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A cholate-inducible, NADH-dependent flavin oxidoreductase from the intestinal bacterium Eubacterium sp.
strain VPI 12708 was purified 372-fold to apparent electrophoretic homogeneity. The subunit and native
molecular weights were estimated to be 72,000 and 210,000, respectively, suggesting a homotrimeric
organization. Three peaks of NADH:flavin oxidoreductase activity (forms I, H, and III) eluted from a
DEAE-high-performance liquid chromatography column. Absorption spectra revealed that purified form III,
but not form I, contained bound flavin, which dissociated during purification to generate form I. Enzyme
activity was inhibited by sulfhydryl-reactive compounds, acriflavine, o-phenanthroline, and EDTA. Activity
assays and Western blot (immunoblot) analysis confirmed that expression of the enzyme was cholate inducible.
The first 25 N-terminal amino acid residues of purified NADH:flavin oxidoreductase were determined, and a
corresponding oligonucleotide probe was synthesized for use in cloning of the associated gene, baiH. Restriction
mapping, sequence data, and RNA blot analysis suggested that the baiH gene was located on a previously
described, cholate-inducible operon 210 kb long. The baiH gene encoded a 72,006-Da polypeptide containing
661 amino acids. The deduced amino acid sequence of the baiH gene was homologous to that of NADH oxidase
from Thermoanaerobium brockii, trimethylamine dehydrogenase from methylotrophic bacterium W3A1, Old
Yellow Enzyme from Saccharomyces carisbergensis, and the product of the baiC gene ofEubacterium sp. strain
VPI 12708, located upstream from the baiH gene in the cholate-inducible operon. Alignment of these five
sequences revealed potential ligands for an iron-sulfur cluster, a putative fiavin adenine dinucleotide-binding
domain, and two other well-conserved domains of unknown function.

Bile acids are steroids which aid in the degradation,
solubilization, and absorption of lipids from the intestinal
lumen. The primary bile acids in humans, cholate and
chenodeoxycholate, are synthesized from cholesterol by the
liver, conjugated to either glycine or taurine, and stored in
the gallbladder. During digestion, these compounds are
released into the proximal duodenum and are later reab-
sorbed by an active transport system in the distal ileum.
Thereafter, they are returned, via the portal blood, to the
liver where they are absorbed and reutilized. During their
passage through the intestinal lumen, the bile acids are
exposed to the indigenous intestinal microflora, many of
which can modify the bile acids. These modifications include
hydrolysis of the amide bond of conjugated bile acids,
oxidation or reduction of hydroxy moieties, and the reduc-
tive 7-dehydroxylation of the primary bile acids (15, 19).

Quantitatively, the most physiologically important of the
bile acid biotransformations is the 7ot-dehydroxylation of the
primary bile acids. It has been estimated that the colon
contains 103 to 105 bacteria per ml capable of performing this
reaction (12). All presently known strains which possess a
stable bile acid 7ot-dehydroxylation activity are anaerobic,
gram-positive rods of the genera Clostridium and Eubacte-
rum. Microbial 7a-dehydroxylation of the primary bile acids
is the only known source of deoxycholate and lithocholate,
which account for up to 25% of the total bile acid pool in
humans (37). The secondary bile acids differ significantly
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from their parent compounds in their physicochemical prop-
erties and physiological effects. Such differences include
decreased solubilization of lipids (6, 18), altered regulation of
de novo cholesterol and bile acid biosyntheses (16, 17),
increased cytotoxicity (41), and possible promotion of colon
carcinogenesis (7). However, despite the importance of
7a-dehydroxylation to the host, the regulation of this path-
way and its genetic distribution among the intestinal micro-
flora are still incompletely understood.
The best-characterized intestinal isolate which possesses a

7a-dehydroxylation activity is Eubacterium sp. strain VPI
12708. This organism possesses a cholate-inducible enzyme
system which can dehydroxylate both 7a- and 7P-bile acids
(42-45). A mechanism for the 7a-dehydroxylation reaction,
based on the isolation of bile acid intermediates and the
conversion of these intermediates to 7a-dehydroxylated
products, has been proposed (3, 8, 20). The 7a-hydroxy bile
acid is first conjugated to ADP (8) or coenzyme A (28) and
oxidized in two steps to yield a 3-oxo-4-cholenoic acid. This
intermediate is then thought to undergo a trans-elimination
of water across the C-6-C-7 bond to give a 3-oxo-4,6-
choldienoic acid. Three successive reductive reactions then
follow, resulting in the production of the corresponding
7a-dehydroxylated bile acid.

Cholate induces the biosynthesis of several new proteins
in Eubacterium sp. strain VPI 12708 (42). Some of these
cholate-inducible proteins have been purified to electro-
phoretic homogeneity, including the following: 19.5-kDa (29)
and 45-kDa (46) proteins of unknown function, a 27-kDa
putative 3a-hydroxysteroid dehydrogenase (9, 10), and, re-
cently, a 58-kDa bile acid-coenzyme A ligase (28). The genes
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encoding these proteins are organized on three RNA tran-
scripts. The 3ax-hydroxysteroid dehydrogenase is encoded
by three separate genes (9, 10, 14, 47). Two of these genes
are short, monocistronic transcripts (10, 14), while the third
is part of a large (>10-kb) polycistronic message (29, 46, 47).
The latter transcript encodes six or more polypeptides and
perhaps all of the remaining proteins involved in 7a-dehy-
droxylation (29).
The reductive steps of bile acid 7a-dehydroxylation in cell

extracts of Eubacterium sp. strain VPI 12708 are stimulated
by the addition of reduced flavins (45), suggesting the
presence of an enzyme which provides reduced flavins for
these steps. Indeed, Lipsky and Hylemon (25) detected a
cholate-inducible, NADH-dependent flavin oxidoreductase
(NADH:FOR) in cell extracts. The enzyme was partially
purified (sixfold) and characterized. Several physical prop-
erties of the partially purified preparation, including pH
optima, native molecular weight, and some preliminary
kinetics, were determined. However, the enzyme could not
be completely purified owing to inactivation. In this study,
we report the successful purification of the cholate-inducible
NADH:FOR from Eubacterium sp. strain VPI 12708, the
cloning and sequencing of its associated gene (baiH), and a
partial characterization of the enzyme.

MATERIALS AND METHODS

Bacterial strains and culture conditions. Eubacterium sp.
strain VPI 12708 was cultured anaerobically and maintained
as described previously (44) except that the growth medium
was modified by replacing brain heart infusion broth with
tryptic soy broth (30 g/liter). When desired, the cultures
were induced with sodium cholate as described before (13).
Strains of Escherichia coli were grown on Luria-Bertani
broth or agar plates, supplemented with ampicillin (100
p.g/ml), 5-bromo-4-chloro-3-indolyl-o-D-galactoside (X-Gal;
250 jxg/ml), or isopropylthio-o-galactoside (IPTG; 100 jig/ml)
as appropriate (1).
Enzyme and protein assays. NADH:FOR activity was

measured spectrophotometrically under aerobic conditions
at 20°C by monitoring the oxidation ofNADH at 340 nm (634
= 6.22 mM-1 cm-1) with a Shimadzu UV160U recording
spectrophotometer. Assays contained the following in a final
volume of 1 ml: sodium phosphate buffer (pH 6.8), 100 mM;
NADH, 150 ,uM; flavin adenine dinucleotide (FAD), 150
,uM; and an appropriate amount of enzyme. One unit of
activity was defined as the amount of enzyme catalyzing the
oxidation of 1 ,umol of NADH per min. Protein concentra-
tions were determined by the dye-binding assay of Bradford,
with bovine serum albumin as the standard (5). Elution of
proteins during chromatographic steps was monitored spec-
trophotometrically at 280 nm by measuring the absorbance
of individual fractions or by continuous monitoring with a
Beckman 164 variable-wavelength detector.

