ABSTRACT

Rick Matthew Jordan. CLONING AND CHARACTERIZATION OF A CONJUGATED
BILE ACID HYDROLASE GENE FROM ENTEROCOCCUS FAECALIS. (Under the
direction of Dr. James Coleman) Department of Microbiology and Immunology, July,
2001.

Sequence analysis of a partial genome sequence of Enterococcus faecalis indicated the
presence of an open reading frame (ORF) with homology to members of the conjugated
bile acid hydrolase/ penicillin V amidase family. In order to define the function of this
ORF, a genomic DNA fragment was cloned containing this sequence from Enterococcus
faecalis, and its nucleotide sequence was confirmed. The DNA fragment was amplified
using primers based on the flanking sequence, ligated into pUC19, and transformed into
E. coli. Colonies containing inserts were streaked to purity and assayed for conjugated
bile acid hydrolase activity. Plasmid DNA was subjected to automated DNA sequencing
to confirm the genomic sequencing data. Following purification of the enzyme expressed
in E. coli, substrate specificity assays demonstrated that the enzyme is a conjugated bile
acid hydrolase. Activity was higher on glycine conjugates than on taurine conjugates.

No hydrolytic activity toward penicillin V was observed. The enzyme displayed optimal

bile acid hydrolysis at a pH of 5.0. Therefore, results confirm that this gene encodes a

conjugated bile acid hydrolase, rather than a penicillin V amidase.
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INTRODUCTION

Bile acid transformation

One of the major functions of the liver is to secrete a solution known as bile. Bile
serves two important functions: it plays an important role in fat digestion and absorption,
and it also serves as a means for excretion of several important waste products from the
blood. The most abundant substances secreted in the bile are the bile acids, accounting
for about half of the total solutes. The precursor of the bile acids is cholesterol, which is
either supplied by the diet or synthesized in the liver during fat metabolism (Fig. 1).
Cholesterol is then converted to either cholic acid or chenodeoxycholic acid. In the liver
these acids are linked, via an amide bond, with either glycine or taurine to form
conjugated bile acids. The carbon-nitrogen bond present is unique in its ability to
withstand cleavage by proteolytic enzymes, and requires drastic alkaline conditions for its

chemical hydroysis (Midtvedt, 1974).

HO

Figure 1. Cholesterol



Bile acids have two major functions: they help emulsify large fat particles and
aid in the hydrolysis, transport, and absorption of the digested fat to and through the
intestinal membrane. Active transport systems in the liver and the intestine limit the bile
acids to these two organs. Most of the conjugated bile acids are not absorbed until they
reach the last part of the small intestine, the ileum. Bile acids are rapidly transferred into
the blood and returned to the liver where they are removed and recycled (Javitt, 1997).

Once in the intestine, the bile acids may be converted to a number of metabolites
by the intestinal microflora. Hydrolysis of the amide linkage is catalyzed by a class of
microbial enzymes known as conjugated bile acid hydrolases (CBAH)(Fig. 2).
Recirculation of bile acids is partially dependent on their recognition in the conjugated
form by active transport sites in the ileum, thus binding of a conjugated bile acid to an
active transport site results in its return to the liver, while hydrolysis by CBAH results in
a free bile acid with lower affinity to these receptors (Playoust and Isselbacher, 1964;

Schiff et al., 1972), and which may pass into the large intestine, for further metabolism.
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Figure 2. Deconjugation of glycocholic and taurocholic acid to cholic acid

The large intestine contains bacterial populations that modify the steroid ring.
The most important metabolic transformation which these free bile acids undergo focuses
on the 7a-hydroxyl group. Removal of this group results in the formation of deoxycholic
acid from cholic acid and lithocholic acid from chenodeoxycholic acid (Fig. 3).
Deoxycholic acid is reabsorbed from the intestines and returned to the liver for
processing to conjugated bile acids. Lithocholic acid is very insoluble in water and binds

to fecal residue so most is excreted from the body (Javitt, 1997).



COOH COOH

w* ey,
HO H OH
Cholic acid Chenodeoxycholic acid
l r l
HO COOH COOH
=
- w*
HO H 0 H
Deoxycholic acid Lithocholic acid

Figure 3. 7a-Dehydroxylation

Conjugated Bile Acid Hydrolase

Bile acid hydrolysis is a common reaction in the intestinal tract of animals
(Christiaens et al., 1992). The enzyme, conjugated bile acid hydrolase (CBAH),
catalyzes the hydrolysis of the amide bond that links bile acids to glycine or taurine
(Hylemon, 1985). CBAH activity has been detected in members of the genera
Bacteroides, Bifidobacterium, Clostridium, Enterococcus, Fusobacterium, Lactobacillus,
Peptostreptococcus, Streptoccus (Hylemon, 1985) and Veillonellae (Aries and Hill,
1970). Deconjugation activity has been purified from Bacteroides fragilis (Stellwag and

Hylemon, 1976), Bacteroides vulgatus (Kawamoto et al., 1989), Bifidobacterium longum



(Tanaka et al., 2000; Grill et al., 1995), Clostridium perfringens (Nair et al., 1967; Gopal-
Srivastava and Hylemon, 1988; Coleman and Hudson, 1995), Lactobacillus acidophilus
(Corzo and Gilliland, 1999), Lactobacillus johnsonii (Lundeen and Savage, 1990), and
Lactobacillus plantarum (Christiaens et al., 1992).

There is considerable variation in occurrence of this enzymatic activity among
species and strains (Hylemon, 1985). Hylemon reported differences in kinetic properties,
substrate concentrations, and substrate itself between B. fragilis and C. perfringens.
Differences in optimal pH, optimal temperature, and enzyme stability also exist.
Coleman reported that the enzyme obtained from a C. perfringens is more related,
structurally and at the sequence level, to the CBAH from L. plantarum, and also to the
penicillin V amidase from Bacillus sphaericus, than it is to a CBAH purified from
another strain of C. perfringens (Coleman and Hudson,1995). Christiaens reported that
the CBAH from L. plantarum shares extensive similarity with penicillin V amidase of
Bacillus sphaericus, whereas no similarity between the amino acid sequence of the
CBAH enzymes of Bacteroides vulgatus and Clostridium perfringens is found
(Christiaens et al., 1992).

Despite the many differences present, some similarities also exist between
enzymes. Generally, the optimum pH for CBAH activity is in the 4.5-6.0 range, and the
optimum temperature is 30-45° C. The enzymes from C. perfringens (Coleman and
Hudson, 1995) and L. plantarum (Christiaens et al., 1992) were of similar size and both
appear to exist as tetramers.

The ecological significance of bile acid hydrolysis, particularly the advantage



this activity offers the CBAH producing bacterium, is not fully understood (Christiaens et
al., 1992). It is believed that bile acids have cytotoxic and bacteriostatic properties. Sung
et al. offered the opinion that the bacteriostatic activity of bile acids is a function of the
hydrophobicity of the molecules (Sung et al., 1993). They showed evidence to support
the idea that free bile acids, which are generally more hydrophobic, have more significant
inhibition on the growth of bacteria when compared with the hydrophilic (conjugated)
bile acids. Therefore, it is possible that the deconjugation activity, possessed by certain
bacteria, can be used to control their own population or the entire intestinal bacterial

population.

