
ABSTRACT

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

Sequence analysis of a partial genome sequence ofEnterococcusfaecalis indicated the

presence of an open reading frame (ORE) with homology to members of the conjugated

bile acid hydrolase/ penicillin V amidase family. In order to define the function of this

ORE, 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 en2yme 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 hver 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 abihty to

withstand cleavage by proteolytic enzymes, and requires drastic alkaline conditions for its

chemical hydroysis (Midtvedt, 1974).

Figure 1. Cholesterol
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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 ofthe conjugated bile acids are not absorbed until they

reach the last part of the small intestine, the ileum. BUe 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 ofmetabolites

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 Ueum, thus binding of a conjugated bile aeid to an

active transport site results in its retimi to the liver, while hydrolysis by CBAH results in

a free bile acid with lower affrnity to these receptors (Playoust and Isselbacher, 1964;

Schiffet al., 1972), and which may pass into the large intestine, for further metabolism.
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glycocholic acid cholic acid

taurocholic acid cholic acid

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 ofdeoxychoHc

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).
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Deoxvxholic acid Lithocbolic acid

Figure 3. 7a-DehydroxyIation

Conjugated Bile Acid Hydrolase

Bile acid hydrolysis is a common reaction in the intestinal tract ofanimals

(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 HUl,

1970). Deconjugation activity has been purified fi'om Bacteroides fragilis (Stellwag and

Hylemon, 1976), Bacteroides vulgatus (Kawamoto et al., 1989), Bifidobacterium longum
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(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 (Tundeen 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 ofC. 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 ofBacteroides 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 ofbile acid hydrolysis, particularly the advantage
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this activity offers the CBAH producing bacterium, is not folly 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 ofbile 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 ofbacteria when compared vvdth 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.

Enterococcusfaecalis

Enterococci (formerly group D streptococci) are gram-positive bacteria, and are

among the leading causes ofnosocomial infections in the United States, with the majority

of clinical isolates being classified as Enterococcusfaecalis (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 ofGenomic 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 ofCBAH in this bacteria, and may lead to a greater understanding of the

role played by this bacterium in the gastrointestinal tract.
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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 p-lactam ring, onto which a side chain is attached (Fig.

4). The most common mechanism ofmicrobial resistance to p-lactam antibiotics is based

on a group of enzymes that hydrolyze the p-lactam ring of penicllin, known as P-

lactamases. This type of resistance spreads rapidly in bacterial populations by transfer of

genetic information among populations and natural selection. Consequently, the massive

use ofantibiotics soon renders them ineffective (VaUe et al., 1991).

Penidtiin 6-Amir>c>penjdllanic add

Phenoxymethyfpenidinn: R = C6H5OCH2-

Benzylpenidllin: R » C6H5CH2*

isopenicillin N: R =

Fig. 1. Conversion of penicillin lo 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 ofbacteria and fungi, and has been isolated from Bacillus sphaericus
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(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), Pénicillium 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 peniciUoic 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 sufiBcient 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).
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In the PVA structure, cysteine was observed as the N-terminal residue, whereas

the gene sequence predicts an N-terminal sequence ofMet-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 sullhydryl 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 HUl, found activity in 75% and 93% of the strains tested, respectively. Both

showed that the CBAH enzyme in E. faecalis exhibits greater alfinity for glycine

conjugates over taurine conjugates. However, only erude extracts were tested, and no

sequence data was presented. The in-progress sequencing of the E. faecalis genome by

The Institute ofGenomic 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
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gene from C. perfringens implied that this was the CBAH in E. faecalis. However, the

possibility that this gene encoded a penicillin V anúdase needed to be excluded. The

work described here addresses this question by proving the function of the unknown

gene.



MATERIALS AND METHODS

Bacterial strains, plasmids, & growth conditions

A clinical isolate ofEnterococcus faecalis, strain DK, was obtained from Pitt

County Memorial Hospital, Greenville, NC, and grown on brain heart infiision medium

(BHI), without shaking, under aerobic conditions at 37°C. E. coli strains DHIOB 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 ofBiology, East

Carolina University; E. faecalis ATCC 33186, E.faecium ATCC 6057, obtained from Dr.