Purification of NADH:FOR. All purification steps were
performed aerobically. Soluble cell extracts were prepared
by French pressure cell lysis and ultracentrifugation as
described previously (13). Cell extract (62 ml; 2.6 g of
protein) was dialyzed overnight (4°C) against 4 liters of
buffer A (25 mM sodium phosphate [pH 6.8], 5% [vol/vol]
glycerol, 1 mM dithiothreitol [DIT]). The dialyzed cell
extract was loaded onto a column (2.5 by 20 cm) of DE-52
DEAE-cellulose (Whatman, Inc., Clifton, N.J.) equilibrated
previously with buffer A at 4°C. The column was then
washed with 50 ml of buffer A at a flow rate of 1.2 ml/min.
Bound proteins were eluted with a 400-ml, linear, increasing

NaCl gradient (0 to 500 mM in buffer A). Fractions were
collected at 4-min intervals. Pooled DE-52 fractions were
concentrated and desalted with a Centriprep 10 cartridge
(Amicon, Danvers, Mass.). Excess salt was removed with
three 10-ml aliquots of buffer A, with reconcentration be-
tween washes. The sample pH was then brought to 8.5 with
NaOH, and the proteins were loaded onto a column (1 by 3
cm) of Reactive Red 120 agarose (Sigma Chemical Co., St.
Louis, Mo.) which had been equilibrated with buffer B (25
mM sodium phosphate [pH 8.5], 5% [vol/vol] glycerol, 1 mM
DTT) at 20'C. The column flowthrough was collected and
saved for further purification. The loading eluate (unbound
proteins) from the Reactive Red agarose column was col-
lected, and the pH was adjusted to 7.0 by the addition of 0.1
N HCl. This solution was then loaded onto a Cibacron Blue
A (Amicon) column (1.5 by 10 cm) which was equilibrated
with buffer C (25 mM sodium phosphate buffer [pH 7.0], 5%
[vol/vol] glycerol, 1 mM DTT) at 20'C, and the column
eluate was reapplied to the column five more times. The
column was then washed with 15 bed volumes of buffer C to
remove any unbound protein. Bound proteins were eluted
with buffer C containing 1 M KCl. All flow rates were about
1.0 ml/min, and fractions were collected at 4-min intervals.
The pooled Cibacron Blue A fractions were concentrated
and desalted with buffer C, using a Centriprep 10 cartridge as
described above. The proteins were then loaded onto a
preequilibrated Spherogel DEAE-3SW column (Beckman,
Fullerton, Calif.) at a flow rate of 0.4 ml/min (20'C). The flow
rate was increased to 0.85 ml/min when sample application
was completed. Bound proteins were eluted with the follow-
ing NaCl gradient in buffer C: 0 to 100 mM NaCl in 10 min,
100 to 300 mM NaCl in 80 min, and 300 to 500 mM NaCl in
10 min. Fractions were collected at 1-min intervals. Solid
ammonium sulfate was added to the pooled DEAE-high-
performance liquid chromatography (HPLC) fractions to a
final concentration of 20% (wt/vol) at 4°C, and the pH was
maintained at 7.0 by the addition of 1 N ammonium hydrox-
ide. The protein sample was then loaded at a flow rate of 0.4
ml/min onto a Spherogel phenyl-5PW column (Beckman)
which had been equilibrated with buffer C containing 20%
(wt/vol) ammonium sulfate (20°C). After sample application,
the flow rate was increased to 1.0 ml/min. Bound proteins
were eluted with a 40-min, linear, decreasing ammonium
sulfate gradient (20% [wt/vol] to 0%). The column was
washed with 10 ml of buffer C without ammonium sulfate,
and 1.0 ml of buffer C containing 10% (vol/vol) ethanol was
then injected onto the column. Fractions were collected at
1.0-min intervals.

Electrophoresis conditions. Slab gel sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE) was
performed at 20°C at a constant current of 1.5 mA/cm as
described by Laemmli (23), except that 5% acrylamide
stacking and 12% acrylamide separating gels were used. The
gels were stained for protein with 0.2% (wt/vol) Coomassie
R-250 in ethanol-acetic acid-water (25:7:68) and destained
with the same solvent system lacking the Coomassie dye.

Native molecular weight determinations. A Sepharose
CL-6B (Pharmacia LKB Biotechnology, Uppsala, Sweden)
gel filtration column (2.5 by 75 cm) was equilibrated with
buffer A containing 100 mM NaCl at a flow rate of 0.5
ml/min. The column was calibrated with blue dextran 2000,
apoferritin (443 kDa), ,B-amylase (200 kDa), alcohol dehy-
drogenase (150 kDa), albumin (66 kDa), carbonic anhydrase
(29 kDa), and cytochrome c (12.4 kDa), all from Sigma. A
standard curve was obtained by plotting the log of molecular
weight versus relative elution volumes (VIJVO), and the
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native molecular weight of purified NADH:FOR was accord-
ingly estimated from its VIVO.

Generation of polyclonal antibodies. A male New Zealand
White rabbit (2 kg) was obtained from Blue and Gray
Rabbitry and housed in the Medical College of Virginia
Animal Resources Facility. A 20-ml sample of preimmune
blood was drawn from the ear, and the serum was collected
and saved at -20'C. The animal was initially challenged by
injecting 100 pug of purified protein, in Freund's complete
adjuvant, intramuscularly into the thigh. The antibody titer
was boosted with two subsequent injections of 100 pg of
protein in Freund's incomplete adjuvant at 3-week intervals.
Immune serum was collected 1 week after the second boost.
After it was ascertained that the antibody titer was suffi-
ciently high, the animals were sacrificed by exsanguination,
and the immune serum was collected and stored at - 20'C for
further use.
Western blot (immunoblot) analysis. Protein samples were

loaded and run on SDS-12% PAGE slab gels as described
above, except that 0.01% (wt/vol) pyronin Y was added to
each sample to act as a lane marker. Prestained molecular
weight markers (Bio-Rad Laboratories, Richmond, Calif.)
were used for size determinations. The proteins were elec-
trophoretically transferred to a nitrocellulose membrane,
and immunoreactive bands were detected with the Bio-Rad
Immun-Blot assay kit in accordance with the manufacturer's
instructions. The rabbit polyclonal antisera (1:50 diluted)
were utilized as the primary antibody, while goat anti-rabbit
antiserum conjugated to horseradish peroxidase was used as
the secondary antibody. Bound anti-rabbit antibodies were
visualized by using 4-chloro-1-naphthol in the presence of
0.15% hydrogen peroxide.

Immunoinhibition studies. The purified proteins were
placed in the standard assay buffer in the presence of
different volumes of preimmune or immune serum. The
mixtures were allowed to incubate for 15 min at 20'C.
Enzymatic reactions were initiated by the addition of FAD
and NADH and assayed spectrophotometrically as de-
scribed above. Control reactions with no additions were also
performed. No NADH:FOR activity was detected in the
rabbit sera used.
Amino-terminal amino acid sequence determination. Puri-

fied NADH:FOR (approximately 1 nmol) was extensively
dialyzed against HPLC-grade water (Alltech, Deerfield, Ill.)
and concentrated to 200 ,ul with a 2-ml Centricon-10 concen-
trator (Amicon). The N-terminal amino acid sequence was
determined at the University of Illinois, Urbana-Champaign,
using an Applied Biosystems gas phase amino acid sequena-
tor.

Oligonucleotide synthesis, purification, and labelling. Oli-
gonucleotides were synthesized on an Applied Biosystems
380A DNA synthesizer at the Medical College of Virginia/
Virginia Commonwealth University Nucleic Acids Core
Facility, purified by thin-layer chromatography, and 5'-end
labelled with [b-32P]ATP and T4-polynucleotide kinase as
described previously (29).
Recombinant DNA methods. Total chromosomal DNA

from Eubacterium sp. strain VPI 12708 was purified by the
method of Marmur (30). Total RNA from this organism was
purified as described previously (10). DNA from lambda gtll
isolates was purified from clarified lysates (1). Plasmid DNA
was isolated by an alkaline lysis procedure (1). Single-
stranded DNA from M13 phage subclones was prepared as
described before (1). DNA from agarose gels was extracted
with GeneClean (Bio 101 Inc., La Jolla, Calif.).