Enterococcus faecalis

Enterococci (formerly group D streptococci) are gram-positive bacteria, and are
among the leading causes of nosocomial infections in the United States, with the majority
of clinical isolates being classified as Enterococcus faecalis (Xu et al., 1998). Over the
past several decades, enterococci have developed resistance to almost all antimicrobial
agents used in hospitals, posing a problem for treatment (Xu et al., 1997).

The E. faecalis genome is being sequenced by The Institute of Genomic Research
(TIGR), and the organism has been intensely researched for its antibiotic resistance, its
gene transfer qualities, and its stress tolerance ability. The CBAH activity has been
identified in E. faecalis, but an enzyme has yet to be isolated. Our study will shed light
on the function of CBAH in this bacteria, and may lead to a greater understanding of the

role played by this bacterium in the gastrointestinal tract.



Penicillin V amidase

Pencillin V (phenoxymethylpenicillin) belongs to the group of small-spectrum 3-
lactam antibiotics. The chemical structure of the penicillins is characterized by a
thiazolidine ring connected to a (3-lactam ring, onto which a side chain is attached (Fig.
4). The most common mechanism of microbial resistance to B-lactam antibiotics is based
on a group of enzymes that hydrolyze the B-lactam ring of penicllin, known as 3-
lactamases. This type of resistance spreads rapidly in bacterial populations by transfer of
genetic information among populations and natural selection. Consequently, the massive
use of antibiotics soon renders them ineffective (Valle et al., 1991).
R
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Fig. 1. Conversion of penicillin to 6-aminopenicillanic acid.

Figure 4. Conversion of penicillin

Penicillin V amidase catalyzes the hydrolysis of penicillin V to phenoxyacetic
acid and 6-aminopenicillanic acid (Lowe et al., 1986). The resulting 6-amino penicillanic
acid is an important industrial compound, since it is used as a precursor for many of the
semisynthetic penicillins (Kerr, 1993). Penicillin V amidase activity has been detected in

a wide range of bacteria and fungi, and has been isolated from Bacillus sphaericus



(Olsson et al., 1985; Pundle and SivaRaman, 1997), Erwinia aroideae (Vandamme and
Voets, 1975), Fusarium oxysporum (Lowe et al., 1986), Fusarium sp. SKF (Sudhakaran
and Shewale, 1995), Penicillium chrysogenum (Whiteman and Abraham, 1996),
Streptomyces chainia (Chauhan et al., 1998), and Streptomyces lavendulae (Torres et al.,
1999; Arroyo et al., 2000).

Penicillin V is highly active against Gram-positive cocci and is the drug of choice
in the treatment of infections of the upper respiratory tract. Penicillin V is mainly
excreted by the kidneys, but part of it is converted into the penicilloic acids. The
presence of the amidase and its ability to break down penicllin V provides the bacteria

with a resistance to this drug.

Ntn hyrolase family

Penicillin V amidase is a member of the Ntn (N-terminal nucleophile) hydrolase
family, characterized by processing from an inactive precursor to reveal a catalytic
nucleophillic residue at the new N-terminus whose nucleophilicity is enhanced by its own
amino group. The simple presence of an N-terminal serine, threonine, or cysteine, in an
enzyme with a nucleophillic mechanism may be sufficient to place it in the Ntn hydrolase
family. Thus, since conjugated bile acid hydrolases (CBAH) have extensive sequence
similarity to PVA (Christaens et al., 1992), and typically have a N-terminal methionine
followed directly by cysteine, these enzymes can be assigned to the Ntn hydrolase family

(Suresh et al., 1999).



In the PV A structure, cysteine was observed as the N-terminal residue, whereas
the gene sequence predicts an N-terminal sequence of Met-Leu-Gly-Cys (Olsson and
Uhlen, 1986). This shows that three amino acids are processed from the precursor N-
terminus to unmask a nucleophile with a free a-amino group (Suresh et al., 1999).

Based on sequence comparisons, conjugated bile acid hydrolases are also
members of the Ntn hydrolase family and several are believed to exist as tetramers. The
major difference between Penicillin V amidases and conjugated bile acid hydrolases is in
substrate specificity. Both of these enzyme classes catalyze amide bond hydrolysis, both
have optimal activity at an acidic pH, and both are of similar size (37-kDa subunits with
probably tetrameric native composition). Other than inhibitor data suggesting the
importance of a sulthydryl group to catalytic activity, nothing is known of the enzymatic

mechanism for the conjugated bile acid hydrolases.

Statement of purpose

Conjugated bile acid hydrolysis activity has been shown to exist in many strains
of E. faecalis (Aries and Hill, 1969; Kobashi et al., 1978). Kobashi et al., as well as
Aries and Hill, found activity in 75% and 93% of the strains tested, respectively. Both
showed that the CBAH enzyme in E. faecalis exhibits greater affinity for glycine
conjugates over taurine conjugates. However, only crude extracts were tested, and no
sequence data was presented. The in-progress sequencing of the E. faecalis genome by
The Institute of Genomic Research has provided a data set to examine for the presence of

the putative CBAH gene. The finding of a DNA sequence with homology to the CBAH



gene from C. perfringens implied that this was the CBAH in E. faecalis. However, the
possibility that this gene encoded a penicillin V amidase needed to be excluded. The
work described here addresses this question by proving the function of the unknown

gene.

10



MATERIALS AND METHODS

Bacterial strains, plasmids, & growth conditions

A clinical isolate of Enterococcus faecalis, strain DK, was obtained from Pitt
County Memorial Hospital, Greenville, NC, and grown on brain heart infusion medium
(BHI), without shaking, under aerobic conditions at 37°C. E. coli strains DH10B and
NM522 were obtained from Gibco-BRL Life Technologies and were grown aerobically
at 37°C on Luria-Bertani medium on a rotary shaker. Other Enterococcus strains used
were: E. faecalis ATCC 29212, obtained from Diane Norris, Department of Biology, East
Carolina University; E. faecalis ATCC 33186, E. faecium ATCC 6057, obtained from Dr.
Daniel Martin, Department of Microbiology, Brody School of Medicine, East Carolina
University, and E. hirae ATCC 8043, obtained from the American Type Culture
Collection (Rockville, MD). Cell growth was monitored by optical density
measurements at 600 nm using a Model 250 Spectrophotometer (Gilford Instruments;
Oberlin, OH). pUC19 was obtained from Gibco-BRL (Bethesda, MD). The following
components were added to growth media when appropriate, at the indicated final
concentrations: ampicillin 100pg/ml; isopropyl-p-D-thiogalactoside (IPTG) 0.6mM; and
5-bromo-4-chloro-3-indolyl-pB-D-galactoside (X-gal) 50pg/ml (obtained from Gibco-

BRL).
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Materials

Sodium salts of taurocholic acid (TCA), taurodeoxycholic acid (TDCA),
taurochenodeoxycholic acid (TCDCA), glycocholic acid (GCA), glycodeoxycholic acid
(GDCA), glycochenodeoxycholic acid (GCDCA), cholic acid (CA), deoxycholic acid
(DCA), chenodeoxycholic acid (CDCA), and penicillin V (phenoxymethyl
penicillanic acid) were obtained from Sigma (St. Louis, MO). Restriction endonucleases,
T4 DNA ligase, and molecular markers for gel electrophoresis were purchased from

Gibco-BRL (Bethesda, MD).

