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Eubacterium sp. strain VPI 12708 is an anaerobic intestinal bacterium that has inducible bile acid
7-dehydroxylation activity. At least four new polypeptides were synthesized after addition of primary bile acids
to the growth medium. One of these, of molecular weight 27,000 (P-27), was shown to be involved in the
7-dehydroxylation reaction sequence. The gene coding for P-27 was cloned, and the entire DNA sequence for
the protein-coding region was determined. In addition, sequence information was obtained for 294 bases
upstream from the translational start codon and 329 bases downstream
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FIG. 1. Current proposal for bile acid 7-dehydroxylation in
Eubacterium sp. VPI 12708 based on recent observations. ENZ-NT,
Enzyme-bound nucleotide.

high-performance gel filtration column (25). Immunoinhibi-
tion experiments have implicated the 27,000-molecular-
weight polypeptide (P-27) as a major catalytic component of
the bile acid 7a-dehydroxylation pathway (25). To gain
further knowledge of the reactions involved in 7-dehydroxy-
lation by Eubacterium sp. strain VPI 12708 and the regula-
tion of its synthesis, studies were undertaken to characterize
these inducible polypeptides. In a previous study, we de-
scribed the cloning of the gene coding for P-27 from Eubac-
terium sp. strain VPI 12708 into Escherichia coli (5). This
report describes the characterization of the P-27 gene and its
protein product and the possible role of P-27 in the dehy-
droxylation reaction.

MATERIALS AND METHODS

Materials. T4 polynucleotide kinase and T4 DNA ligase
were obtained from Bethesda Research Laboratories, Inc.
Restriction enzymes were obtained from Pharmacia, Inc.,

and International Biotechnologies, Inc. S1 nuclease, di-
deoxynucleotide sequencing reagents, and M13mpl9 were
obtained from Pharmacia. Reverse transcriptase, [32P]
dATP, [35S]dATP analog, and GeneScreen hybridization
membranes were obtained from New England Nuclear Corp.
All other chemicals and materials were of the highest grade
commercially available.
Organisms and growth conditions. Eubacterium sp. strain

VPI 12708 was grown as described previously (37). E. coli
HB101 containing recombinant plasmids was grown on
Luria broth containing 50 ,ug of ampicillin per ml (17).
Recombinant plasmids pPBH12 (pUC8-12) and pPBH-22
(pUC8-22) were described previously (5).

Nucleic acid isolation. Plasmid DNA was isolated by the
Ish-Horowitz modification of the method of Birnboim and
Doly (17) and further purified by CsCl gradient centrifuga-
tion. M13 DNA was prepared for sequencing by the proce-
dure described by Pharmacia. RNA was isolated from Eu-
bacterium sp. VPI 12708 by a procedure developed for RNA
isolation from clostridia (15). Cells in the exponential phase
of growth were mixed with 1/5 volume of 200 mM Tris
hydrochloride (pH 8.0)-60% (wt/vol) sucrose containing
chloramphenicol and lysozyme at 0.6 and 1.2 mg/ml, respec-
tively. After incubation at room temperature for 15 min, the
protoplasts were recovered by centrifugation at 6,000 x g for
15 min at room temperature. The cell pellet was resuspended
in 3/100 of the original culture volume in 10 mM Tris
hydrochloride (pH 8.0)-10 mM NaCl-5 mM EDTA-0.5%
(wt/vol) sodium dodecyl sulfate. The resulting suspension
was swirled gently in a 60°C bath until clearing was ob-
served. The lysate was then centrifuged at 10,000 x g for 10
min. A volume of 5 M sodium acetate (pH 5.0) was added to
the supernatant for a final sodium acetate concentration of 25
mM. After buffer-saturated phenol and chloroform-isoamyl
alcohol (24:1 vol/vol) extractions, the nucleic acids were
precipitated with 2.5 volumes of cold 95% ethanol and then
stored as suspensions in 80% ethanol at -20°C