Restriction digestions, ligations, and other enzymatic ma-

nipulations were performed as described previously (1).
DNA-DNA hybridizations were carried out after agarose gel
electrophoresis of restriction fragments either directly in the
dried gels or after alkaline transfer of the restriction frag-
ments to GeneScreen nylon membranes (DuPont NEN Re-
search Products, Boston, Mass.) (1). Screening of bacteri-
ophage plaques and bacterial colonies was done with in situ
hybridization as described previously (29). RNA blot analy-
sis was performed as described in reference 1.

Single-stranded DNA from M13 bacteriophage subclones
was sequenced by the dideoxy chain termination method
(36), using the Sequenase 2.0 kit (United States Biochemi-
cals Corp., Cleveland, Ohio), with o-35S-dATP (DuPont
NEN Research Products) as the label and with commercially
available universal primers or other oligonucleotide primers.
Both DNA strands in all reported regions were sequenced.
Nucleic acid and amino acid sequences were analyzed by
using the IBI/Pustell DNA sequence analysis program (In-
ternational Biotechnologies, Inc., New Haven, Conn.) and
the Genetics Computer Group (GCG) program (University
of Wisconsin Biotechnology Center, Madison, Wis.). All
amino acid sequences shown herein are written in the
one-letter IUB amino acid code.

Cloning of the baiH gene. Genomic DNA (80 pg) from
Eubacterium sp. strain VPI 12708 was digested with EcoRI
(290 U) for 2 h at 370C and fractionated on a 0.8% agarose gel
in a Tris acetate-EDTA buffer system. Fragments in the size
range of 1.4 to 2.2 kb were excised from the gel, extracted,
ligated into EcoRI-digested, dephosphorylated lambda gtll
arms (Bethesda Research Laboratories, Gaithersburg, Md.),
and packaged into phage heads by using the Packagene kit
(Promega Biotec, Madison, Wis.). The packaged phages
were used to infect E. coli Y1090r- (49). Approximately
4,000 plaques were screened by in situ hybridization, using a
degenerate oligonucleotide probe specific for the NADH:
FOR gene (FOR-2; see Results). DNA (20 pg) from one
positive clone was digested with EcoRI (80 U) and electro-
phoresed. The 1.8-kb EcoRI fragment, which hybridized to
probe FOR-2, was excised, extracted, and ligated into
EcoRI-digested, dephosphorylated pUC19 DNA (Bethesda
Research Laboratories). The ligation mixture was used to
transform competent subcloning efficiency cells of E. coli
DH5a (Bethesda Research Laboratories) in accordance with
the instructions of the supplier. lacZ colonies were patched
onto fresh plates and screened with probe FOR-2, using in
situ hybridization. Plasmid DNA from one positive clone, E.
coli DH5a(pFOR1.8), was isolated. The 0.5-, 0.6-, and
0.7-kb fragments resulting from digestion of the plasmid with
EcoRI plus BamHI were subcloned into bacteriophages
M13mpl8 and M13mpl9 as described before (1), using E.
coli JM109 as the host (48).
The downstream portion of the baiH gene was synthesized

by an inverse polymerase chain reaction (PCR) method.
Genomic DNA was digested with BamHI plus BclI and
electrophoresed. Fragments in the size range of 1.2 to 1.6 kb
were excised and extracted. A portion of the extracted DNA
(100 ng) was self-ligated for 16 h at 15°C. Diverging oligonu-
cleotide primers were designed by using sequence informa-
tion obtained from the 1.8-kb EcoRI fragment above. The
forward primer (FOR-4 in Fig. 6) had the sequence 5'
AGTCTGCAGCGCCTGAGTGCCATTGCCAT 3' and con-
tained an artificial PstI site at the 5' end. The reverse primer
(FOR-5 in Fig. 6) had the sequence 5' AATGGTACCAG
GCCGCGTTCTACGATCT 3' and contained an artificial
KpnI site at the 5' end. The PCR reaction contained 20 ng of
the circularized template, 100 pmol of each primer, and
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TABLE 1. Purification of NADH:FOR from Eubactenum sp. strain VPI 12708

Purification stepa Vol (ml) Protein (mg) Activity (U)b Sp act (U/mg) Purification (fold) Yield (%)

Cell extract 62.0 2,580 329.2 0.13 1.0 100
DE-52 35.0 1,190 308.9 0.26 2.0 94
Reactive Red 120 37.0 1,060 307.5 0.29 2.2 93
Cibacron Blue A 30.0 72.8 126.0 1.73 13.3 38
DEAE-HPLC (pH 7.0) 19.0 15.2 96.9 6.38 49.1 29
Phenyl-HPLC (pH 7.0) 4.0 0.67 32.4 48.36 372.0 10

a Cell extracts were prepared from 16-liter cultures induced by sodium cholate.
b One unit of activity is defined as the flavin-dependent oxidation of 1 pmol of NADH per min.

recommended amounts of components provided with the
Perkin-Elmer AmpliTaq PCR kit (Perkin-Elmer, Norwalk,
Conn.). Temperatures were cycled with a Perkin-Elmer
thermal cycler at 940C (1 min), 550C (2 min), and 720C (2 min)
for 30 cycles. The 1.4-kb PCR product was agarose gel
purified, extracted, digested with PstI plus KpnI, gel purified
again, and extracted. The prepared insert was ligated to PstI
plus KpnI-digested pUC19, and the ligation mixture was
used to transform E. coli DH5a competent cells. Colonies
were screened for the presence of the 1.4-kb PstI-KjpnI
insert by in situ hybridization with a 5'-end-labelled oligo-
nucleotide probe (FOR-3 in Fig. 6). Plasmid DNA from one
positive clone [E. coli DH5a(pFOR1.4)] was isolated, and
the 1.4-kb PstI-KpnI insert was purified and subcloned into
bacteriophages M13mpl8 and M13mpl9 as described above.

Nucleotide sequence accession number. The nucleotide and
amino acid sequence data presented in this report have been
submitted to GenBank (accession number L11069).

RESULTS

Purification of the NADH:FOR. The cholate-inducible
NADH:FOR was purified to apparent electrophoretic homo-
geneity, using a five-step protocol (Table 1). The most
effective steps employed were Cibacron Blue A and phenyl-
HPLC chromatography, which gave 6- and 7.6-fold purifica-
tions and 41 and 34% recoveries, respectively. A purification
of 372-fold with a 10% overall recovery was ultimately
achieved. Although Reactive Red A agarose chromatogra-
phy did not result in significant purification of the NADH:
FOR, it removed 7a-hydroxysteroid dehydrogenase activity
(10), which otherwise contaminated the NADH:FOR prep-
arations. Multiple loadings were necessary to achieve ac-
ceptable recoveries from the Cibacron Blue A agarose step,
since 20 to 25% of the NADH:FOR activity remained
unbound even after 10 passages over the column. The bound
NADH:FOR was eluted from this column with 1 M KCI;
solutions containing up to 2 M NaCl and 20 mM NAD(H)-
resulted in enzyme recoveries of <5%.
Three peaks of NADH:FOR activity eluted from the

