 shows that the uptake
of 14C-labeled cholic acid in IPTG-induced E. coli DH5a con-
taining the pSport1-50K plasmid is markedly higher than in
uninduced or control (pSport1 plasmid) cells. Table 1 presents

FIG. 3. Possible evolutionary tree for the BaiG protein and related proteins.
The dotted box indicates the proteins most closely related to BaiG. Amino acid
residues 50 to 164 of BaiG were used for FASTA database similarity searches.
Homologous sequences were aligned with PileUp and manually edited with
LineUp. The tree was constructed by using the UPGMA algorithm on a Kimura
protein distance matrix. Sequences used: EcTet(C), E. coli TetA (class C) (31);
EcTet(E), E. coli TetA (class E) (1); BsTet(L), B. subtilis TetA (class L) (29);
SaTet(K), Staphylococcus aureus TetA (class K) (27); BaiG; ScAct, Streptomyces
coelicolor actinorhodin resistance (9); SgTcmA, Streptomyces glaucescens tetra-
cenomycin C resistance (11); BsMmr, B. subtilis methylenomycin A resistance
(32); SaQacA, S. aureus antiseptic resistance (33); Echypo, E. coli hypothetical
51.5-kDa polypeptide (4); EcEmrB, E. coli multidrug resistance (21); EcGalP, E.
coli galactose transporter (14); KoAraE, Klebsiella oxytoca arabinose transporter
(36); EcBcr, E. coli bicyclomycin resistance (2); PaCmlA, Pseudomonas aerugi-
nosa chloramphenicol resistance (3).

FIG. 4. Comparison of hydrophilicity plots for BaiG protein and TetA (class
L) protein from B. subtilis (29).
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data on the uptake of several selected 14C-labeled bile acids in
IPTG-induced E. coli DH5a containing the pSport1-50K plas-
mid and in control cells containing only the pSport1 plasmid.
The primary unconjugated bile acids cholic acid and chenode-
oxycholic acid showed the greatest increase in uptake with the
induced E. coli cells containing the pSport1-50K plasmid.
Effect of ionophores. The effect of ionophores on the uptake

of bile acids by IPTG-induced E. coli DH5a containing the
pSport1-50K plasmid was studied. The proton ionophores
CCCP and 2,4-dinitrophenol reduced the uptake of cholic acid
to 48.7 and 61.7%, respectively, of cholic acid uptake in control
reactions with no additives. The proton/potassium antiporter
nigericin reduced uptake activity to 63.7% of control activity,
and addition of the potassium ionophore valinomycin resulted
in 95.7% activity. Studying the effect of ionophores on cholic
acid uptake in E. coli containing plasmid pSport1 without the
baiG gene was difficult because the uptake was quite low.
However, the addition of CCCP to these control reaction mix-
tures consistently produced higher levels of cholic acid uptake.

DISCUSSION

We have shown that the baiG gene from Eubacterium sp.
strain VPI 12708 encodes a 477-amino-acid polypeptide which
has sequence homology to membrane transport proteins. The
baiG gene is part of a large bile acid-inducible operon in
Eubacterium sp. strain VPI 12708 which encodes polypeptides
involved in the bile acid 7a-dehydroxylation pathway. The
baiG gene confers an energy-dependent bile acid uptake ac-
tivity on E. coli containing the cloned gene. Higher levels of
uptake activity are observed with cholic acid and chenodeoxy-
cholic acid than with deoxycholic acid, cholylglycine, or 7-oxo-
cholic acid. Cholic acid and chenodeoxycholic acid are sub-
strates for the bile acid-inducible 7a-dehydroxylation pathway
and the constitutive 7a-hydroxysteroid dehydrogenase reaction
in Eubacterium sp. strain VPI 12708. Deoxycholic acid is the
product of the 7a-dehydroxylation pathway in Eubacterium sp.
strain VPI 12708 when cholic acid is the substrate, and 7-oxo-
cholic acid is the product of the constitutive 7a-hydroxysteroid
dehydrogenase in this bacterium when cholic acid is the sub-
strate. Cholylglycine is not a substrate for either the 7a-dehy-
droxylation reaction or 7a-hydroxysteroid dehydrogenase re-
action, and Eubacterium sp. strain VPI 12708 has no bile salt
hydrolase activity. Therefore, the results suggest that the func-
tion of the bile acid-inducible BaiG protein in Eubacterium sp.
strain VPI 12708 is to import bile acids used in the 7a-dehy-
droxylation reaction.
The results also suggest that there must be a bile acid export

activity in Eubacterium sp. strain VPI 12708 to remove the
products of the 7a-dehydroxylation and 7a-hydroxysteroid de-
hydrogenase activities, as well as other bile acids that may
accumulate in the cell. Thanassi and Nikaido (37) have shown
that at least some strains of E. coli possess bile acid export
activity. Data from the present study suggest that E. coli DH5a
may possess some degree of bile acid export activity, as CCCP-
treated cells displayed a small but consistent increase in accu-
mulation of cholic acid when grown in the absence of the baiG
gene. It is unclear how much effect, if any, this export activity
may have had on the bile acid uptake results. The gradual
reduction in the amount of cholic acid contained in the cells
after the 4-min point in uptake reactions (Fig. 6) may also be
related to bile acid export activity.