Oligonucleotide synthesis and purification. Oligonucleo-
tides were synthesized and purified as described previously
(5).
Recombinant DNA methods. Restriction endonuclease di-

gestions were performed as recommended by the suppliers.
Electrophoresis of DNA and RNA, ligation reactions, and
other nucleic acid manipulations were performed as de-
scribed by Maniatis et al. (17).
DNA sequencing. Sequence information was initially ob-

tained by using double-stranded inserts in pUC8 or pUC19
by the general procedure of Sanger et al. (30) as modified by
Wallace et al. (35) for use with a double-stranded template.
Commercially available oligonucleotide primers complemen-
tary to vector DNA on either side of the insert were used to
sequence both strands of the insert proximal to the vector.
Oligonucleotide primers were then chemically synthesized
to sequence internal areas of the inserts. Regions of ambig-
uous DNA sequences were further analyzed after subcloning
of smaller fragments into M13mpl9 and sequencing by the
dideoxynucleotide procedure of Sanger et al. (30). [35S]
dATP (>600 Ci/mmol; New England Nuclear Corp.) was
used for all sequencing reactions.

Analysis of sequence data. Analyses of nucleic acid and
protein sequence data were performed with either the Micro-
genie sequence analysis program (Beckman Instruments,
Inc.) or the IBI/Pustell DNA and protein sequence analysis
system (International Biotechnologies, Inc.).
Primer extension reactions. A 5' terminus of the mRNA

synthesized by Eubacterium sp. strain VPI 12708 was
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mapped by the primer extension technique (14). Eubacte-
rium total RNA (10 ,ug) from a culture containing cholic acid
was mixed with 2.5 x 105 cpm of P-27 gene-specific primer
(labeled with [32P]ATP and T4 polynucleotide kinase), and
the mixture was ethanol precipitated and dried briefly. It was
then dissolved in 10 ,1 of 0.1 M sodium chloride-0.01 M Tris
hydrochloride (pH 7.9)-0.1 mM EDTA. The mixture was
drawn into a glass capillary tube and, after the ends were
sealed, heated in a beaker of boiling water for 1 min. The
beaker was then removed and allowed to cool slowly to
60°C, after which it was maintained at that temperature for 4
to 5 h. The contents of the tube were then expelled into an
equal volume of 80 mM Tris hydrochloride (pH 7.9)-10 mM
MgCl2-4 mM dithiothreitol-0.4 mM each dATP, dCTP,
dGTP, and dTTP-5 U of avian myeloblastosis virus reverse
transcriptase-10 U of RNasin (Promega Biotech). The solu-
tion was kept at 4°C for 5 min and then incubated at 37°C for
30 min. The nucleic acids were then ethanol precipitated,
dried briefly, and dissolved in 10 RI of formamide-dye mix
before being run on an 8% polyacrylamide-urea sequencing
gel (2.5 ,1 per lane). Primer extension reactions were run
parallel to standard DNA dideoxy sequencing reactions with
the same primer and plasmid pPBH22, which contains the
nucleic acid sequence upstream of the gene in addition to the
first 290 base pairs (bp) of the protein-coding region.

Si nuclease mapping. The location of the 3' terminus of
P-27 mRNA was estimated by the procedure of Murray (20).
RNA (10 ,ug) from either induced or uninduced Eubacterium
sp. strain VPI 12708 was mixed with 0.2 ,ug of a double-
stranded DNA restriction fragment containing the region
expected to encompass the termination site (see Fig. 7A).
The mixture was lyophilized in a 1.5-ml microcentrifuge tube
and then suspended in 10 RI of 3.0 M sodium trichlo-
roacetate-50 mM piperazine-N,N'-bis(ethanesulfonic acid)
(PIPES, pH 7.0)-S5 mM EDTA. After being overlaid with
approximately 50 RI of mineral oil, the tubes were heated at
60°C for 5 min and then cooled to 50°C and maintained at that
temperature for 4 h. The reassociation was terminated by
addition of 200 RI of cold 200 mM NaCl-40 mM sodium
acetate (pH 5.5)-i mM ZnCl2-20 ,g of denatured calf
thymus DNA per ml-2,000 U of Si nuclease per ml. The
samples were incubated at 37°C for 30 min, followed by
addition of sodium dodecyl sulfate and EDTA to 0.2% and 20
mM, respectively. The samples were extracted once with
200 [LI of chloroform-isoamyl alcohol (24:1) before precipi-
tation with 1 volume of isopropanol. After washing with 50%
isopropanol in 0.3 M ammonium acetate, the samples were
dried briefly, suspended in formamide-dye sequencing sam-
ple buffer, and run on a 5% acrylamide-7 M urea gel.