DEAE-HPLC column in the purification protocol (Fig. 1C).
The predominant peak eluted at 35 ml, while smaller peaks
of activity were detected at 50 and 65 ml; these peaks will be
referred to as forms I, II, and III, respectively. To determine
the origin of these forms, aliquots of the NADH:FOR
preparation from various points in the purification protocol
described in Materials and Methods were chromatographed
on a DEAE-HPLC column (Fig. 1). Form III was predomi-
nant in the pooled DE-52 fractions (Fig. 1A), representing
>80% of the total activity. The proportion of form III
decreased, and that of form I increased, as the enzyme was
purified further. After chromatography of the enzyme on
DE-52, Reactive Red A agarose, and Cibacron Blue A

agarose (Fig. 1C), form I represented 75 to 80% of the
NADH:FOR activity. Form II was only present as a minor
peak under these conditions. Changing the pH of the pooled
DE-52 fractions from 6.8 to 8.5 (as described in Materials
and Methods) did not change the ratio of forms I and III in
the DEAE-HPLC column profile.
Forms I and III also displayed different hydrophobic

characters on a phenyl-HPLC column (data not shown).
When the form I fractions from Fig. 1C were chromato-
graphed on this column, the NADH:FOR activity eluted in a
broad peak after the end of a decreasing ammonium sulfate
gradient, and most of the activity eluted rapidly when 10%
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FIG. 1. Effect of purification protocol on the DEAE-HPLC
elution profile of NADH:FOR. Protein samples were chromato-
graphed, using a DEAE-HPLC column, at several steps in the
purification protocol described in Materials and Methods. Approx-
imately the same amount ofNADH:FOR activity was loaded in each
panel. Fractions to be loaded were first desalted with Centriprep 10
cartridges, and proteins were eluted as described in Materials and
Methods. (A) Proteins from pooled DE-52 fractions; (B) proteins
after DE-52 and Reactive Red A chromatography; (C) proteins after
DE-52, Reactive Red A, and Cibacron Blue A chromatography. I,
II, and III refer to the different forms of the NADH:FOR mentioned
in the text.
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FIG. 2. Absorption spectra of purified NADH:FOR forms I (A)
and III (B). The absorption spectra of purified NADH:FOR forms I
and III (400 ,ug each) were determined at 20°C on a Shimadzu
UV160U recording spectrophotometer, using a quartz cell with a
1-cm path length.

ethanol was injected onto the column. The form III fractions
from Fig. 1C exhibited an elution peak similar to that of form
I, but about 50% of the total activity eluted in a new, less
hydrophobic peak. The fractions of this new peak were
noticeably yellow-brown compared with the colorless frac-
tions containing form I.
The absorption spectra of forms I and III from the

phenyl-HPLC column between 300 and 500 nm were com-
pared (Fig. 2). Form III, but not form I, exhibited a typical
flavin spectrum, with peaks at 375 and 455 nm. The two
forms had approximately equal specific activities in the
standard NADH:FOR assay. However, incubation of form I
with 150 ,uM FAD anaerobically (30 min, 25°C) in the
presence of NADH, DTT, or 2-mercaptoethanol (all at 1
mM) did not restore the phenyl-HPLC elution profile to that
of form III. Inclusion of 5 pM FAD and flavin mononucle-
otide (FMN) in the DEAE- and phenyl-HPLC column buff-
ers did not change the elution profiles of forms I and III.
Because the amount of form I obtained from DEAE-

HPLC was much greater than that of form III (Fig. 1C), form
I was used for the purification summarized in Table 1. The
enzyme preparation after phenyl-HPLC was judged to be
>95% homogeneous by SDS-PAGE and contained a single
protein subunit of 72 kDa (Fig. 3). Gel filtration chromatog-
raphy gave a native molecular mass of 210 kDa (data not
shown). These data suggest that the NADH:FOR exists as a
trimer of identical subunits. The purified NADH:FOR could
not use NADPH in place ofNADH as electron donor in the

kDa
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21.5 m7 * ____A
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FIG. 3. SDS-PAGE of NADH:FOR. Aliquots from each step of
the purification were subjected to electrophoresis, using a 12%
acrylamide slab gel. Lanes: M, low-molecular-mass markers (mo-
lecular masses indicated at left of gel); 1, cell extract (50 Pg); 2,
pooled DE-52 fractions (40 ,ug); 3, pooled Reactive Red A
flowthrough fraction (40 ,ug); 4, pooled Cibacron Blue A fractions
(35 pg); 5, pooled DEAE-HPLC (form I) fractions (15 ,ug); 6, pooled
phenyl-HPLC fractions (10 pg).

standard assay. Activity without FAD (i.e., 02 was the sole
electron acceptor) was about 10% of that with FAD. The
purified enzyme lost 50% of its original activity when stored
at either 4 or -20°C in the presence of 10% (vol/vol)
glycerol-1 mM DTT for 2 to 3 weeks.

Effect of various compounds on NADH:FOR activity. The
activity ofNADH:FOR was very sensitive to the presence of
several sulfhydryl inhibitors. Nearly complete inhibition of
catalytic activity occurred after incubation of the NADH:
FOR with either CuC12, HgCl2, N-ethylmaleimide, orp-chlo-
romercuriphenyl sulfonic acid at 1 mM final concentrations
(Table 2). The enzyme was also inhibited (approximately
73%) by 1 mM ZnCl2. Similar concentrations of iodoacetate
and iodoacetamide, however, failed to substantially inhibit
catalytic activity. The metal ion chelators EDTA and

TABLE 2. Effects of various compounds on NADH:FOR activity

Compound Concn (mM) % of controla

EDTA 5.0 52
EGTA 5.0 101
o-Phenanthroline 2.0 58
NaN3 10.0 99
ZnC12 1.0 27
CuCl2 1.0 1
HgC12 1.0 3
N-Ethylmaleimide 1.0 4
lodoacetate 1.0 91
Iodoacetamide 1.0 112
p-Chloromercuriphenyl sulfonic acid 0.2 5
Acriflavine 0.2b 13
N-Bromosuccinimide 0.2 8

a Purified enzyme (10 ng) was preincubated with the indicated amount of
the inhibitor or distilled water (control) in standard assay buffer for 10 min at
200C. Reactions were then initiated by the addition of FAD and NADH and
performed as described in Materials and Methods. Enzyme activities are
reported as a percentage of the control (2 U/ml) and are the means of triplicate
assays.

b Because acriflavine is a mixture of 3,6-diamino-10-methylacridinium chlo-
ride and 3,6-diaminoacridine, its concentration is given in milligrams per
milliliter.
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1 2 34 5 kDa A
-110
-84

-47

-33
-24

-16

FIG. 4. Western blot analysis of NADH:FOR expression in
Eubacterium sp. strain VPI 12708. Western blots were performed as
described in Materials and Methods. Lanes: 1, cell extract (17 pLg)
from cholate-induced cells; 2, cell extract (18 pg) from uninduced
cells; 3, purified NADH:FOR form I (0.8 pg); 4, purified form III
(0.8 pg); 5, prestained molecular mass markers (molecular masses
indicated at the right of the blot).

o-phenanthroline, but not [ethylenebis(oxyethylene-nitri-
lo)]tetraacetic acid (EGTA) or sodium azide, also reduced
NADH:FOR activity. In addition, acriflavine (a flavin ana-
log) and N-bromosuccinimide were both strongly inhibitory
at the concentrations tested.

Expression of NADH:FOR in Eubacterium sp. strain VPI
12708. The expression of NADH:FOR in Eubacterium sp.
strain VPI 12708 was confirmed to be cholate inducible by
enzymatic assays and Western blot analysis. Repeated as-
says of uninduced cell extract revealed no NADH:FOR
activity. Western blot analysis revealed that a 72-kDa pro-
tein was specifically recognized by the immune serum in cell
extracts from cholate-induced cells and in samples of puri-
fied NADH:FOR forms I and III (Fig. 4). The specificity of
the rabbit antiserum for the NADH:FOR was confirmed by
immunoinhibition. The catalytic activity of the purified
NADH:FOR was inhibited about 50% after incubation with
150 ,ul of immune serum. No inhibition of enzymatic activity
was detected with preimmune serum.
Mapping the NADH:FOR gene. The sequence of the first

25 amino acids in the N terminus of NADH:FOR was
determined by gas phase microsequencing of the purified
enzyme. The sequence was MDMKHSRLFSPLQIGSLTL
XNFVXM, where tentatively identified residues are itali-
cized and X represents an undetermined residue. A mixed
oligonucleotide (FOR-2), corresponding to the antisense
strand encoding the first seven residues of the above, was
synthesized and had the following sequence: 5'-TCT(T/AIC/
G)GA(G/A)TG(T/C)TTCAT(G/A)TCCAT-3'. Radioactively
5'-end-labelled probe FOR-2 was used in restriction mapping
and cloning of the NADH:FOR gene.
The restriction map of the NADH:FOR gene generated

with probe FOR-2 (Fig. SA) matched well that established
previously for a large, cholate-inducible operon from Eubac-
tenium sp. strain VPI 12708 (29). RNA blots were used to
estimate the size of the NADH:FOR mRNA transcript.
Probe FOR-2 hybridized to a transcript >10 kb in size in
RNA samples from cholate-induced but not uninduced cells
of Eubacterium sp. strain VPI 12708 (Fig. SB).