Recombinant DNA techniques

Chromosomal DNA was isolated from E. faecalis by the CTAB/NaCl procedure
as described by Ausubel et al.(1987), with the inclusion of the lysozyme pretreatment.
Polymerase chain reaction was performed using the following primers:
5’-CCCCGGGTGTACTATTTTAGTGAC-3 and 5°’-CCGAGCTCATT TCGAAAATAC
TTAT-3’ and the following heating cycles: 95°C for 5 minutes, 30 cycles of the
following: 95°C for 45 seconds, 45°C for 45 seconds, 70°C for 2 minutes, and then 70° for
5 minutes, using an Eri-comp twin block Easy Cycler Series Thermocycler.
Recombinant plasmid DNA was isolated from E. coli by alkaline lysis procedure
(Maniatis et al., 1982). DNA was quantified using 260/280 nm measurements.
Templates for sequencing were purified with Qiagen-tip 100 columns using the Midi

protocol (Qiagen, Inc., Chatsworth, CA). Restriction endonuclease digestions were



13

carried out as recommended by the suppliers. Electrophoresis of DNA, ligation
reactions, and other nucleic acid manipulations were performed as previously described
(Maniatis et al., 1982). DNA was purified from agarose gels using the Elu-Quik

Purification Kit (Schleicher & Schuell, Keene, NH).

Identification of positive clones

Electrocompetent cells were prepared using a modified version of the procedure
of Tung and Chow (1995). 100 ml of LB was inoculated with 1 ml of an overnight
culture of E. coli and incubated at 37°C with vigorous shaking. When the ODgq of the
culture reached 0.6, cells were chilled in an ice-bath for 10 minutes and centrifuged at
4200 rpm at 4°C for 20 minutes using a Beckman GSA rotor. Cells were washed twice
with 50 ml of ice-cold 10% glycerol, and resuspended to a final volume of 0.2 ml in ice-
cold GYT (10% glycerol, 0.125% yeast extract and 0.25% tryptone). Electrocompetent
cells (50 pl) were transformed in a 2 mm gap cuvette using a BioRad Gene Pulser at the
following settings: 1800 volts, 25puFd, and 200 ohms. Cells were then incubated in 1 ml
SOC broth (20 g/L tryptone, 5 g/L yeast extract, 0.6 g/L. NaCl, 0.5 g/L. KCI, 20 mM
glucose, 20 mM magnesium) for 1 hour, concentrated, and plated on appropriate medium
containing X-gal. Colonies with inserts were picked, their plasmids purified as before,
and electrophoresed on a 0.8% agarose gel. Colonies were also picked onto differential
medium plates described by Christiaens et al. (LB with 0.35% glucose, 0.5% sodium

taurocholate, and 100 pg/ml ampicillin, adjusted to a pH of 6.0)(1992), to determine
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hydrolase activity. After 12 to 24 hours of incubation, plates were observed for colonies

with precipitated deoxycholate halos. These were picked and re-streaked to purity.

DNA sequencing
Automated DNA sequencing was performed at the Molecular Biology Resource

Facility at the University of Tennessee, Knoxville, TN.

Sequence analyses

Nucleic acid and protein sequence analyses were performed using the Wisconsin
Package V10.0-UNIX (Genetics Computer Group, Inc., Madison, WI). Sequence
information was obtained from the The Institute of Genomic Research (TIGR) and

GenBank databases.

Sequence accession numbers

The previously cloned nucleotide sequence of the DNA fragment containing the
CBAH gene from Clostridium perfringens can be found by using the accession number
U20191. This gene sequence was used to discover the gene of interest in E. faecalis.
Other sequences used were: Bile acid hydrolase peptide sequences from Lactobacillus
acidophilus (AF091248), Lactobacillus johnsonii peptides A & B (AF297873 &
AF054971), Lactobacillus plantarum (S51638), Bifidobacterium longum (AF148138),

Lactobacillus gasseri (AF305888; Russell and Klaenhammer, 2001), and penicillin V
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amidase gene sequences from Bacillus sphaericus (M15660), Paramecium bursaria

(NP048638), and Staphylococcus aureus (BAB41488).

Preparation of E. coli and E. faecalis cell extracts

E. coli was grown from a 5% inoculum with overnight cultures in LB containing
ampicillin. IPTG was added when cells had grown to an optical density of 0.8 at 590 nm.
Cells were harvested after growth for an additional 2.5 hours, and resuspended
in three volumes of Buffer A (20 mM sodium phosphate, 10 mM B-mercaptoethanol, and
1 mM EDTA, pH 7.0). The suspension was lysed by either two passages through a
French Pressure Cell at 12,000 psi, or by sonication at a 60% duty cycle for 5 minutes
using a Branson Sonifer 450. Lysates were centrifuged at 12, 000 x g for 45 minutes to
remove debris and unbroken cells. Protein concentrations were estimated by absorbance
readings at 230/260 nm (Kolb and Bernlohr, 1977). The supernatant was dialyzed

against Buffer A.

Thin-layer chromatography

Media containing 1 mM CA, DCA, GCA, TCA, GDCA, TDCA, or 2.5 mg/ml
Bile salts #3 (BBL) in Todd Hewitt Broth (TH Broth) were inoculated with E. coli
containing a plasmid or E. faecalis and grown at 37°C. 1 ml samples were taken at 0, 24,
and 48 hours, acidified with HC, and extracted twice with equal volumes of water-
saturated butanol to extract bile acids. The combined butanol layers were dried at 50°C

under a stream of nitrogen, and resuspended in 250 pl of 100% ethanol. 1.0 pg of
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standards as well as 5 pl samples were spotted onto a 20 x 20 cm plate. The plate was
subjected to preheating for 5 minutes under vacuum at 100°C (Eneroth, 1963). The plate
was developed in a solvent system consisting of benzene/dioxane/acetic acid (60:30:6).
After the solvent had migrated to the top of the plate, the plate was removed from the
tank and, after air-drying, sprayed with 10% (weight/volume) phosphomolybdic acid in
ethanol and heated at 100°C for 5-15 minutes. Bile acids turned blue against a yellow

background.

Substrate specificity assays

The standard assay mixture contained, in a final volume of 1 ml, 25 pmol of
sodium acetate (pH 5.5), 0.5 pmol of dithiothreitol, 0.5 pmol of EDTA, and crude extract
or purified protein. After addition of enzyme sample, reaction mixes were allowed to
equilibrate at 37°C. Enzyme assay reactions were initiated by the addition of 1-10 mM
bile acid or 2-10 mM penicillin V. After a set amount of time, (usually 5 minutes) the
reaction was stopped by the addition of an equal volume of ice cold 20% trichloroacetic
acid. After incubation on ice for 5 minutes, the mixes were centrifuged for 5 minutes to
remove precipitated protein. 100 pl of the supernatant was assayed for free amino groups
by the ninhydrin reaction, using the procedure described by Lee and Takahashi (1966).
Briefly, 100 pl of reaction mixture was added to 500 pl of 0.2 M citrate buffer (pH 5.0),
and 400 pl H,O, for a total reaction volume of 1 ml. To this mixture was added 500 pl of
ninhydrin reagent (0.2 g ninhydrin, 0.03 g hydrindantin in 7.5 ml DMSO added to 2.5 ml

of 0.4 M lithium acetate buffer, pH 5.2). The mixture was heated at 95°C for 25 minutes,
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and then cooled on ice for 15 minutes. The sample was then diluted 1:5 with 50%
ethanol, and the absorbance determined at 570 nm. One unit (U) of specific activity is

defined as pmol of substrate hydrolyzed/minute.