RESULTS
DNA sequence analysis. Previously reported sequence data

indicated that pPBH22 (pUC8-22) contained an EcoRI insert
with a terminal 349-bp TaqI-EcoRI fragment which con-
tained the N terminus of P-27 (5). Furthermore, pPBH12
(pUC8-12) contained a TaqI insert beginning with this same
TaqI-EcoRI fragment and was of a size sufficient to code for
P-27. A partial restriction map of the insert in pPBH12, as
well as the adjoining upstream sequence from pPBH22, is
shown in Fig. 2, along with the sequencing strategy used to
determine the nucleotide sequences of both strands. The
complete DNA sequence is shown in Fig. 3. Only one open
reading frame was present, and it contained start and stop
codons bounded by residues 295 and 1044.
A putative ribosome binding site (AAGGAAGG) was

present 8 bases upstream from the initiation codon. Provided
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FIG. 2. Sequencing strategy for P-27 gene. The two separate
inserts into pUC8, pPBH12 (pUC8-12), and pPBH22 (pUC8-22) are
indicated as heavy solid lines, with restriction enzyme cleavage sites
marked as follows: E, EcoRI; T, TaqI; S, SmaI. The scale at the top
indicates the span of nucleotides whose sequence was determined
(total length, 1,371 bp), and the lines designated mRNA and protein
represent the regions containing the entire transcript and amino acid
sequence information, respectively. The closed circles and arrows
below the inserts indicate the priming areas and regions sequenced,
respectively, for each set of dideoxy sequencing reactions. Closed
circles located at restriction sites indicate those reactions for which
commercially available primers were used to sequence fragments of
the gene subcloned into either pUC19 or M13mpl9, whereas closed
circles located between restriction sites correspond to oligonucleo-
tide primers specifically synthesized for sequencing the appropriate
region.

the sequence of Eubacterium 16S RNA is homologous to
that from the eubacterial 16S RNAs (39), the free energy of
binding between the mRNA and the 16S RNA has been
calculated to be -14.8 kcal (1 cal = 4.184 J)/mol (34).
Once a putative 5' terminus of the P-27 mRNA was

detected (see below), the sequence immediately upstream
from it was examined for the presence of sequences resem-
bling promoter consensus sequences (28). One possible
region was present between nucleotides 195 and 227. A
sequence in the -10 region (TAaAgT) matched the E. coli
-10 consensus sequence (TAtAaT) in four of six bases.
Moreover, these four bases correspond to the most highly
conserved bases of the E. coli consensus -10 sequence (28).
The end of this sequence was separated from the 5' end of
the predominant P-27 mRNA species by only six bases. The
region upstream from the putative -10 sequence contained
two six-base sequences with reasonable similarity to the E.
coli consensus -35 sequence (TTGACa). One (TTtcCa)
matched at four of six bases, and the other (TTccaa)
matched at three of six bases. However, these sequences
were separated from the start of the putative -10 sequence
by 21 and 20 bases, respectively.
A large element of dyad symmetry was present 43 bases

downstream from the stop codon (Fig. 4). It had a stem
length of 23 bases (including mismatches) with a 6-base
hairpin loop. The free energy of formation was calculated to
be -48.8 kcallmol (34).

Transcriptional activation of the P-27 gene by cholic acid.
The bile acid inducibility of the P-27 gene was demonstrated
by monitoring the presence of P-27-specific RNA before and
after addition of cholic acid (0.1 mM final concentration) to
Eubacterium sp. strain VPI 12708 in the exponential phase of
growth. Northern (RNA) blot analysis of RNA isolated
under these conditions showed the appearance of P-27-
specific mRNA at 10 min, with none detectable before cholic
acid addition (Fig. 5). The size of the RNA band was
estimated to be in the range of 850 to 950 bases.