Cloning and sequencing of the NADH:FOR gene. The
1.8-kb EcoRI fragment which hybridized to probe FOR-2
(Fig. 5A) was cloned into lambda gtl1 and then subcloned
into plasmid pUC19, generating the recombinant plasmid

5'
baiE

baiD baiA2

I I
31

0/P baiB I baiC I I baiF ba bal

BamHI PstI BglII KpnI BcII
BamHI

IPstII BglII
EcoRI EcoRII

1.5 kb BamHI-BclI
4--1.-Ec

1.8 kb EcoRI

B
1 23456

23S-

les-

kk
- 9.5
- 7.5

- 4.4

- 2.4

1.4

- 0.2

FIG. 5. Location of the NADH:FOR gene (baiH) of Eubacte-
rium sp. strain VPI 12708 on a large, cholate-inducible operon. (A)
Restriction map of the baiH gene. Open reading frames are depicted
as boxed areas. Open reading frames baiB, -C, -D, -E, -A2, and -F
are part of a previously described cholate-inducible operon (29); O/P
indicates the putative operator/promoter region for this operon.
Open reading frames baiG, baiH, and bail are inferred from
sequence data in Fig. 6. The solid and dotted arrows indicate
baiH-specific oligonucleotide probes FOR-2 and FOR-3, respec-
tively, used in restriction mapping. Restriction fragments used to
clone the baiH gene are shown with double-headed arrows. The
1.5-kb BamHI-BclI fragment was used in an inverse PCR reaction;
the gap indicates the region not copied in the PCR reaction (see
Results). (B) Northern blot analysis of the baiH gene, using probe
FOR-2. Lanes: 1, 2, and 3, 10, 20, and 30 ,ug of total RNA from
uninduced cells ofEubactenium sp. strain VPI 12708; 4, 5, and 6, 10,
20, and 30 ,g of total RNA from cholate-induced cells. RNA size
markers are shown at the right. The positions of the 23S and 16S
rRNAs are shown at the left.

pFOR1.8. Fragments from EcoRI plus BamHI digestion of
pFOR1.8 were subcloned into M13 phages for sequencing.
Sequence analysis of the 1.8-kb EcoRI insert revealed the
presence of two truncated open reading frames, one extend-
ing from the 5' EcoRI terminus and ending with a stop codon
(baiG) and the other (baiH) beginning with a methionine
start codon and continuing through to the 3' EcoRI terminus
(Fig. SA and 6). The deduced amino acid sequence of baiH
(Fig. 6) matched that obtained by microsequencing of puri-
fied NADH:FOR (see above), except that a tentatively
identified phenylalanine residue in the latter was replaced by
an arginine in the former. This confirmed that baiH repre-
sented the NADH:FOR gene.
Because the baiH gene was truncated at the 3' end in the

1.8-kb EcoRI fragment, the downstream portion was cloned
on another fragment. A 1.5-kb BamHI-BclI fragment over-
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5,' EcoRi
1 GAATTCGTGC TTCCAGTATT GATCCTGTTC CTTACACAGG GACTTATGAT GGCAAATATG ACCAATGTCA TC ............ .......... .GCCATCTCA 540

44*4 E F V L P V L I L F L T Q G L M M A N M T N V I . . . . . . . . . . . . . A I S
4-4-44 baiG o*o* rbs
541 TCCATCCAGA CGCTGACACT GGTTGAACTT GGATGTATCG TTGTGGGAAT CATCCTTGTG AGAATGCTGC CAAGAATCTA TCAGAAGAAA GAGGCATAM TAAGTTAAGA AMGAGGTAA 660

S I Q T L T L V E L G C I V V G I I L V R M L P R I Y Q K K E A * I S * E K R*
4-------- FOR-2-------- adilI *4*4 baiGS

661 TTATAAATGG ATATGAAACA TTCCAGATTA TTTTCGCCGC TTCAGATCGG ATCCCTGACA CTGTCTAACC GTGTCGGCAT GGCTCCCATG AGCATGGACT ATGAAGCAGC AGACGGAACT 780
1 L * M D M K H S R L F S P L Q I G S L T L S N R V G M A P M S N D Y E A A D G T 38

kmiH *---0
781 GTGCCCAAGA GGCTGGCGGA CGTATTTGTC CGCCGCGCCG AGGGAGGCAC AGGCTACGTC ATGATCGACG CGGTGACGAT AGACAGCAAG TATCCTTATA TGGGAAATAC AACGGCCCTT 900
39 V P K R L A D V F V R R A E G G T G Y V M I D A V T I D S K Y P Y M G N T T A L 78

901 GACCGTGATG AACTGGTTCC CCAGTTTAAG GAATTTGCTG ACAGAGTAAA AGAAGCAGGC AGCACGCTGG TGCCGCAGAT CATTCATCCG GGTCCGGAAT CCGTATGCGG CTACCGGCAT 1020
79 D R D E L V P Q F K E F A D R V K E A G S T L V P Q I I H P G P E S V C G Y R H 118

1021 ATCGCTCCGC TTGGACCTTC TGCCAACACC AATGCAAACT GCCACGTGAG CAGATCGATC AGCATAGATG AGATCCATGA CATCATTAAG CAGTTCGGCC AGGCGGCACG CCGCGCCGAA 1140
119 I A P L G P S A N T N A N C H V S R S I S I D E I H D I I K Q F G Q A A R R A E 158

1141 GAAGCAGGAT GCGGGGCAAT CTCCCTGCAC TGCGCGCATG CGTATATGCT GCCAGGATCC TTCCTGTCAC CGCTTCGCM CAAGCGCATG GATGAATATG GCGGAAGCCT TGACAACCGT 1260
159 E A G C G A I S L H C A H A Y M L P G S F L S P L R N K R M D E Y G G S L D N R 198

1261 GCCCGTTTCG TGATCGAGAT GATTGAGGAG GCCCGCAGGA ATGTGAGTCC TGATTTCCCG ATCTTCCTTC GTATCTCCGG AGACGAGAGA ATGGTAGGAG GCAACAGCCT TGAAGATATG 1380
199 A R F V I E M I E E A R R N V S P D F P I F L R I S G D E R M V G G N S L E D M 238

1381 CTCTACCTGG CACCGAAGTT CGAGGCTGCC GGCGTAAGCA TGCTGGAAGT ATCCGGCGGA ACCCAGTATG AAGGCCTGGA ACATATCATT CCTTGCCAGA ATAAGAGCAG GGGCGTCAAT 1500
239 L Y L A P K F E A A G V S M L E V S G G T Q Y E G L E H I I P C Q N K S R G V N 278

4----------FOR-5-----------
1501 GTATATGAAG CTTCTGAGAT CAAGAAAGTA GTGGGCATCC CGGTATACGC AGTAGGAAAG ATCAACGATA TACGCTATGC GGCAGAGATC GTAGAACGCG GCCTGGTAGA CGGCGTGGCT 1620
279 V Y E A S E I K K V V G I P V Y A V G K I N D I R Y A A E I V E R G L V D G V A 318

_===- FOR-3,4
1621 ATGGGACGTC CGCTTCTGGC AGATCCGGAC CTTTGCAAGA AGGCAGTGGA AGGCCAGTTT GACGAGATCA CTCCATGCGC AAGCTGCGGC GGAAGCTGCA TCAGCCGTTC TGAGGCAGCG 1740
319 M G R P L L A D P D L C K K A V E G Q F D E I T P C A S C G G S C I S R S E A A 358

------FOR-3,4 ------ EcoRI
1741 CCTGAGTGCC ATTGCCATAT TAATCCAAGG CTTGGCCGGG AGTATGAATT CCCGGATGTG CCTGCCGAGA AGTCCAAGAA GGTACTGGTT ATCGGCGCAG GCCCTGGAGG AATGATGGCT 1860
359 P E C H C H I N P R L G R E Y E F P D V P A E K S K K V L V I G A G P GG M M A 398