pH optimum of enzymatic reaction

The assay conditions described above were used except that the sodium acetate
buffer was replaced with a citrate-borate-phosphate system. A 2X buffer was prepared
containing 30 mM each of citric acid, boric acid, and monobasic potassium phosphate.
The pH of this buffer was adjusted to 0.5 unit increments between pH 3.0 and pH 9.5.
Addition of 5 mM GCA initiated the 1 ml reaction after a 5-minute equilibration period at
37°C. Reaction mixes were incubated for 5 minutes at 37°C using either purified enzyme
or crude extract. The reaction was stopped by addition of an equal volume of ice-cold
20% trichloroacetic acid. Aliquots were then assayed for free amino groups using the

same ninhydrin assay described above.

Enzyme purification

Enzyme purification was performed by Lynn Hudson, Department of
Microbiology and Immunology, East Carolina University. Throughout the purification,
enzymatic activity was monitored using a 96-well plate assay, as described previously by
Coleman and Hudson (1995). Samples to be assayed (<20 ml) were added to 100 ml of

assay cocktail (0.5 TDCA, 50 mM sodium phosphate, 10 mM B-mercaptoethanol, pH
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5.5) in wells of a 96-well microtiter plate. At all stages of purification, samples were
removed for protein and enzyme assay and SDS-PAGE analysis.

Ammonium sulfate precipitation

E. coli strain NM522 containing the CBAH insert in pUC19 was grown,
harvested, and lysed as described above. Ammonium sulfate (ICN, Costa Mesa, CA) was
added to 40% saturation (22.6 g/100 ml) at a pH of 7.0, and the mixture was centrifuged
at 12, 000 x g for 30 minutes at 4°C. The pellet was resuspended in 10 ml of Buffer A
(20 mM sodium phosphate, 1 mM EDTA, 10 mM B-mercaptoethanol, pH 7.0). To the
remainder of the supernatant was added ammonium sulfate to 70% saturation (18.7
g/100ml), and then centrifuged as before. The 40-70% ammonium sulfate pellet was
resuspended in Buffer A (pH 6.0) and frozen at -20°. The majority of CBAH activity was
observed in the 40-70% pellet. This pellet was resuspended in Buffer A and further
purified.

Phenyl-Sepharose

Phenyl-Sepharose was obtained from Pharmacia (Piscataway, NJ). The column
(2.5 x 9.0 cm) was equilibrated in Buffer 1 (20 mM sodium phosphate, 1 mM DTT, 0.5
M ammonium sulfate, pH 6.0). The column was washed with Buffer 1 until the effluent
Ag returned to baseline, and then washed with the same buffer at pH 7.0 (Buffer 2) until
the effluent A,g returned to baseline. CBAH activity was then eluted with a decreasing
ammonium sulfate gradient (0.5 M to 0 M, linear) in Buffer 2. CBAH activity assays
were performed and positive fractions were pooled. Pooled fractions were concentrated

using an Amicon YM-10 membrane to a final volume of 20 ml.
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Sephacryl SR-300

Sephacryl was obtained from Pharmacia. The gel filtration column (2.5 x 4 cm)
was equilibrated with Buffer 3 (20 mM sodium phosphate, 150 mM NaCl, 0.5 mM DTT,
pH 7.0). Samples were applied in 10 ml portions. The column was eluted with Buffer 3
until the effluent A,go had returned to baseline. Fractions were checked for CBAH
activity using the microtiter plate assay. Positive fractions were pooled, concentrated by
ultrafiltration as above, and frozen after addition of glycerol to a final concentration of
10%.

Q-sepharose

Q-sepharose was obtained from Pharmacia. The anion exchange column (2.5 x 4
cm) was equilibrated with 20 mM sodium phosphate, 1 mM DTT, and 5% glycerol (pH
7.5) (Buffer 4). After the column was washed with degassed Buffer 4 until the effluent
Azgo had returned to baseline, CBAH was eluted with a linear 0 to 0.5 M NaCl gradient in
Buffer 4 (200 ml total volume). Active fractions were combined, concentrated as before,

and stored in Buffer 4 containing 10% glycerol at -20°C.

SDS-PAGE

Samples were precipitated as follows: to 1-30 mg of protein, deionized water was
added to 1 ml, followed by 100 pl of 0.15% deoxycholic acid. After incubating at room
temperature for 10 minutes, 100 pl of 72% trichloroacetic acid was added and the sample
placed on ice for 10 minutes. The mixture was centrifuged for 10 minutes in a

microcentrifuge at full speed, washed three times with 70% ethanol, dried, and
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resuspended in SDS-sample buffer. The mixture was heated at 95°C for 5 minutes. Gel
electrophoresis was performed using a BioRad Mini-Protean II Dual Slab Cell. A 12%
polyacrylamide gel was loaded with sample and electrophoresis was performed at a
constant voltage of 200 volts for 45 minutes. The gel was washed for 30 minutes (40%
methanol, 10% acetic acid), and then stained with 15% methanol, 10% acetic acid, and
0.005% Coomassie Blue R-250. Standards were a mixture of Bio-Rad Low and High

molecular weight markers.

Southern blot

Chromosomal DNA was obtained from 10 ml bacterial cultures by the
CTAB/NaCl procedure obtained from Ausubel et al. (1987), was subjected to EcoRI
endonuclease digestion at 37°C, and electrophoresis on 0.8% agarose gels. Following
electrophoresis, the gel was agitated in 0.25 N HCI for 10 minutes, and rinsed with
deionized water. DNA was denatured by soaking the gel in 0.4 N NaOH, 0.6 M NaCl for
30 minutes, followed by 1.5 M NaCl, 0.5 M Tris, pH 7.5 for 30 minutes, and finally 2X
SSC (3 M NaCl, 0.3 M sodium citrate, pH 7.0) for 5 minutes. DNA was then transferred
to a Gene Screen membrane (Dupont). Following overnight transfer, the membrane was
rinsed briefly with 2X SSC and the DNA was fixed to the wet membrane using a Strata
linker. Membranes were hybridized at 65°C with a probe consisting of the CBAH gene
insert excised from the original pUC19 clone and labeled with a-**P-dCTP using the
RadPrime DNA labeling system (Life Technologies). Results were obtained by exposing

X-ray film to the radioactively-labelled membrane.
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Activity stain assay

An activity stain assay was performed, by electrophoresing purified protein or
crude extract on a non-denaturing 7.5% acrylamide gel containing 5 mM thioglycollate.
Crude extract (1 mg) from wild-type or purified protein (2 pg) were diluted in an equal
volume of sample buffer (1 ml 1.5 M Tris, pH 6.8, 1ml glycerol, 5 mg bromphenol blue,
in 10 ml final volume) and loaded onto the gel. Electrophoresis was performed at 70
volts until the tracking dye had migrated to the bottom of the gel. The gel was then
soaked twice in 100 ml of 0.5 M sodium acetate, | mM EDTA, 10 mM B-
mercaptoethanol, pH 6.5, for 15 minutes. Finally, the gel was then soaked in 25 ml of 0.5
M sodium phosphate, 5 mM TDCA, and 10 mM B-mercaptoethanol, and incubated at

37°C until a band of deoxycholic acid precipitate appeared.