Detection of 5' and 3' ends of P-27 mRNA. A 5' end of the
predominant P-27 mRNA was detected by the primer exten-
sion technique. Comparison of the product of the reverse
transcriptase reaction by using a primer hybridized to total
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FIG. 3. DNA sequence of the P-27 gene and adjacent
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transcriptional start site. The putative 10 region is underlined,

the base at the position 10 bases from the start site is marked

arrow pointing upward. The bases from positions 195

underlined with the broken line, indicate the area containing

possible 6-base sequences with a spacing from the -10

varies from 15 to 21 bases. The nucleotide 35 bases from

site is indicated by an arrow pointing upward. The overlined

at nucleotides 279 to 286 is the most likely ribosome-binding

The large dyad symmetry element between nucleotides

1136 is underlined. Several other elements with dyad symmetry

the region upstream from the protein-coding area are also

(nucleotides 115 to 124, 130 to 139, 169 to 181, 229 to 242,

to 271). Restriction enzyme sites are marked by small

pointing downward. TaqI cut sites are present after nucleotides

236, and 1368. The EcoRI site is present after nucleotide

the SmaI cut site is after nucleotide 1125. The bases overlined

positions 333 to 348 indicate the sequence to which a complemen-

tary synthetic oligonucleotide was made to assay for the

a P-27-specific transcript and to use as a primer in 5'

mapping.
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FIG. 4. Potential secondary structure at the 3' end of the

gene. The stem-and-loop structure shown begins at a

corresponding to DNA sequence residue 1088 and ends at

tide 1138. The RNA sequence is shown here and includes

pairing. The free energy of formation for this structure

-48.8 kcallmol (34). It is possible for a slightly higher free

be calculated if the interior loop consisting of G-A residues

as described by Woese et al. (39).

Eubacterium RNA with DNA sequencing reactions contain-

ing the same primer showed a distinct band corresponding

base 234 (Fig. 6). No other bands were evident within

range of separation of the gel (300 bases). Interestingly,

also observed (data not shown) a 5' terminus corresponding

to nucleotide positions 234 and 235 when RNA was isolated

from E. coli transformed with pPBH22. Si nuclease mapping

revealed a 3' end of the RNA from Eubacterium sp. about

600 bases downstream from the EcoRI site (Fig. 7).

Amino acid sequence. The derived amino acid sequence

P-27 is shown below the nucleotide sequence in Fig. 3. The

polypeptide contains 249 amino acids and has a calculated

molecular weight of 26,745. A computer-aided protein

quence homology search indicated significant homology

between P-27 and several previously sequenced alcohol-

polyol dehydrogenases, specifically the ribitol dehydroge-

nase from Kiebsiella aerogenes (18), the alcohol dehydroge-

nase from Drosophila melanogaster (33), and the glucose

dehydrogenase from Bacillus megaterium (10). These en-

zymes are all of the same approximate size (247 to 262 amino

acids) and belong to a group of pyridine nucleotide-linked

dehydrogenases referred to as "short" or "nonzinc" dehy-

drogenases (11). The area of highest sequence similarity

between P-27 and these other proteins is shown in Fig.

This conserved amino acid sequence has previously been

postulated to contain two,-sheet areas responsible

pyridine nucleotide coenzyme binding (11).

DISCUSSION

Two separate genomic DNA fragments from Eubacterium
sp. strain VPI 12708 were cloned into E. ccli with the

plasmid vector pUC8. One insert consisted of a 2,200-bp
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EcoRI fragment, and the other was an 1,154-bp TaqI frag-
ment. The two inserts contained a common 349-bp TaqI-
EcoRI fragment. E. coli strains containing the plasmid with
the 1,150-bp insert produced a 27,000-molecular-weight
polypeptide which was immunologically cross-reactive with
P-27 purified from Eubacterium sp. strain VPI 12708. In
addition, preliminary nucleic acid sequence data analysis
indicated an open reading frame coding for an amino acid
sequence identical to that found for the N terminus of P-27
(5). Together, the two inserts constitute a continuous 3-
kilobase stretch of Eubacterium DNA containing the entire
coding region for P-27, as well as approximately 2 kilobases
ofupstream DNA and 329 bp downstream from the P-27 stop
codon.
The genus Eubacterium has been classified, on the basis of