1861 GCCGTGACAG CTGCGGAACG CGGCCATGAT GTTACGGTAT GGGAGGCTGA CGACAAGATC GGCGGCCAGC TGAACCTGGC AGTAGTGGCT CCTGGCAAGC AGGAGATGAC CCAGTGGATG 1980
399 A V T A A E R G H D V T V W E A D D K I G G Q L N L A V V A P G K Q E M T Q W M 438

EcoRI
1981 GTACATCTGA ACTATCGCGC GAAGAAAGCA GGCGTGAAGT TTGAATTCAA TAAAGAAGCG ACGGCAGAAG ATGTCAAGGC GCTGGCGCCG GAAGCAGTGA TCGTTGCTAC AGGCGCGAAG 2100
439 V H L N Y R A K K A G V K F E F N K E A T A E D V K A L A P E A V I V A T G A K 478

2101 CCGCTGGTTC CTCCGATTAA AGGAACACAG GATTATCCGG TGCTTACTGC CCATGATTTC CTTCGCGGCA AGTTCGTGAT TCCGAAGGGA CGCGTCTGCG TGCTGGGAGG AGGCGCGGTT 2220
479 P L V P P I K G T Q D Y P V L T A H D F L R G K F V I P K G R V C V L G G G A V 518

EcoRI
2221 GCCTGCGAGA CTGCCGAGAC AGCCCTGGAG AATGCACGTC CGAATTCTTA TACCAGAGGA TACGATGCAA GCATCGGAGA TATCGATGTC ACGCTTGTGG AGATGCTTCC GCAGCTCCTT 2340
519 A C E T A E T A L E N A R P N S Y T R G Y D A S I G D I D V T L V E M L P Q L L 558

2341 ACCGGCGTAT GCGCGCCGAA CCGCGAGCCT TTGATCCGCA AGTTAAAGAG CAAGGGCGTA CACATCAACG TCAATACCAA GATCATGGAA GTAACAGACC ATGAAGTAAA GGTTCAGAGA 2460
559 T G V C A P N R E P L I R K L K S K G V H I N V N T K I M E V T D H E V K V Q R 598

EcoRI
2461 CAGGATGGAA CGCAGGAATG GCTGGAAGGA TTTGACTATG TCCTCTTTGG CCTTGGTTCC AGAAATTACG ATCCGCTTTC AGAGACCCTC AAGGAATTCG TTCCGGAAGT ACATGTCATC 2580
599 Q D G T Q E W L E G F D Y V L F G L G S R N Y D P L S E T L K E F V P E V H V I 638

rbe
2581 GGCGATGCCG TAAGGGCGCG CCAGGCAAGC TACGCMTGT GGGAAGGATT TGAGAAGGCA TACAGCCTGT AAAAGCGGTT TGAGTAAAAG GAGGCTTAAG AAATGGCAGT GAAGGCAATC 2700
639 G D A V R A R Q A S Y A M W E G F E K A Y S L * K R F E * K E A * E M A V K A I 661

Bctl *---b4441H* 2
2701 TCAGGCTGCG ACAAGGATCA GGAACTGATC A 2731

S G C D K D Q E L 1 3'

FIG. 6. Nucleotide and predicted amino acid sequence of the NADI-:FOR gene (baiH) and flanking regions. Base pairs 73 to 531 in the
DNA sequence have been omitted for brevity. The beginning and end of the baiH gene and adjacent open reading frames are indicated below
the corresponding amino acid sequences. The predicted amino acid sequence of the baiH gene is numbered. Ribosome-binding sites (rbs) and
pertinent restriction sites are underlined. Oligonucleotide probes mentioned in the text are depicted as dashed arrows located above the DNA
sequence, and the orientation of the probes is indicated by the direction of the arrow. Since probes FOR-3 and FOR-4 overlap, additional
bases in FOR-4 are indicated by a double-dashed line.

lapping the 1.8-kb EcoRI fragment by 592 bp (Fig. 5A) was 1,983 bp in length and encoded a polypeptide of 661 amino
identified by DNA blot analysis, using a labelled probe, acid residues with a molecular weight of 72,006. This agreed
FOR-3 (Fig. 5A and 6). This fragment was circularized by with the subunit relative molecular weight of purified
self-ligation and used as a template for an inverse PCR NADH:FOR as determined by SDS-PAGE. A potential
reaction. Sequence information from the 592-bp overlapping open reading frame, baiI, was found downstream from the
region was used to design diverging primers (FOR-4 and -5 in baiH gene (Fig. 5A and 6).
Fig. 6) with artificial PstI and Kpnl restriction sites. The use Global amino acid sequence homologies. Computer data
of these primers and the circularized template in the PCR base searches indicated that the predicted amino acid se-
reaction generated a 1.4-kb PstI-Kp7nI insert, which was quence of the baiH gene shared global homology with those
subcloned into pUC19 and then into M13 phages for se- of four other proteins: NADH oxidase from Thernoanaero-
quencing. bium brockii (26); trimethylamine dehydrogenase from the
Sequence analysis (Fig. 6) revealed that the baiH gene was facultative methylotroph bacterium W3A1 (4); Old Yellow



BILE ACID-INDUCIBLE NADH:FLAVIN OXIDOREDUCTASE GENE 3009

Eu.spVPI-BaiH 1 M DMKHSR_ LQS YEADITVPK ..LADVF REIGYVM ID IDSKY PY.MGNTT, D RLQFj
T.broNADHOxid 1.MTHFPNMTHFPNG I TN EDNVSVS Q ..LIDY I VD Q GKNVACQL D MYHAGFF
Eu.spVPI-BaiC 1 .MSYE FKVR I I TKMgKN KHDIGE H.AN F I.A PHAYMY.M YT HH5Q3
W3A1-TMADehydr 1 MAR DPKHDI I F IG AGSDKPGFQS ..... R V L SIP S DDTHRLSARTUDGD NLI

S.carOldYelEnz 1 MSFVKDFKPQ ALGDTN I NE L I TRM RILHP0JIPN lDWAVEfYTQ RPGTMI T .GAFISUQ AGGYDNAPGV WSEEQ VEWT

Eu.spVPI-BaiH 89 EF STLV II ....... .ESVCGYRHI A TN ANCHV .... S RSISID HD I+GAISL
T.broNADHOxid 89 ELAE AKIF RQT..........E RG SPVPCSFIGTQP RE IN E V I
Ku...spVPI-BaiC 86 KIT GKMI' F......SPGMFFDET MTIT ... ....P DT ERHE
W3A1-TMADehydr 89 AMTI ALA ...... HAPNMESRA TP GSQYAS EFETL..SYC KELSD|

S.carOldYelEnz 100 KIFMI K SF /L AAFPDNLA RDGLRYDSAS DN FMD EQE AKAKKANNPQ HSUKD NQYKEY MSI

Eu.spVPI -BaiH
T. broNADHOxid
Eu.spVPI -BaiC
W3A1 -TMADehydr
S.carOldYelEnz

+++++++ ++++++++. . ...++.+.+

176 IG IR IEEARRN P F FL I.S RM NS L MLYLAPK FE MLE 'GITQY!L EHI..IiCGI

177 I1 T RsglFI IRRIKE l lEY ;SFFS. FVEMGNT L GKQIAKM LEEAVLH 'I.YSM PTLI..PSR

162 H F VQAIRS D F C LMEQTMT E IVTFINK CLSVAD .ATSF ATVY Fl
177 LEVKHb FGV DTGP VDGQKFVE MjS MW ITI IAG ED..A RF

200 .M I V VDALVE .KVG LSP YGVFMNSSGG AITG.. IVAQ GVAELEK RA GKRLAF VHLVIPWVTI
-------- ---------- #--#---#----------

Lu.spVPI-BaiH 273 K..SR. V NVYEASE VG DIRY E 0LXLI3 DI ...QFIEIP SEAAPEC
T.broNADHOxid 273 F..E.. RVYLAEE IT E K |IAEFRA3F A EJP ...RQUE IG VFQNLR.L

EU.sPVPI BaiC 261 L.. AH F NIENIYM QIN * R MT K VIEEI
NWI

i MUI ...KEI H D AVINPKMKHIW3Al-TMADehydr 275 Y.. Q. TIPWVKL ISK D IE IVTKWYI
F . R WEIGGPPM

S.carOldYetEnz 296 PFLTEGEGEY EGGSNDFVYS IUK *IR NFALHPEWR EEVKDKRTLI FFS RLEI PLN DTF YMSAH YP........