RESULTS

Cloning of cbaH gene into E. coli

The nucleotide sequence of the proposed E. faecalis conjugated bile acid
hydrolase gene was identified from the TIGR database by performing a BLAST search of
E faecalis strain V583 (ATCC 700802) using the C. perfringens cbaH nucleotide
sequence. Chromosomal DNA was obtained from E. faecalis strain DK.
Oligonucleotide primers containing Smal and SstI restriction sites were designed, and
PCR was used to amplify the fragment. A 0.8% agarose gel confirmed the presence of
this fragment (Fig. 5). The fragment, as well as pUC19 vector, was subjected to
restriction endonuclease digestion using Smal and Sstl, to allow for directional ligation.
The ligation mix was transformed into E. coli strain DH10B by electroporation and the
transformed cells were plated on LB plates containing 100 pg/ml ampicillin and X-gal.
Recombinant colonies appeared white, while colonies containing the vector only
appeared blue. Several white colonies were picked, and grown overnight for plasmid
isolation. The plasmids were digested with EcoRI and HindIlI, and electrophoresed on
0.8% agarose gel (Fig. 5). Several plasmids appeared to have inserted gene fragments.
Sequence analysis data predicted that the insert containing the cbaH gene homolog would
be approximately 975 base-pairs in size. As can be seen from Figure 5, an insert of
similar size was obtained.

Recombinant colonies were picked from the original transformation plates, and

CBAH activity was detected by using the plate assay described by Christiaens, et al.
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(1992). The differential medium has a high glucose concentration, allowing an
acidification below pH 5, and TDCA as a substrate for conjugated bile acid hydrolysis.
Since taurine conjugates exhibit a pK, that is less than 1.0 (Hofmann and Roda, 1984),
only the deconjugated product (pK, 5.0) precipitates at fermentative pH values. The halo
formation of precipitated free bile acid permits the differentiation between hydrolase-
positive and -negative clones. Colonies numbered 6 and 9 exhibited halos, and clone 6
was chosen for further analysis. For expression purposes, the recombinant plasmid
containing the cbaH homolog was retransformed into E. coli strain NM522. This strain
allows for IPTG controlled activation of transcription of the /acZ promoter. For future

reference, the plasmid containing the cbaH homolog insert will be referred to as pJCG-6.

Nucleotide sequence of cloned fragment and flanking sequence
Figure 6 displays the nucleotide differences between E. faecalis strains
V583(red) and DK(green), and the placement of the initial primers. Primers used for

walking are underlined.

Thin-layer chromatography

A TLC of'the E. faecalis wild-type strain shows hydrolysis of both taurine and
glycine conjugates (Fig 7A). Figure 7B, offers proof that the cloned gene was that of a
CBAH enzyme. E. coli strain NM522 without the gene was compared to NM522

containing the gene.  Activity was achieved on all of the substrates tested (GCA, TCA,
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GDCA, and TDCA), by cells, containing the CBAH insert, grown in the presence of bile

acid.

Substrate specificity assays of NM522(pJCG-6) crude extracts

A ninhydrin assay was performed using increasing amounts of crude extract
obtained from the E. coli strain NM522 containing pJCG-6, to determine enzyme
specificity. As can be seen in Fig. 8, the CBAH enzyme has activity on both GCA and

TCA, with a greater affinity for GCA, and minimal activity on penicillin V (Fig. 9).

Enzyme purification

Crude extract was obtained from E. coli strain NM522 as described in Materials
and Methods, and subjected to ammonium sulfate precipitation, and tested for activity.
The greatest activity was observed in the 40-70% pellet. The pellet was resuspended and
applied to a phenyl-Sepharose hydrophobic interaction column. Active fractions were
collected, pooled, and concentrated, and applied to a Sephacryl SR-300 gel filtration
column. Positive fractions were again collected, pooled, and concentrated, and applied to
a Q-Sepharose anion exchange column. Again, active fractions were collected, pooled,
and concentrated to 94 pg/ml, and sample was subjected to SDS-PAGE. The expected
molecular weight of the purified enzyme is 36, 932 Da, based on the predicted amino

acid sequence. SDS-PAGE reveals a major band around 37, 000 Da (figure not shown).
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Enzymatic properties of crude extracts and the purified CBAH enzyme

Figure 10A shows the effect of E. coli strain NM522(pJCG-6) crude extract
concentration on the reaction rate. Once the protein had been purified, ninhydrin assays
were performed to determine the optimal amount of enzyme that could be used to achieve
an appropriate spectrophotometric signal. 0.75 pg of purified enzyme was chosen as an
appropriate amount for future studies. Figure 10B is a plot of the effect of the purified
enzyme concentration on the reaction rate.

For comparison purposes, E. faecalis crude extract was assayed to determine the
optimal amount of crude extract to be used to achieve an appropriate spectophotometric
signal. 2 mg of crude extract was chosen as an appropriate amount for future studies.
Figure 10C is a plot of the effect of the E. faecalis crude extract concentration on the
reaction rate.

These data allow the calculation of specific activities for the purified enzyme and
crude extracts. The differences indicate a 15-fold purification from the NM522(pJCG-6)
crude extract to the final purified stage. A 3280-fold difference in activity was achieved
compared to the E. faecalis crude extract. The CBAH protein is estimated to be 0.03% of

the total crude protein.

Determination of pH optimum
Ninhydrin assays were performed to determine the optimal pH for enzyme
activity. The assay showed an optimal pH of 5.0, which is consistent with the findings of

other conjugated bile acid hydrolases.
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Determination of an optimal pH for E. faecalis crude extract was accomplished as
before, using ninhydrin assays. The plot shows an optimal pH range from 4.5-5.5. A
plot of the purified enzyme gives an optimal pH of 5.0. Figure 11 is a plot of the effect of

pH on the purified CBAH and the crude extract reaction.

Substrate specificity determination

Determination of substrate specificity for the purified enzyme and E. faecalis
crude extract was tested by ninhydrin assay. Comparison of the crude extract with the
purified enzyme gives identical results, no activity on penicillin V, mild activity
toward taurine conjugates, and highest activity toward glycine conjugates. Figure 12 is a

plot of the substrate specificities of the purified enzyme and E. faecalis crude extract.

Determination of kinetic properties

Ninhydrin assays were used to produce Lineweaver-Burk double-reciprocal plots
and substrate saturation curves of the purified enzyme with both glycine and taurine
conjugates used as the substrate. The slope of the linear regression line was used to
determine the K, and Vmax values. For all assays, 0.75 pg of purified enzyme was
assayed against various concentrations of bile acids (1, 2, 5, and 10 mM) for 5 minutes at
37°C at a pH of 5.0.

The data points for taurine conjugated bile acids were non-linear, therefore, the

Km and Vpnay values can only be estimated using the previous method of determination.
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Detection of CBAH activity in other Enterococcus strains

Another ninhydrin assay was performed to test the activity of other E. faecalis
strains (DK, ATCC 29212, and ATCC 33186), and E. faecium ATCC 6057. Significant
activity was observed in strain DK and E. faecium strain ATCC 6057, but not the other

two strains (Fig. 19).