16S rRNA fingerprint analyses, with the clostridia in the
subdivision of "gram-positive eubacteria with low G+C
content" of the gram-positive group (40). Because of the
absence of literature on gene structures in Eubacterium
species, the DNA sequence analyses in this report were
analyzed and compared with bacillus and clostridium se-
quence information (7, 19), as well as with information about
E. coli systems (28). Reports from other laboratories on
several putative bacillus and clostridial vegetative promoters
(7, 19) have indicated that the -10 and -35 regions of these
promoters are very similar to those seen in E. coli promot-
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FIG. 5. Induction of the P-27 message by cholic acid. A 500-ml
culture of Eubacterium sp. strain VPI 12708 was grown at 37°C in
BHI medium to the early exponential phase of growth. A 100-ml
volume was removed, and the RNA was extracted as described in
Materials and Methods. Cholic acid (sodium salt) was then added to
a final concentration of 0.1 mM, and incubation was continued.
Further 100-ml samples were removed at 10 and 20 min, and RNA
was extracted from each. The RNA samples (20 ,ug each) were run
on a 1% agarose gel containing 2.2 M formaldehyde, 0.05 M
morpholinepropanesulfonic acid (pH 7.0), and 0.001 M EDTA. The
gel was run in a horizontal apparatus with 0.05 M morpholinepro-
panesulfonic acid (pH 7.0)-0.001 M EDTA as the electrophoresis
buffer. Samples were electrophoresed at 60 V until the bromophenol
blue dye marker migrated to the end of the gel. After electrophoretic
transfer of the RNA to a Nylon membrane (GeneScreen; New
England Nuclear), the presence of P-27-specific mRNA was de-
tected with the 16-mer oligonucleotide probe shown in Fig.3, labeled
at the 5' end with 32P (T4 kinase reaction). The positions of the 16S
and 23S rRNAs are also indicated. kb, Kilobases.

FIG. 6. Transcriptional start sites of P-27 mRNA. The 5' termi-
nus of P-27 mRNA was determined by the primer extension tech-
nique (see Materials and Methods). The first four lanes (A, C, G, and
T, respectively) are dideoxy nucleotide sequencing reactions with
double-stranded pPBH22 DNA and the synthetic primer shown in
Fig. 3. Lane 5 is the RNA template reaction with the same primer.
The sequence of the newly synthesized strand is shown on the right.

ers. The data presented here indicate that the Eubacterium
system contains upstream sequence information similar to
previously defined promoter structures. The 5' terminus of
the major P-27 mRNA species follows by seven bases a
nucleotide sequence which shows some similarity to E. coli
consensus promoter sequences. However, the two six-base
sequences with the highest degree of similarity to consensus
-35 sequences occurred at 21 and 20 bases, respectively,
from the start of the only good -10 sequence. Most previ-
ously described promoters have a -35 sequence separated
from the -10 sequence by 17 + 2 bp. Expression of P-27 is
regulated by bile acid, although the nature of the control is
not known. In view of the observed 5' terminus of the P-27
mRNA and sequences which appear similar to previously
described promoters, this region of the P-27 gene represents
an obvious region to test for the presence of regulatory
elements. We recognize that the 5' and 3' termini observed
in this work could very well represent the ends of processed
RNA. Therefore, further experiments with DNA footprint-
ing and deletion analysis approaches will be necessary to
elucidate the exact location and function of this putative
promoter element.
We also observed an extended dyad symmetry element