Eu.spVPI-BaiH 362 H HI Y EFP....D VP.AEKS LVI M~TAA DD IIML VA EMTQ WMVHLNYRAK KFE...

T.broNADHOxid 363 GVYS....E IKQAPV _ ITAA lIL KQ HI I A KIKW FRDWLEAELS RAiVEVR...
Eu.spVPI-BaiC 352 l..YQ....G MPKTDAP VLK IFSD WAD VAEWEAKEVE RIIEVR...

W3At-TMADehydr 364 YRRGWHPEK FRQTKNK 0 LI E VLME3 YT5HLTDTAE I INQVA ALELGEUSY HRDYRETQIT KLIKKNKESQ
S. carOldYeLEnz 388 T E DKS\\

Eu.spVPI-BaiH
T.broNADHOxid
Eu.spVPI-BaiC
W3Al-TMADehydr

Eu.spVPI-BaiH
T.broNADHOxid
Eu.spVPI-BaiC
W3A1-TMAoehydr

********** *****

454 ... FNKE VKAL KPL V........ Q..DY LTAHD FR FVI.PKGR ALEN ARPNSYTRGY
456 ...SGVTA IAALS EPV T........ R EKENT F FQAD SFDKDEE "VI ......Y.K

443 T IKEFN I TYA L........ IDSPS. .IYSQY ..NPTGR .. .SR

464 LALGQKP DVLQY I RUN TDGTNCLTH b ASLP D{LTPE P KIGKRW A GHEVTIVSGV

540 DAS IGD IDTL QLLTGVCAPN REPLIRKLKS KVHINVNTK IMTDHE VQRQD LIFDYMFG GRNYD ......

535 ... ... G AK I S DIAIDMEPIS RFDMMQQFTK LIISARTGKV VTIILPR AVGKE F AHKVAI IPVGNEI. ...

518 A...IAI.IRK GVGTGLRCFA ECS\\

564 HIANYMHFTL EYPMMMRRIH ELHVEELGDH FCSR1EPGRM EIYNIUGDGS KRTYRGPUS PRDANTSHRP EFDSLEVT MRHSECTLWN ELKARE WA

Eu.spVPI-BaiH 629 KEFVPENH AS WE YSL\\
T.broNADHOxid 619 g KGIDiR YNVKUI VSSE GWG\\
W3A1-TMADehydr 664 DIKG A FT RE EEANPGI AIPYKRETIA WGTPHMPGGN FKIEYKV\\

FIG. 7. Alignment of the predicted amino acid sequence of the baiH gene of Eubactenium sp. strain VPI 12708 with other predicted amino
acid sequences. The GenBank data base was screened with the GCG TFASTA (33) program to identify homologous deduced amino acid
sequences, which were then aligned with the GCG PILEUP program (gap weight = 3.0; gap length weight = 0.1). Periods indicate gaps

introduced by the program for optimal alignment. Residues are numbered at the left of each line. Residues conserved in at least two of three
of the sequences are outlined in black. The sequences compared are listed below, along with the abbreviations used; GenBank accession
numbers are indicated in brackets. Eu. spVPI-BaiH, NADH:FOR encoded by the baiH gene of Eubacterium sp. strain VPI 12708 (this paper)
[L11069]; T.broNADHOxid, NADH oxidase from T. brockii (26) [X67220]; Eu.spVPI-BaiC, the polypeptide encoded by the baiC gene of
Eubacterium sp. strain VPI 12708 (29) [M36292]; W3A1-TMADehydr, trimethylamine dehydrogenase from the methylotrophic bacterium
W3A1 (4) [S111873]; S.carOldYelEnz, Old Yellow Enzyme from S. carisbergensis (35) [S64034]. Symbols: \\, carboxy terminus of the amino
acid sequence; +, highly conserved region; -, cysteine-rich region (conserved cysteines are marked with #); =, putative FAD binding
domain; *, segment with homology to a domain in E. coli thioredoxin reductase (34).

Enzyme from Saccharomyces carlsbergensis (35); and the
predicted polypeptide product of the baiC gene (29), which is
located upstream from the baiH gene in the large, cholate-
inducible operon of Eubactenium sp. strain VPI 12708 (Fig.
5A). An alignment of these sequences is shown in Fig. 7. All
of the sequence matches showed greater than 24% identity
and 48% similarity when aligned with the GCG GAP pro-
gram and had Z scores of greater than 10 (considered to
indicate significant homology) when analyzed with the RDF2
program (33). The best match (optimized Z score of 102) was
with NADH oxidase, which shared 38.3% identity and
57.5% similarity with the baiH predicted amino acid se-
quence.

Features of the amino acid sequence. The amino acid

segment FlsPxxNkRtDeYGGSxenRaRFxlE (perfectly con-
served residues are capitalized and x represents any residue)
was highly conserved among all five sequences compared in
Fig. 7. Computer data base searches with the GCG FASTA
(33), WORDSEARCH, PROFILESEARCH, or MOTIFS
programs failed to identify any other sequences with signif-
icant homology to this segment.
A cluster of four cysteine residues was conserved in all of

the sequences except that of Old Yellow Enzyme (Fig. 7).
The spacing of these cysteines was as follows: C(2x)C(2-
3x)C(11-13x)C. A portion of the baiH predicted amino acid
sequence surrounding this cluster (residues 329 to 367)
contained six cysteine residues, including the four men-
tioned above. Searches with the MOTIFS program (two
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TABLE 3. Biochemical characteristics of dehydrogenases homologous to NADH:FOR from Eubactenium sp. strain VPI 12708'

Mol wt (103)b
Enzyme, organism Sub Cofactors per subunit Electron Electron acceptor(s)e Reference(s)

unit Native (mol/mol)d donor

NADH:FOR, Eubactenum sp. 72.0 210 at3 xFe/xS? xFlavin NADH Dyes, menadione, ferricyanide, 25; this
strain VPI 12708 02, FAD, FMN, riboflavin paper

NADH oxidase, T. brockii 71.3 >450 ca6 2Fe/xS 2 FAD NADH Dyes, menadione, ferricyanide, 26, 27
02

Trimethylamine dehydrogenase, 81.6 163 (x2 4Fe/4S 1 FMN, 1 ADP (CH3)3N Electron transfer flavoprotein 2, 4, 38, 39
methylotrophic bacterium
W3A1

Old Yellow Enzyme, S. carls- 45.0 90 a2 ND 1 FMN NADPH Dyes, menadione, ferricyanide, 31, 35
bergensis 02, duroquinone, benzoqui-

none, coenzyme Q1
baiC gene product, Eubacte- 59.5 ? ? ? ? ? ? 29
num sp. strain VPI 12708
a ?, no data available.
b Subunit molecular weights were calculated from deduced amino acid sequences. Native molecular weights are experimentally determined; that of S.

carisbergensis Old Yellow Enzyme is inferred from its dimeric structure (35).
C ax refers to the subunit composition of the enzymes.
d Fe/S, iron and acid-labile sulfide atoms; x indicates that the number of either per subunit has not been determined. ND, none detected.
Dyes include tetrazolium salts, dichlorophenol-indophenol, and methylene blue.

mismatches allowed) indicated that this region was similar to
the 4Fe/4S binding sequence present in ferredoxins and
other iron-sulfur proteins [C(2x)C(2x)C(3x)CP]. Searches
with the FASTA program indicated homology of this region
(.40% identity over 20 residues) with a cysteine cluster in
several mammalian metallothioneins, particularly in the
spacing of the cysteines: C(13-14x)C(2x)C(3x)C(8-9x)CxC.
A well-conserved domain (corresponding to residues 384

to 420 of the baiH predicted amino acid sequence) was
present in all of the sequences in Fig. 7, except that of Old
Yellow Enzyme, which terminated just upstream from this
area. When analyzed with the FASTA program, this domain
in the sequence from baiH showed considerable homology
(up to 68% identity over 25 residues) with the FAD dinucle-
otide-binding domain of disulfide reductases, including lipo-
amide dehydrogenases, mercuric reductases, and glutathi-
one reductases (40).
The subsequence VCVLGGGAVACETA from the baiH

predicted amino acid sequence (residues 510 to 523, Fig. 7)
matched a segment in thioredoxin reductase from E. coli,
VAVIGGGNTAVEEA (34), in 8 of 14 residues, with one
conservative substitution. This segment in thioredoxin re-
ductase is proposed to represent an NADPH binding site (34)
by analogy with that in human glutathione reductase (22).
Similar subsequences were present in the sequences from
baiC and NADH oxidase, but not in that of trimethylamine
dehydrogenase.