PCR reaction

The presence of the CBAH gene in various Enterococcus strains was determined
by a PCR assay. PCR was performed as described in Materials and Methods, using the
same primers that were used to obtain the original clone. Figure 20 shows a 1 Kb band
wherever the CBAH gene is present. E. faecalis strain DK, E. faecium strain ATCC
6057, and E. hirae strain ATCC 8043 appear to have the gene present. E. faecalis strains

ATCC 33186 and ATCC 29212 do not.

Southern blot

The presence of the CBAH gene in Enterococcus strains was also determined by
Southern analysis. The DNA fragment to be used as a probe was obtained by excising
the CBAH insert from the pUC19 plasmid by endonuclease digestion with EcoRI and
HindIIl. The fragment was then radioactively labelled with o-P*’dCTP and Klenow
fragment. Chromosomal DNA was isolated from wild-type species as well as mutants
using the CTAB procedure described in Materials and Methods.

Figure 21 is a photo of the X-ray film displaying the results of the Southern blot.
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The presence of the CBAH gene is apparent in the E. faecium ATCC 6057, and E.

faecalis DK.

Activity stain assay

An activity stain assay was performed to test the activity of the purified enzyme
and the E. faecalis strain DK crude extract. Maintaining a rather low pH, will allow the
TDCA to precipitate out once its conjugate was hydrolyzed, forming a white precipitous

band. By looking at Figure 22, a white band was visualized in both lanes.

Sequence analysis data

The E. faecalis peptide sequence shows higher identity to other CBAH sequences,
than to the penicillin V amidase sequences, which supports the other results obtained in
this study. Sequence alignment was performed using a pileup program from SeqWeb for
Figures 24 and 25. A gap creation penalty of 8, and gap extension penalty of 2 were

used. Figure 23 is the proposed peptide sequence.
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Figure 5. Gel electrophoresis of recombinant plasmids. Plasmids containing the E.
Jfaecalis CBAH gene were digested with EcoRI/HindIIl. Plasmid DNA was purified,
electrophoresed on a 0.8% agarose gel, and visualized after staining with ethidium
bromide. Lanes: A, A HindIIl markers; B, uncut plasmid from clone 6; C, uncut plasmid
from clone 9; F, clone 6 plasmid digested with EcoRI/HindIII; G, clone 9 plasmid
digested with EcoR1/HindIIl; H, A HindIII markers.
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CCCGGGTGTACTATTTTAGTGAC™
TTGATAAAAARAGAGTATTGGGTGTACTATTTTAGTGACTGAATTAGTATATACCAGCAAT

TGATTATGTGTACAGCAATTACTTATGTATCAARAGATCATTACTTTGGAAGGAATTTTG
<L

~
C

ATTATGAAATTTCTTATAATGAGGTGGTTACTATTACGCCGAGAAATTATAAGTTTTCAT

TTCGAGAAGTTGGAAATTTAGATCATCATTTTGCAATAATTGGAATTGCTGCTGGGATTG

CTGATTATCCGCTTTATTATGATGCAATAAATGAAAAAGGATTAGGAATGGCTGGATTAA
-
ACTTTTCAGGCTATGCAGATTATAAARAAAATTGAAGAAGGAAAAGAAAATGTTTCTCCAT
<L

TTGAGTTTATTCCTTGGGTATTGGGCCAATGCTCTACTGTAGATGAAGCAAAAAAATTAT

TGAAGAATCTTAATTTAGTAAATATTAATTTTAGTGATGAACTTCCGTTATCCCCTCTCC

ATTGGCTGTTGGCTGATAAAGAGCAATCTATTGTGGTTGAAAGCACGAAAGAAGGCTTAC
>>>
GTGTATTTGATAATCCTGTAGGCGTATTAACAAATAACCCAACATTTGATTACCAATTAT
<K<
TTAATTTAAACAATTATCGTGTACTTTCAACTAGAACTCCAAAAAATAATTTTTCAGATC

AAATAGAGTTAGATATTTATAGTAGAGGAAT GGGTGGTATTGGGTTGCCAGGAGATTTAT

CATCAGTATCTAGATTTGTAAAAGCAACTTTTACTAAGTTAAATTCTGTATCAAGAAGTT

G
CAGAATATGAAAGTATTAGCCAATTTTTTCATATTTTAAGTTCTGTCGAACAACAAAAAG
>>>

GATTGTGTGATGTTGGTGATGAAAAATATGAGTATACGATTTATTCTTCATGTTGTAACC
<L

C
TGGAAAAGGGAATTTATTACTATCGTACGTATGACAATAGTCAAATTACTGCTGTGGATA

TGAATAAGGAAAATTTAGAGAAGGATAGCTTAATTGTTTATCCAATGGTGGAAACACAAC

ARATTAACTATGCTAATTAATTTGTTGTAATTCTTGTTTTTATAAGTATTTTCGAAATGA
< TATTCATAAAAGCTTTACT

GTTTAAATAAACGGGAATAATAGAAGAGTAGATTTAAGTTATTGATAACTACTAGGTAAT
CGACCC

Figure 6. Nucleotide sequence of cloned fragment and flanking sequence. Primer
placement is depicted in blue and the coding region in red. The sequence shown was
obtained from TIGR, and base-pair differences determined by automated DNA
sequencing are shown in green. A Shine-Dalgarno sequence (shown in green) is located
nine base-pairs upstream of the ATG initiation codon. The TAA stop codon can also be
observed as the last three base-pairs of the coding sequence (red).
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Figure 7. Thin-layer chromatographies exhibit bile acid hydrolysis.

A)

B)

Wild-type E. faecalis exhibiting bile acid hyrolysis of both glycine and
taurine conjugates. Samples of E. faecalis were allowed to incubate in
media containing a final concentration of 1 mM of conjugated bile

acid. Samples were taken before inoculation (Ty) and after 24 hours of
incubation (T4). Lanes: A, CA and DCA standards; B-C, TH broth —
Toand T,4; D-E, bile salts #3 — T and T»4; F-G, GCA — Tj and T»4; H-
I, TCA — Ty and T4; J-K, GDCA — T4 and Typ; L-M, TDCA — T, and
T,4; N, CA and DCA standards; O, CA standard; P, DCA standard;
NMS522 with or without CBAH insert. Samples were taken at 24 hours
post incubation. Lanes: A, CA and DCA standards; B-C, TH broth —
(-)insert, (+)insert; D-E, bile salts #3 — (-)insert, (+)insert; F-G, GCA —
(-)insert, (+)insert; H-I, TCA — (-)insert, (+)insert; J-K, GDCA —
(-)insert, (+)insert; L-M, TDCA — (-)insert, (+)insert; N, CA and DCA
standards; O, CA standard; P, DCA standard.
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Figure 8. Hydrolysis of cholic acid conjugates. Various concentrations of crude extract
(0, 25, 50, 100, and 200 pg) from E. coli strain NM522(pJCG-6) were assayed in a final
volume of 1 ml, using 10 mM GCA and TCA. Samples were taken after a 5S-minute
incubation at 37°C. Diamonds represent GCA, and squares TCA.
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B. Penicillin V hydrolysis

Figure 9. Hydrolysis of GCA and penicillin V. 500 pg of crude extract from E. coli
strain NM522 was assayed in a final volume of 1 ml, with A)1 mM GCA and B) 2 mM

penicillin V. Samples were taken at 0, 5, and 30 minutes during a 37°C incubation
period. Diamonds represent E. coli strain NM522(pUC19), and squares represent

NMS522(pJCG-6).
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Figure 10. Enzymatic properties of crude extracts and the purified CBAH enzyme.