beginning at 43 bp downstream from the stop codon (Fig. 4).
An Si nuclease protection experiment indicated that the in
vivo synthesized mRNA exhibits a 3' terminus in the vicinity
of the element. It is known that some terminators exhibit
G-C-rich hairpin loops (26). However, this particular ele-
ment has a longer stem structure (23 bp) than most of these
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FIG. 7. S1 nuclease mapping of 3' end of RNA. Total RNA from
either cholic acid-induced or uninduced Eubacterium sp. strain VPI
12708 was hybridized to a 798-bp EcoRI (E)-SphI (Sp) fragment
containing 786 bp of the Eubacterium sequence plus 12 bp of the
pUC19 multiple cloning site (A). The hybrid was digested with S1
nuclease (see Materials and Methods), and the product was run on
a polyacrylamide gel containing 8 M urea. Standards were the
798-bp piece and a 383-bp EcoRI-EcoRI fragment (A). After elec-
trophoresis, the protected species were denatured in dilute NaOH,
electroblotted onto a Nylon membrane, and hybridized to 5'-end-
labeled ([32P]T4 kinase reaction) synthetic oligonucleotides (dark
blocks on the 383- and 798-bp fragments in A). The oligonucleotides
were originally synthesized for use as sequencing primers. Sm,
SmaI; T, TaqI. (B) Lanes: 1, 383-bp fragment; 2, total induced RNA
plus the 798-bp fragment; lane 3, total uninduced RNA plus the 798
bp fragment; 4, 798-bp fragment (no RNA); 5, 383- and 798-bp
fragments (arrows). The arrow in lane 2 corresponds to approxi-
mately 600 bp. The samples in lanes 2, 3, and 4 were subjected to
hybridization and S1 nuclease treatment, whereas those in lanes 1
and 5 were not treated before being loaded onto the gel.

previously described terminators and, although the region on
the 3' side of the stem is T rich, there is not an extended run
of T's as is often observed in rho-independent terminators
(26). It is possible that this structure functions as a regula-
tory element to inhibit 3'-+5' degradation of the mRNA.
These types of RNA sequences have been described for
certain genes in E. coli (22, 32), Salmonella typhimurium (22,
32), and Bacillus thuringiensis (41). A function of this type is
supported by the observation of an uncharacteristically
sharp hybridizing band after Northern blotting of Eubacte-
rium RNA. Whether the element reported here acts as a
terminator, as a stabilizing structure, or as a recognition site
for some other processing system remains to be determined.
In the case of the P-27 gene, no other potential terminator
structures are apparent in the remaining 235 bp downstream
from the stem structure, nor are there any discernible
Shine-Dalgarno sequences followed by initiation codons.
This indicates that the mRNA is monocistronic or, if it is
polycistronic, the next coding sequence is further down-
stream.
The finding that regions of P-27 show high similarity to

sequences believed to encompass the pyridine nucleotide-
binding domain of several alcohol-polyol dehydrogenases
(11) is noteworthy in light of new evidence concerning the
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FIG. 8. Alignment of P-27 with other dehydrogenases. Abbreviations: DADH, Drosophila alcohol dehydrogenase (33); GDH, Bacillus
megaterium glucose dehydrogenase (10); RDH, Klebsiella aerogenes ribitol dehydrogenase (18); P-27, Eubacterium sp. strain VPI 12708 bile
acid-inducible polypeptide. The number after each protein designation is the residue number of the first amino acid shown in that line. Shaded
areas indicate regions of identity (or those containing Ile-Val-Leu residues). The Leu-Phe residues below DADH position 26 are shaded, since
there is an even distribution between these two possibilities.
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mechanism of 7-dehydroxylation (Fig. 1). In the Eubacte-
rium system, P-27 is believed to play a key role in the
dehydroxylation pathway. Immunoinhibition experiments
have shown that P-27 is associated with 7-dehydroxylation
activity (25), although no enzymatic activity has been dem-
onstrated in assays with purified P-27. It may be, however,
that the actual substrate for P-27 is the bile acid linked to the
adenosine nucleotide. The sequence homology of P-27 with
pyridine nucleotide-linked dehydrogenases supports the idea
that P-27 is involved in at least one of the oxidation-
reduction reactions postulated for the 7-dehydroxylation
pathway. Research is under way to determine the exact
function of P-27 in this 7-dehydroxylation pathway.
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