Daniel Martin, Department ofMicrobiology, Brody School ofMedicine, 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). pUC 19 was obtained from Gibco-BRL (Bethesda, MD). The following

components were added to growth media when appropriate, at the indicated final

concentrations: ampicilUn lOOpg/ml; isopropyl-P-D-thiogalactoside (IPTG) 0.6mM; and

5-bromo-4-chloro-3-indolyl-P-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
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carried out as recommended by the suppliers. Electrophoresis ofDNA, ligation

reactions, and other nucleic acid manipulations were performed as previously described

(Maniatis et al, 1982). DNA was purified ifom 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

ofTung and Chow (1995). 100 ml ofLB was inoculated with 1 ml ofan overnight

culture ofE. coli and incubated at 37°C with vigorous shaking. When the ODóoo 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 of0.2 ml in ice-

cold GYT (10% glycerol, 0.125% yeast extract and 0.25% tryptone). Electrocompetent

cells (50 pi) were transformed in a 2 mm gap cuvette using a BioRad Gene Puiser at the

following settings: 1800 volts, 25pFd, 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 KCl, 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 ofTennessee, Knoxville, TN.

Sequence analyses

Nucleic acid and protein sequence analyses were performed using the Wisconsin

Package VIO.O-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), Lactobacillusjohnsonii peptides A & B (AF297873 &

AF054971), Lactobacillusplantarum (S51638), Bifidobacterium longum (AF148138),

Lactobacillus gasseri (AF305888; Russell and Klaenhammer, 2001), and penicillin V
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amidase gene sequences from Bacillus sphaericus (Ml 5660), Paramecium hursaria

(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

ampicUlin. 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 ofBuffer A (20 mM sodium phosphate, 10 mM P-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 Bemlohr, 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

BDe 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 HCl, and extracted twice with equal volumes ofwater-

saturated butanol to extract bile acids. The combined butanol layers were dried at 50°C

under a stream ofnitrogen, and resuspended in 250 pi of 100% ethanol. 1.0 pg of
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standards as well as 5 fri 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 ofbenzene/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 ofEDTA, 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

bUe 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 pi of the supernatant was assayed for free amino groups

by the ninhydrin reaction, using the procedure described by Lee and Takahashi (1966).

Briefly, 100 pi of reaction mixture was added to 500 pi of 0.2 M citrate buffer (pH 5.0),

and 400 pi H2O, for a total reaction volume of 1 ml. To this mixture was added 500 pi 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 ofcitric 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 afier 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 fi-ee 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 P-mercaptoethanol, pH
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5.5) in wells of a 96-well mierotiter plate. At all stages ofpurification, 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 P-mercaptoethanol, pH 7.0). To the

remainder of the supernatant was added ammonium sulfate to 70% saturation (18.7

g/lOOml), 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 ofCBAH 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

A280 returned to baseline, and then washed with the same buffer at pH 7.0 (Buffer 2) until

the effluent A280 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 of20 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 A280 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

A280 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 ofprotein, deionized water was

added to 1 ml, followed by 100 pi of0.15% deoxychohc acid. After incubating at room

temperature for 10 minutes, 100 pi of 72% trichloroacetic acid was added and the sample

placed on ice for 10 minutes. The mixture was centrifuged for 10 minutes in a

microcentrifiige 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 of200 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 ofBio-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 ÆcoRI

endonuclease digestion at 37°C, and electrophoresis on 0.8% agarose gels. Following

electrophoresis, the gel was agitated in 0.25 N HCl 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, 1 mM EDTA, 10 mM P-

mercaptoethanol, pH 6.5, for 15 minutes. Finally, the gel was then soaked in 25 ml of0.5

M sodium phosphate, 5 mM TDCA, and 10 mM P-mercaptoethanol, and incubated at

37”C imtil a band ofdeoxycholic 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 Ifom 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 Irom E. faecalis strain DK.

Oligonucleotide primers containing Sma\ and Sst\ 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 DHIOB by electroporation and the

transformed cells were plated on LB plates containing 100 pg/ml ampiciUin 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 withÆcoRI and ///«dill, and electrophoresed on

0.8% agarose gel (Fig. 5). Several plasmids appeared to have inserted gene fi-agments.

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 fi-om 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 pKa that is less than 1.0 (Hofinann and Roda, 1984),

only the deconjugated product (pKa 5.0) precipitates at fermentative pH values. The halo

formation ofprecipitated 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 lacZ 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 ofboth 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 ofbile

acid.