A)

B)

&)

Effect of crude extract concentration on reaction rate. Various
concentrations of NM522(pJCG-6) crude extract or purified enzyme
were assayed in a final volume of 1 ml, using 5 mM GCA for 5
minutes at 37°C, at a pH of 5.0.

Effect of purified enzyme concentration on reaction rate. Various
amounts of the purified CBAH enzyme were assayed in a final volume
of 1 ml, using 5 mM GCA, for 5 minutes at 37°C at a pH of 5.5. The
points not connected by regression line were in an enzyme excess
region.

Effect of crude extract concentration on reaction rate. Various amounts
of extract were assayed in a final volume of 1 ml, using 5 mM GCA for
5 minutes at 37°C, the pH was 5.5.
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Figure 11. Effect of pH on the purified CBAH and E. faecalis crude extract reactions.

0.75 pug of purified CBAH enzyme and 2 mg of crude extract were assayed in a final

volume of 1 ml, using 5 mM GCA at 37°C for 5 minutes. The pH of the reaction buffer
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was altered at 0.5 intervals. Squares represent crude extract, diamonds represent purified

enzyme.
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Substrate

Figure 12. Substrate specificity of purified enzyme and E. faecalis crude extract. 0.75

pg of purified enzyme or 1 mg of crude extract was assayed in a final volume of 1 ml,
using 5 mM of bile acid or penicillin V at 37°C for 5 minutes, pH 5.0. Light bars
represent purified enzyme, dark bars represent E. faecalis crude extract.
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Figure 13. Lineweaver-Burk plot and substrate saturation curve for GCA.
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Figure 14. Lineweaver-Burk plot and substrate saturation curve for GDCA.
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Figure 15. Lineweaver-Burk plot and substrate saturation curve for GCDCA.
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Figure 16. Lineweaver-Burk plot and substrate saturation curve for TCA.
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Figure 17. Lineweaver-Burk plot and substrate saturation curve for TDCA.
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Figure 18. Lineweaver-Burk plot and substrate saturation curve for TCDCA.
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TABLE 1. Summary of kinetic parameters

Substrate K, (mM) Relative V 4, (%)
GCA 11.4 87.5

GDCA 4.0 77.8

GCDCA 11.0 100

TCA 1.1* 7.4*

TDCA 0.7* 8.2%*

TCDCA 1.8¥ 8.5*%

* Obtained from non-linear double-reciprocal plots
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Figure 19. Ability of Enterococcus strains to hydrolyze GCA. 1 mg of crude extract
was assayed in a final volume of 1 ml, using 5 mM GCA at 37°C for 30 minutes, pH 5.0.
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DK 33186 6057 29212 8043 1Kb

Figure 20. Gel electrophoresis of PCR fragments from Enferococcus strains. DNA
exhibiting enough similarity to the E. faecalis CBAH gene will bind the primers, and
exhibit a band approximately 1 Kb in size. Electrophoresis was performed at 70 volts for
one hour. The gel was stained with 10 mg ethidium bromide.
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Figure 21. Southern blot. The E. faecalis CBAH nucleotide sequence was used as a
probe. Lanes: A, pJCG-6; B, 1 Kb ladder; C, E. faecalis strain ATCC 29212; D, E. hirae
strain ATCC 8043; E, E. faecium strain ATCC 6057; F-G, E. faecalis strain DK; H, E.
faecalis strain ATCC 33186. The CBAH gene is detected in E. faecium strain ATCC
6057, and E. faecalis strain DK.
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Figure 22. Activity stain assay of purified enzyme and crude extract. 1 mg of crude
extract or 2 pg of purified enzyme was electrophoresed on a non-denaturing 7.5%
acrylamide gel at 70 volts for one hour, and soaked in TDCA solution. The presence of a
white band would represent side-chain hydrolysis of TDCA.
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Figure 23. Deduced peptide sequence of the E. faecalis strain V583 (obtained from
TIGR). The TIGR sequence differs from the E. faecalis strain DK by two amino acids, a
V to an A at pos. 28, and an E to a G at pos. 242.
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Figure 24. Sequence alignment of CBAH and penicillin V amidase peptide sequences.
The E. faecalis CBAH exhibits most similarity to the CBAH from L. plantarum with
70% identity, and 82% homology. CBAH lanes: LA, L. acidophilus; LIB, L. johnsonii
peptide B; BL, B. longum; EF1, E. faecalis; LP, L. plantarum; LG, L. gasseri; LJA, L.
Jjohnsonii peptide A; CP, C. perfringens; Penicillin V amidase lanes: BS, B. sphaericus;

LL, L. lactis; SA, S. aureus; PB, P. busaria; EF2, E. faecalis gene of unknown function.
The E. faecalis sequence shown is that of strain V583.



Phylogenetic dendrogram of known CBAH and penicillin V amidase peptide

sequences

Figure 25. Dendrogram. The E. faecalis CBAH peptide sequence exhibits the greatest

Lactobacillus acidophilus CBAH

Lactobacillus johnsonii peptide B

Bifidobacterium longum CBAH

Enterococcus faecalis CBAH

Lactobacillus plantaurm CBAH

Lactobacillus gasseri CBAH

Lactobacillus johnsonii peptide A
Clostridium perfringens CBAH

Bacillus sphaericus PV A

Lactobacillus lactis PVA

Staphylococcus aureus PVA

. Paramecium bursaria PVA

_ Enterococcus faecalis unk*

similarity to L. plantarum, L. gasseri, L. johnsoniiK, and C. perfringens CBAH

sequences. unk*=unknown function.
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DISCUSSION

Since the first conjugated bile acid hydrolase (from Clostridium perfringens) was
characterized by Nair et al. (1967), numerous enzymes from different species of bacteria
have been identified, and, as can be seen from Table 2, many of the characteristics of
conjugated bile acid hydrolases are quite similar. Previously characterized penicillin V
amidases also exhibit the same similarities, not only to themselves, but also, to
conjugated bile acid hydrolases.

Both Aries and Hill (1969) and Kobashi et al. (1978) reported finding CBAH
activity in strains of E. faecalis, but this activity has yet to be isolated. This work
describes the successful cloning and characterization of the CBAH gene from E. faecalis
strain DK. Numerous assays, as well as sequence analysis, have provided evidence to
support the hypothesis that the cloned gene is that of a CBAH and not a penicillin V
amidase.