DISCUSSION

Cell extracts of Eubacterium sp. strain VPI 12708 have a
cholate-inducible NADH:FOR, which has been partially
purified and characterized previously (25). In the present
study, the purified NADH:FOR was confirmed to be NADH
dependent, and Western blot analysis of cell extracts
showed that expression of the 72-kDa NADH:FOR polypep-
tide is also cholate inducible. The effects of various sulfhy-
dryl reagents and metal chelators on NADH:FOR activity
are also similar to those reported previously (25). The
partially purified enzyme is inhibited 25% by 1 mM p-chlo-
romercuribenzoate (a sulfhydryl-reactive compound) and
over 50% by 5 mM o-phenanthroline (a nonheme iron

chelator). The purified enzyme was even more sensitive to
the presence of sulfhydryl-reactive compounds, with greater
than 90% inhibition seen with 1 mM CuCl2, HgCl2, or
N-ethylmaleimide. The inhibition by sulfhydryl-reactive
compounds suggests that one or more cysteine residues may
be catalytically important for this enzyme. The inhibition by
metal ion chelators such as o-phenanthroline and EDTA
suggests that this enzyme is a metalloprotein. Given the
affinity of o-phenanthroline for nonheme iron, the NADH:
FOR may contain iron-sulfur (Fe/S) centers. The inhibition
of enzyme activity by EDTA may account for some of the
difficulty experienced previously in purifying this enzyme,
since EDTA was included in all purification buffers at a
concentration of 0.1 mM (25).

Activity of the purified NADH:FOR was strongly inhib-
ited by the flavin analog acriflavine. Form III, but not form
I, of the purified enzyme exhibited a typical flavin absorption
spectrum. These data suggest that form III contains a bound
flavin, which readily dissociates during purification, gener-
ating form I. Attempts to reconstitute form I with FAD to
regenerate form III under reduced conditions were unsuc-
cessful, and inclusion of FAD and FMN in the purification
buffers did not prevent the production of form I. However,
the endogenous flavin was apparently not essential for
NADH:FOR activity, because the specific activities of forms
I and III in the standard assay were approximately equal.
The restriction map of the NADH:FOR gene (baiH)

closely resembled that of a cholate-inducible, polycistronic
operon described previously in Eubactetium sp. strain VPI
12708 (29). This operon contains at least six genes (baiB
through baiF in Fig. 5A), but the 3' end has not yet been
located (29). Sequence analysis of the 667 bp upstream from
the baiH gene (Fig. 6) revealed no potential promoter
sequences but suggested the presence of another open
reading frame, baiG. Sequencing work in progress suggests
that this open reading frame extends from the baiF to the
baiH gene with no intervening promoter sequence (unpub-
lished data). RNA blot analysis with a baiH-specific probe
indicated that the transcript for this gene is cholate inducible
and >10 kb long. These data strongly suggest that the baiH
gene is located on the previously described cholate-inducible
operon (29).
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NADH:FOR showed significant amino acid sequence ho-
mology with three other oxidoreductases: NADH oxidase
from T. brockii (26, 27); trimethylamine dehydrogenase from
the facultatively methylotrophic bacterium W3A1 (4); and
Old Yellow Enzyme from S. carlsbergensis (35) (Fig. 7).
Some biochemical characteristics of these enzymes are
compared in Table 3. They vary widely in subunit molecular
weight, but those of NADH:FOR and NADH oxidase are
nearly identical. All but Old Yellow Enzyme have been
shown either directly or indirectly to have iron and acid-
labile sulfide, and all contain at least one molecule of flavin.
Reduced pyridine nucleotides serve as electron donors for
three of the enzymes: NADH:FOR, NADH oxidase, and
Old Yellow Enzyme (also known as an NADPH dehydroge-
nase). The enzymes reduce a variety of nonphysiological
electron acceptors. However, the physiological electron
acceptor for trimethylamine dehydrogenase is a FAD-con-
taining electron transfer flavoprotein with a native molecular
weight of 77,000 (38) which may donate electrons to ubiqui-
none in the electron transport chain, as does its eucaryotic
counterpart (11). Old Yellow Enzyme from brewer's bottom
yeast reduces certain nonphysiological quinones, including
menadione, benzoquinone, duroquinone, and coenzyme Q1,
but the in vivo function of this enzyme is unknown (31).

Several features were conserved among the amino acid
sequences of the above enzymes (Fig. 7). The conserved
cluster of four cysteines probably represents ligands for an
Fe/S center. In fact, X-ray crystallography studies have
shown that these four cysteines in trimethylamine dehydro-
genase are ligands for its 4Fe/4S center (2). Old Yellow
Enzyme, which does not contain Fe/S centers, lacks this
conserved cysteine cluster. The spacing of the cysteines in
the conserved cluster, C(2x)C(2-3x)C(11-13x)C, is different
from the signature sequence for 4Fe/4S centers of ferredox-
ins, C(2x)C(2x)C(3x)CP, which may reflect differences in the
folding and intramolecular electron transfer in these pro-
teins. The sequence surrounding the four-cysteine cluster in
NADH:FOR includes two additional cysteine residues. The
spacing of these six cysteines is almost identical to that of
mammalian metallothioneins, which function to bind heavy
metals (21). A putative FAD (dinucleotide)-binding domain
(40) was present in NADH:FOR, NADH oxidase, trimeth-
ylamine dehydrogenase, and the baiC gene product. The
sequence of Old Yellow Enzyme, which contains FMN but
not FAD, ends just upstream from this domain. Trimethyl-
amine dehydrogenase also contains FMN rather than FAD.
However, it also has one molecule of ADP per subunit,
which binds within this domain (24). The amino acid segment
VxVxGxGxVxxExA was present in NADH:FOR, NADH
oxidase, and the baiC gene product, but not in trimethyl-
amine dehydrogenase or Old Yellow Enzyme. This is similar
to a domain in E. coli thioredoxin reductase which is thought
to represent an NADPH-binding site (34), by analogy to that
of human glutathione reductase (22).

Bile acid 7a-dehydroxylation in Eubacterium sp. strain
VPI 12708 proceeds via a multistep, cholate-inducible path-
way (3, 8, 20). The large, cholate-inducible operon which
appears to include the NADH:FOR (baiH) gene contains at
least six other genes thought to be involved in 7ac-dehydrox-
ylation. For example, the baiB gene encodes a bile acid-
coenzyme A ligase (28), and the baiA42 gene encodes a
putative 3a-hydroxysteroid dehydrogenase (47). NADH:
FOR may provide reducing equivalents for the reductive
steps of bile acid 7a-dehydroxylation, which are stimulated
by the addition of reduced flavins (45). The baiC gene
located on this operon (Fig. SA) encodes a 59.5-kDa

polypeptide homologous to the NADH:FOR (29), suggesting
that these two gene products are functionally related. The
cloning and sequencing of the NADH:FOR gene will facili-
tate further studies of the physiological function and bio-
chemical structure of this enzyme.
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