Substrate specificity assays ofNM522(pJCG-6) crude extracts

A ninhydrin assay was performed using increasing amounts ofcrude 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 lOA shows the effect ofE. 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 ofenzyme that could be used to achieve

an appropriate spectrophotometric signal. 0.75 p,g ofpurified enzyme was chosen as an

appropriate amount for future studies. Figure 1 OB 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 1OC 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, rmld 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 Km and Vmax values. For all assays, 0.75 pg ofpurified enzyme was

assayed against various concentrations of büe acids (1, 2, 5, and 10 mM) for 5 minutes at

37°CatapH of 5.0.

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

Km and Vmax values can only be estimated using the previous method of determination.
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Detection ofCBAH 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

HinálW. The fragment was then radioactively labelled with a-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 pUeup 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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Figures. Gel electrophoresis ofrecombinant plasmids. Plasmids containing the
faecalis CBAH gene were digested with EcoRi/Hindlll. Plasmid DNA was purified,
electrophoresed on a 0.8% agarose gel, and visualized after staining with ethidium
bromide. Lanes: A, X Hindill markers; B, uncut plasmid fi-om clone 6; C, uncut plasmid
from clone 9; F, clone 6 plasmid digested with EcoBJ/HindiU; G, clone 9 plasmid
digested with £coRI////«din; H, X Híndlñ markers.
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CCCGGGTGTACTATTTTAGTGAC^
TTGATAAAAAAGAGTATTGGGTGTACTATTTTAGTGACTGAATTAGTATATAGGAGGAAT

TGATTATGTGTACAGCAATTACTTATGTATCAAAAGATCATTACTTTGGAAGGAATTTTG
<«

C

ATTATGAAATTTCTTATAATGAGGTGGTTACTATTACGCCGAGAAATTATAAGTTTTCAT

TTCGAGAAGTTGGAAATTTAGATCATCATTTTGCAATAATTGGAATTGCTGCTGGGATTG

CTGATTATCCGCTTTATTATGATGCAATAAATGAAAAAGGATTAGGAATGGCTGGATTAA
»>

ACTTTTCAGGCTATGCAGATTATAAAAAAATTGAAGAAGGAAAAGAAAATGTTTCTCCAT
«<

TTGAGTTTATTCCTTGGGTATTGGGCCAATGCTCTACTGTAGATGAAGCAAAAAAATTAT

TGAAGAATCTTAATTTAGTAAATATTAATTTTAGTGATGAACTTCCGTTATCCCCTCTCC

ATTGGCTGTTGGCTGATAAAGAGCAATCTATTGTGGTTGAAAGCACGAAAGAAGGCTTAC
>»

GTGTATTTGATAATCCTGTAGGCGTATTAACAAATAACCCAACATTTGATTACCAATTAT
«<

TTAATTTAAACAATTATCGTGTACTTTCAACTAGAACTCCAAAAAATAATTTTTCAGATC

AAATAGAGTTAGATATTTATAGTAGAGGAATGGGTGGTATTGGGTTGCCAGGAGATTTAT

CATCAGTATCTAGATTTGTAAAAGCAACTTTTACTAAGTTAAATTCTGTATCAAGAAGTT

CAGAATATGAAAGTATTAGCCAATTTTTTCATATTTTAAGTTCTGTCGAACAACAAAAAG
»>

GATTGTGTGATGTTGGTGATGAAAAATATGAGTATACGATTTATTCTTCATGTTGTAACC
«<

C

TGGAAAAGGGAATTTATTACTATCGTACGTATGACAATAGTCAAATTACTGCTGTGGATA

TGAATAAGGAAAATTTAGAGAAGGATAGCTTAATTGTTTATCCAATGGTGGAAACACAAC

AAATTAACTATGCTAATTAATTTGTTGTAATTCTTGTTTTTATAAGTATTTTCGAAATGA
<-TATTCATAAAAGCTTTACT

GTTTAAATAAACGGGAATAATAGAAGAGTAGATTTAAGTTATTGATAACTACTAGGTAAT
CGACCC

Figure 6. Nucleotide sequence ofcloned 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-Dalgamo 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 ofthe coding sequence (red).
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Figure 7. Thin-layer chromatographies exhibit bile acid hydrolysis.
A) Wild-type E. faecalis exhibiting bile acid hyrolysis ofboth glycine and

taurine conjugates. Samples ofE. faecalis were allowed to incubate in
media containing a final concentration of 1 mM ofconjugated bile
acid. Samples were taken before inoculation (To) and after 24 hours of
incubation (T24). Lanes: A, CA and DCA standards; B-C, TH broth -
To and T24; D-E, bile salts #3 - To and T24; F-G, GCA - To and T24; H-
I, TCA - To and T24; J-K, GDCA - T24 and To; L-M, TDCA - To and
T24; N, CA and DCA standards; O, CA standard; P, DCA standard;