FIG. 5. Proposed model of transmembrane organization for BaiG polypeptide. The model was prepared from data obtained from the TMpred program through
the ISREC TMpred server (http://ulrec3.unil.ch/software/TMPRED_form.html).

FIG. 6. Uptake of 4 mM [14C]cholic acid into IPTG-induced and uninduced
E. coli DH5a containing the pSport1-50K plasmid and into control cells con-
taining the pSport1 plasmid.
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It should be noted that bile acid uptake activity was not
completely eliminated by addition of the proton ionophores.
Parallel elimination of bile acid export activity may help ex-
plain these results. The cells expressing BaiG also had a sharp
drop-off in growth following induction with IPTG; therefore, it
is possible that part of the ionophore-insensitive increase in
bile acid retention is due to the physiologically compromised
state of the cells. A small across-the-board decrease in BaiG-
induced bile acid uptake would also increase the apparent
specificity of the bile acid transport activity (Table 1). A more
detailed examination of the kinetics and specificity of bile acid
transport by BaiG may require a different host and expression
system.
The BaiG polypeptide has homology to the major facilitator

superfamily of membrane transporters (25). Members of this
superfamily of proteins which have the greatest homology to
BaiG include bacterial sugar uptake proteins and antibiotic
resistance proteins (Fig. 3). The most homologous of these are
the class K and L tetracycline resistance proteins found in
certain gram-positive bacteria (27, 29). These TetA (class K
and L) proteins contain 14 proposed transmembrane domains,
differing from the TetA proteins from gram-negative bacilli,
which contain 12 proposed transmembrane domains (20).
It has been proposed (6, 20) that members of the major

facilitator superfamily of transporters evolved from an ances-
tral polypeptide with six membrane-spanning regions (a do-
main). This ancestral polypeptide then combined through du-
plication or recombination with a b domain to form the
present groups of polypeptides with 12 to 14 membrane-span-
ning regions. Examples of procaryotic proteins in this family
with 12 proposed membrane-spanning regions include sugar
transporters and various drug export proteins in addition to the
tetracycline resistance factors from gram-negative bacilli (25,
28). A smaller group of proteins appear to have evolved with
14 proposed transmembrane regions. It is interesting that
many of the proteins most closely related to BaiG (Fig. 3) are
proposed to contain 14 membrane-spanning regions.
Studies have shown that while the individual a and b do-

mains have no activity, domains from different classes of E. coli
TetA proteins can be linked to form functional proteins (34)
and separately expressed domains can interact to express re-
duced tetracycline resistance (35). These studies have sug-
gested that these proteins exist as multimers in the membrane
(15). There have also been reports on the possibility of internal
translation initiation of functional b domains from genes en-
coding tetracycline resistance (16, 35). Interestingly, the baiG
gene has at least two possible internal translation initiation
sites which could theoretically produce polypeptides with 310
and 221 amino acids (Fig. 2). It is unclear if the baiB gene

expresses these potential internal polypeptides, and the actual
membrane organization of the active bile acid transporter has
not been determined.
Like BaiG, most of the characterized bacterial transport

proteins in the major facilitator superfamily rely on the proton
motive force for transport activity. The tetracycline transport-
ers are mostly tetracycline-divalent cation/proton antiporters.
This transport activity consumes DpH but conserves DC, be-
cause the tetracycline molecule is negatively charged at phys-
iological pH. The BaiG bile acid uptake system would be
analogous in that, at least under the conditions tested (pH7),
the symport of an ionized (-COO2) bile acid and a proton
would also consume DpH and preserve DC.
The BaiG polypeptide has no apparent homology to char-

acterized mammalian bile acid transporters. A hamster ileal
bile acid transporter (43) and human (12) and rat (13) liver bile
acid transporters have been cloned and characterized. These
transporters, which have substantial homology to each other,
are Na1/bile acid symporters, are proposed to have seven
transmembrane domains, and have a common molecular
weight of approximately 38,000. A rat liver Na1-independent
transporter has also been cloned and characterized (19). This
transporter, which mediates transport activity for bile acids and
other organic anions, has a molecular weight of 74,000 and is
proposed to have 10 transmembrane domains.
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