Sequence analysis of the TIGR database using the previously cloned C.
perfringens CBAH gene, provided evidence for the presence of the gene in E. faecalis.
An open reading frame of approximately 975 base pairs was discovered, predicting a
peptide of approximately 325 amino acids. The calculated protein size of the peptide,
achieved by purification and SDS-PAGE, is near 37 kDa. This is similar to findings for
B. vulgatus (Kawamoto et al., 1989), L. plantarum (Christiaens et al., 1992), B. longum
(Tanaka et al., 2000), the B peptide of L. johnsonii (Lundeen and Savage, 1992), C.

perfringens (Coleman and Hudson, 1995), and the B. sphaericus PVA (Pundle et al.,
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1997). The E. faecalis sequence obtained from TIGR (strain V583) differs from the
sequence obtained by our own automated sequencing (DK) by 3 nucleotides, a C to a T at
position 83, a G to an A at position 725, and a C to a T at position 859 (Fig. 31). These
single base-pair substitutions result in only 2 amino acid substitutions, a Val to an Ala at
position 28, and a Glu to a Gly at position 242. The third nucleotide substitution is a
conserved one where the Tyr is not altered at position 286.

The greatest activity was observed in clones of E. coli strain NM522, and extract
produced from this organism was used for enzyme purification. Purification of the
CBAH was achieved by first subjecting the crude extract to ammonium sulfate
precipitation. Highest activity was observed in the 40-70% pellet. When applied to the
hydrophobic interaction column, the enzyme eluted in the later fractions. Since proteins
elute from the column in order of increasing hydrophobicity, it appears that the enzyme is
somewhat hydrophobic. The quaternary structure of our enzyme have not been
determined, whatever the organization may be, it should consist of subunits
approximately 37 to 40 KDa in size, since this was the only band obtained from the SDS-
PAGE. Calculations based on comparisons of activity between CBAH-containing
NMS522 crude extract and the purified enzyme give evidence of a 15-fold purification of
the enzyme activity. Calculations based on activity differences between E. faecalis crude
extract and the purified enzyme produce a specific activity of 0.01 U/mg for the crude,
and 32.8 U/mg for the purified CBAH. A fold-purification estimation of 3280X is
achieved, and an estimation of abundance of the CBAH is around 0.03% of the total E.

faecalis protein.



Table 2. Characteristics of known CBAH and penicillin V amidases

Organism Optimum pH | Molecular weight Subunit Native state Substrate specificity
(Da) molecular weight
(Da)
Bacteroides vulgatus 5.6-6.4 140,000 36,000 Tetramer Taurine conjugates only
Lactobacillus 4.7-5.5 NA 37,078 Tetramer Glycine > Taurine
plantarum
Bifidobacterium 5.5-6.5 250,000 40,000 Hexamer Glycine/Taurine
longum BB536
Bifidobacterium 5.0-7.0 130,000 35,024 Tetramer Glycine/Taurine
longum SBT2928
Bacteroides fragilis 4.5 250,000 32,500 Octamer Glycine/Taurine
Lactobacillus 4.2-4.5 115,000 42,000 Trimer Glycine/Taurine
Johnsonii peptide A
Lactobacillus 4.2-4.5 105,000 38,000 Trimer Glycine/Taurine
Johnsonii peptide B
Clostridium 5.8-6.4 250,000 56,000 Tetramer Glycine > Taurine
perfringens MCV815
Clostridium NA 147,000 36,100 Tetramer Glycine/Taurine
perfringens 13
Lactobacillus 3.5-5.5 126,000 NA NA Glycine > Taurine
acidophilus
Enterococcus faecalis 5.0 NA 36,932 NA Glycine > Taurine
Fusarium SKF PVA 6.5 83,200 83,200 Monomer Penicillin V
Bacillus sphaericus NA 138,000 35,000 Tetramer Penicillin V
PVA

9¢



57

The optimum pH for bile acid deconjugation was 4.5-5.5 for the crude extract,
and 5.0 for the purified enzyme. The range of pH is similar to that previously reported
for enzymes from other sources (Table 1). The broad range of pH seen in the crude
extract may be due to any of several factors, one being that a second gene could be
another CBAH enzyme acting optimally at a different pH than the first. It is possible that
other molecules contained in the E. faecalis crude extract could aid in hydrolysis and thus
enable the enzyme to exhibit greater activity under a wider range of pH values.

Substrate specificicty assays show that the E. faecalis CBAH has the greatest
affinity for glycine conjugates, and can cleave taurine conjugates to a lesser extent.
Minimal activity against penicillin V was observed in the crude extract, leading to the
possibility that penicillin V amidase activity exists in E. faecalis. Sequence analysis data
points to this possibility since the second nucleotide sequence and its translated peptide
sequence does not exhibit any significant similarity to any known CBAH sequences. The
second enzyme shows greater similarity to known penicillin V amidase peptide
sequences.

Kinetic data have been obtained for several previously isolated CBAH and
penicillin V amidases. Table 3 lists known Km values. Table 1 lists the K,;, and Vyax
values calculated for the purified E. faecalis CBAH. The K,,’s obtained are the highest
reported to-date for GCA and GDCA. The taurine conjugates could only be estimated,
but they fall within other known values (Stellwag and Hylemon, 1976; Nair et al., 1967).
The E. faecalis enzyme has the highest binding affinity for the conjugate of deoxycholic

acid, and lowest binding affinity for that of cholic acid, among the glycine conjugates.



Table 3. Known Km values (mM)

GCA

Organism

GDCA

GCDCA

TCA

TDCA

TCDCA

Penicillin V

B. fragilis
L. plantarum

0.35

0.20

0.26

0.45

0.17

0.29

0.22

L. johnsonii
peptide A

0.76

L. johnsonii
peptide B

0.95

E. faecalis

11.4

4.0

11.0

1.1

0.7

1.8

C. perfringens
MCV 815

0.50

C. perfringens
19574
Chiania PVA

3.6

12

14.0

37.0

3.8

3.0

17.1

Fusarium SKF
PVA

10.0

8¢
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These findings are similar to those for the Bacteroides fragilis CBAH by Stellwag
and Hylemon (1976) and Nair et al. (1967). It is also interesting to note the relatively
high K, values of the penicillin V amidases.

The conjugated bile acid hydrolase gene appears to be present in two other
Enterococcus species, E. hirae and E. faecium. At first glance, the Southern analysis and
PCR assay may seem to provide conflicting results concerning E. hirae. The PCR assay
clearly shows a band around 1 Kb identical those found in E. faecalis DK and E. faecium
ATCC 6057. In the Southern blot a very faint band is present in the £. hirae lane, but not
nearly as pronounced as for the positive Enterococcus strains. This may be due to
sequence differences in the gene itself which could ultimately lead to hindered annealing
by the probe, and a diminished signal in the Southern blot. The PCR assay and ninhydrin
assays also confirm the CBAH presence in these two Enterococcus strains

Sequence analysis shows that the peptide sequence of the E. faecalis CBAH
shows most similarity to the Lactobacillus plantarum CBAH isolated by Christaens et al.
(1992) exhibiting 70% identity and 82% similarity. The nucleotide sequence of the E.
faecalis strain DK gene obtained from automated sequencing matched all but 3 residues
of the E. faecalis strain V583 sequence from TIGR. A possible Shine-Dalgarno sequence
is found nine base-pairs upstream of the initiator codon, as expected, and the nucleotide
sequence consists of 975 nucleotides.

In summary, a PVA/CBAH family gene from Enterococcus faecalis has been

cloned, the nucleotide and peptide sequence has been determined, and the enzyme has



been purified and characterized. Substrate specificity and sequence comparisons

demonstrate it to be a CBAH rather than a PVA.
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