B) NM522 with or without CBAH insert. Samples were taken at 24 hours
post incubation. Lanes: A, CA and DCA standards; B-C, TH broth -
(-)msert, (+)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 ^g) 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 5-minute
incubation at 37°C. Diamonds represent GCA, and squares TCA.
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Figure 9. Hydrolysis ofGCA and penicillin V. 500 pg ofcrude 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
NM522(pJCG-6).
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Figure 10.
A)

B)

C)

Enzymatic properties of crude extracts and the purified CBAH enzyme.
Effect of crude extract concentration on reaction rate. Various
concentrations ofNM522(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 ofpurified 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 ofcrude extract concentration on reaction rate. Various amounts

ofextract 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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pH

Figure 11. Effect ofpH on the purified CBAH and E.faecalis crude extract reactions.
0.75 pg ofpurified 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
was altered at 0.5 intervals. Squares represent crude extract, diamonds represent purified
enzyme.
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Figure 12. Substrate specificity ofpurified enzyme and E. faecalis crude extract. 0.75
pg ofpurified enzyme or 1 mg of crude extract was assayed in a final volume of 1 ml,
using 5 mM ofbile 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.



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„„(%)

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



45

Figure 19. Ability ofEnterococcus 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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Figure 20. Gel electrophoresis ofPCR fragments from Enterococcus 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.



47

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 yirCC 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.



48

Figure 22. Activity stain assay ofpurified enzyme and crude extract. 1 mg of crude
extract or 2 pg ofpurified 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 ofTDCA.



1 mctaityvsk dhyfgmfdy eisynewti tprnykfsfr evgnldhhfa

51 iigiaagiad yplyydaine kglgmaglnf sgyadykkie egkenvspfe

101 fipwvlgqcs tvdeakkllk nlnlvninfs delplsplhw lladkeqsiv

151 vestkeglrv fdnpvgvltn nptfdyqlfn Innyrvlstr tpknnfsdqi

201 eldiysrgmg giglpgdlss vsrfvkatft klnsvsrsse yesisqffhi

251 Issveqqkgl cdvgdekyey tiyssccnle kgiyyyrtyd nsqitavdmn

301 kenlekdsli vypmvetqqi nyan*

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,
V to an A at pos. 28, and an E to a G at pos. 242.
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LJA 1 fd pc yf pe .aek v tpf...elip yllsqcttva evkdalkdvs
CP 1 fpvyvsys kedie kt i pvy... fil wvla fssve evkealk a

BS lyyatfatya depkk tt i pv...yvis qvl cvtvd dviekl. tsy
LL lyfp yadys e ikk qkgi spd...mvip tvltqas le eiidlfdkkf
SA qyfr yssy st kadam i tq ...eivt wil yttsie dmkqqasqi
PB fyfk yaky .cpsqtkl i kpt...eval fllqkak vk dvkaiaktl

EF2 iqylmessta paesladr 1 tp iaeevla yils fesvd evkvafeki
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151 200
LA Iv eai . SS fava. .pi w iisDkd.eai iveiskqy m kvfddrl vl

LJB Iv eai .ts fava..pi w iisDsd.eai ivevskqy m kvfddkv vl

BL Ivsqivp.:q .qes..11 w fi D k.rsi vveqmad. m V ddvdvl

EFl Iv i fs.de Ipls..pi w llaDke.qsi vvestke. 1 rvfd pv vl
LP Iv i fs.eq Ipls..pl w IvaDkq.esi viesvke. 1 kiyd pv vl
LG is vsfa.k tpas..el w Iv Dkt ksi vvesdek. 1 vy pv al
LJA Iv i fs.ek Ipls..pl w ImaDkt esi vvestls.gl vyd pv vl
CP ivdipis.e ip t..tl w misDit ksi vveqtke.kl vfd i vl

BS tll ea .ii 1 fap.pl y tftDas esi vie.pdkt i ti rkti vm

LL vii dt .pt 1 ltp.pl f ifsDss :qsl iie.prq-- 1 siikdsi vm

SA wavyl . . d i evp.pl y vsDat sv evs.fke ev vikd pi vl
PB vi esyp.p. ftetp.pm w IvtDas ksi vlepl ,el tvfd pm if
EF2 lldqkfqlds 1 ev ftl w ti Dk si vl.qptd gaf viyds.i ,vv

201 250
LA T spdf w 1 t Ig Yt Id P data..qs w <qkvapw V t.. si 1
LJB T spdf w 1 t Ig Yt :1 P data..qs w rqkvapw V t. . si .1
BL T qptfdf m e Ir Ymcvs emaep..ts wgkasltaw agv,. m
EFl T Ptfdyql f 1 Yrvls trtpk .. f sdqieldiys r :m. . ;gigl
LP T P fdyql f 1 Yrals stpq ..sf sekvdldsys r m. .f^* lgl
LG T aplfpeql t la Yasvv P epd .. f Ipgv Iklys rsl.. t 1
LJA T Pefpgql r la Ys ia paqpk ..tl vp vdl lys rgl.. t fl
CP T sptfdw V a 1 qYv Ir y qvpe..fk 1 dqsltalg q t.. Ivgl
BS T sp yew q t IraYi vt p ppqd..im m dldltpf: q a..üqlgl
LL T spdyqw e t Ir Ylsft P qkes..ie 11 ktlkpfs q s.. tf f
SA T Pdldw y s IrqYi is pypata..kl le vtiepl ea.. tf 1
PB T aptfpe m esakk ...ale.. 1 spisdp aas q t.. algl
EF2 T spey y 1 t ar Yi :mr yaikepytl ks atldpie : tsy 11 i

251 300
LA P~dsipadRF vkaayl v y ptvk ,kka V akff ilksv amik SW. .

LJB pddsipadRF vkaayl a y ptvk eka v akff ilksv amikgsvv. .

BL PGdvsspsRF vrvayt a y pqq deaa v srlf tl sv qmvd mak..
EFl pCdlssvsRF vkatftkl s vsrsseyesi sqff ilssv eqqk lcd..
LP pJdlssmsRF vraaftkl s Ipmqtes sv sqff il sv eqqk ;lce..
LG P mdsesRF vkvcfal a pkdsdeve v t ff ilesv eqak mdq..
LJA P"gmdsasRF vkiafvra s pq elssv t yf il sv eqpkjtde..
CP P^dftpasRF irvafIrdam ik dkdsidl ieff il V amvr str..
BS PGdftpsaRF Irvaywkkyt ekak ete v t If ilssv ipkgvvl..
LL P dftppsRF vrtaylk ya ekps elaai tic ilesv iipk.;:ivi. .

SA P ftsteRF vrmafmka i aq dkemdl m afylldav ipijivr..
PB P -dfssasRF irlaffsqti eiprtsa av tlf vl f dipk vvasi
EF2 P dftspsRF iralyysd 1 .qefdsse i mqlyrafqtv mipr ’i. . , ■
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301 350

LA ... kq s e yTvytacysa atktyyc fe dfelktykl ddetm adkl

LJB ... dq sde yTvytacyss sktyyc fe ddfelktykl dd tm stsl

BL . . .m d ;qfe rTlfts yss kt tyym ty ddpairsyam adydmdssel
EFl ...V dekye yTiysscc 1 ek iyyyrty d sqitavdm ke lekdsl

LP ...vtd kye yTiyssccdm dk vyyyrty d sqi sv 1 e Idttel

LG ...i p sfe yTmytscm 1 ek ilyf cy ddsrisavdm kedldssdl

LJA ...V p sye yTiysd t 1 et tfyyt y e qi aiel ke 1 del

CP ...tveeksd ITqytscmcl ek iyyy ty e qi aidm ke Id ei

BS ...t e ktd yTiytsamca qsk yyfkly d srisavsl mae 1 sqdl
LL ...te asd fTcysaymcs etlsyyfsty qrirkisl seslk ekef

SA ...p dad yTmyqtvi 1 ttrtlyikyy s eivalkl tddli rkdm

PB m t k vye kTiytviy i kskeivfk y dq iqkl
EF2 1 .qs slsd fT yws ydv t Itmyv'ipe sttsftkytl dpal...tev

351 371
LA ity
LJB vty
BL isvar

EFl ivypmvetqq i ya
LP isyplrseaq yyav
LG vvydlfkkqd isfi
LJA tdykliekqt i yq
CP ktyky ktls i V

BS itfewdrkqd ikql qv vm s

LL k fpiv eed ilel
SA tifkpek it irkl d q
PB

EF2 ttfavs ell ltdl q

Figure 24. Sequence alignment ofCBAH and penicillin V anúdase 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', LJB, L. johnsonii
peptide B; BL, B. longum', EFl, E. faecalis', LP, L. plantarum', LG, L. gasseri; LJA, L.
johnsonii peptide A; CP, C. perfringens'. Penicillin V anúdase lanes: BS, B. sphaericus',
LL, L. lactis', SA, S. aureus', PB, P. busaria', EF2, E. faecalis gene ofunknown function.
The E. faecalis sequence shown is that of strain V583.
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Phylogenetic dendrogram of known CBAH and penicillin V amidase peptide
sequences

Lactobacillus acidophilus CBAH

Lactobacillus johnsonii peptide B

Bifidobacterium longum CBAH

Enterococcus faecalis CBAH

Lactobacillusplantaurm CBAH

Lactobacillus gasseri CBAW

Lactobacillus johnsonii peptide A

Clostridiumperfringens CBAH

Bacillus sphaericus PVA

Lactobacillus lactis PVA

Staphylococcus aureus PVA

Paramecium bursaria PVA

Enterococcus faecalis unk*

Figure 25. Dendrogram. The E. faecalis CBAH peptide sequence exhibits the greatest
similarity to L. plantarum, L. gasseri, L. johnsoniiK, and C perfringens CBAH
sequences. unk*=unknown function.



DISCUSSION

Since the first conjugated bile acid hydrolase (from Clostridium perfringens) was

characterized by Nair et al. (1967), numerous enzymes from different species ofbacteria

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 ofapproximately 975 base pairs was discovered, predicting a

peptide ofapproximately 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 ofL. johnsonii (Tundeen and Savage, 1992), C.

perfringens (Coleman and Hudson, 1995), and the B. sphaericus PVA (Bundle 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 ofE. 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 ofour 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 ofactivity between CBAH-containing

NM522 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
(Da)

Subunit
molecular weight

(Da)

Native state Substrate specificity

Bacteroides vulgatus 5.6-6.4 140,000 36,000 Tetramer Taurine conjugates only
Lactobacillus

plantarum
4.7-5.5 NA 37,078 Tetramer Glycine > Taurine

Bifidobacterium
longum BB536

5.5-6.5 250,000 40,000 Hexamer Glycine/Taurine

Bifidobacterium
longum SBT2928

5.0-7.0 130,000 35,024 Tetramer Glycine/Taurine

Bacteroides frágilis 4.5 250,000 32,500 Octamer Glycine/Taurine
Lactobacillus

johnsonii peptide A
4.2-4.5 115,000 42,000 Trimer Glycine/Taurine

Lactobacillus

johnsonii peptide B
4.2-4.5 105,000 38,000 Trimer Glycine/Taurine

Clostridium

perfringens MCV815
5.8-6.4 250,000 56,000 Tetramer Glycine > Taurine

Clostridium

perfringens 13
NA 147,000 36,100 Tetramer Glycine/Taurine

Lactobacillus

acidophilus
3.5-5.5 126,000 NA NA Glycine > Taurine

Enterococcusfaecalis 5.0 NA 36,932 NA Glycine > Taurine
Fusarium SKF PVA 6.5 83,200 83,200 Monomer Penicillin V
Bacillus sphaericus

PVA
NA 138,000 35,000 Tetramer Penicillin V
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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 ofpH is similar to that previously reported

for enzymes from other sources (Table 1). The broad range ofpH 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 ofpH 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 Km and Vmax

values calculated for the purified E. faecalis CBAH. The Km’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)

Organism GCA GDCA GCDCA TCA TDCA TCDCA Penicillin V

B. fragilis 0.35 0.20 0.26 0.45 0.17 0.29
L plantarum 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. perfhngens
19574

3.6 1.2 14.0 37.0 3.5 3.0

Chiania PVA 17.1
Fusarium SKF

PVA
10.0
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These findings are similar to those for the Bacteroidesfragilis CBAH by Stellwag

and Hylemon (1976) and Nair et al. (1967). It is also interesting to note the relatively

high Km 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 E. hirae lane, but not

nearly as pronounced as for the positive Enterococcus strains. This may be due to

sequence differences in the gene itselfwhich 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-Dalgamo 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 Ifom Enterococcus faecalis has been

cloned, the nucleotide and peptide sequence has been determined, and the enzyme has
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been purified and characterbxd. Substrate specificity and sequence comparisons

demonstrate it to be a CBAH rather than a PVA.
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