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Genes encoding a branched-chain a-keto acid dehydrogenase from Enferococcus faecalis 10C1, Ele (bkdA),
E13 (bkdB), E2 (bkdC), and E3 (bkdD), were found to reside in the gene cluster ptb-buk-bkdDABC. The
predicted products of ptb and buk exhibited significant homology to the phosphotransbutyrylase and butyrate
kinase, respectively, from Clostridium acetobutylicum. Activity and redox properties of the purified recombinant
enzyme encoded by bkdD indicate that E. faecalis has a lipoamide dehydrogenase that is distinct from the
lipoamide dehydrogenase associated with the pyruvate dehydrogenase complex. Specific activity of the ptb gene
product expressed in Escherichia coli was highest with the substrates valeryl-coenzyme A (CoA), isovaleryl-CoA,
and isobutyryl-CoA. In cultures, a stoichiometric conversion of a-ketoisocaproate to isovalerate was observed,
with a concomitant increase in biomass. We propose that a-Kketoisocaproate is converted via the BKDH
complex to isovaleryl-CoA and subsequently converted into isovalerate via the combined actions of the pfb and
buk gene products with the concomitant phosphorylation of ADP. In contrast, an E. faecalis bkd mutant
constructed by disruption of the bkdA gene did not benefit from having «-ketoisocaproate in the growth
medium, and conversion to isovalerate was less than 2% of the wild-type conversion. It is concluded that the
bkd gene cluster encodes the enzymes that constitute a catabolic pathway for branched-chain a-keto acids that

was previously unidentified in E. faecalis.

The gram-positive, fermentative bacterium Enterococcus
faecalis is a member of the lactic acid bacteria (LAB) which
generally degrade glucose via the Embden-Meyerhof-Parnas
(EMP) pathway. Anaerobically, pyruvate is mostly reduced to
lactate, with 2 ATP formed per glucose consumed. Aerobically
(or under glucose-limiting conditions) the homolactic fermen-
tation is abandoned in favor of a fermentation with higher
acetate production rates, yielding maximally 4 ATP per glu-
cose. The conversion of pyruvate to acetate yields additional
ATP via substrate level phosphorylation by the combined ac-
tions of the phosphotransacetylase and acetate kinase. The
higher acetate production rates under aerobic conditions stem
from a sparing effect of the NADH oxidase, relieving the sto-
ichiometrical limits of the system by uncoupling NADH oxi-
dation from carbon metabolism (7). Despite their relatively
simple fermentative metabolism, LAB can utilize a much
larger spectrum of Gibbs free energy sources, including glu-
conate, glycerol, pyruvate, malate, pentitols, and some amino
acids, such as arginine (29).

The LAB are unable to synthesize heme and therefore lack
respiratory cytochromes, catalase, and other heme proteins
(12). These deficiencies account for the absence of both a
functional electron transport chain and oxidative phosphory-
lation. The primary mechanism of ATP generation is via sub-
strate-level phosphorylation. Although they also lack other
typical aerobic enzymes, such as most of the enzymes of the
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tricarboxylic acid cycle, including the a-ketoglutarate dehydro-
genase (OGDH) complex, the LAB do have a pyruvate dehy-
drogenase (PDH) complex (7). In E. faecalis, the PDH com-
plex is active under anaerobic conditions, leading to acetate
formation from pyruvate via the consecutive action of the PDH
complex, phosphotransacetylase, and acetate kinase (53). The
PDH complex has been purified from anaerobically grown E.
faecalis, and four components corresponding to the Ela and
E1B (PDH), E2 (dihydrolipoyl transacetylase), and E3 (lipo-
amide dehydrogenase) subunits were identified (54). In addi-
tion, the gene encoding the dihydrolipoyl transacetylase com-
ponent, pdhC, has been cloned from E. faecalis (1). Of interest
was the presence of two lipoyl domains in the E2 (pyruvate
[E2p]) component, previously seen only in mammalian sys-
tems. Analysis of the E. faecalis pdhC gene and the flanking
sequence revealed the E1 and E3 components, suggesting
that the PDH complex is encoded in a gene cluster similar to
that seen in Bacillus subtilis (24) and Bacillus stearothermophi-
lus (3).

A second a-keto acid dehydrogenase complex, distinct from
the PDH, has been identified in E. faecalis—the branched-
chain a-keto acid dehydrogenase (BKDH) complex. This was
purified from E. faecalis and found to be active with the
branched-chain a-keto acids a-ketoisocaproic, a-ketoisova-
leric, and a-keto-B-methylvaleric acid (49). The BKDH com-
plex catalyzes the oxidative decarboxylation of the branched-
chain a-keto acids usually derived from the transamination of
the branched-chain amino acids valine, leucine, and isoleucine,
generating the corresponding branched-chain acyl-coenzyme
A’s (CoA’s). The BKDH complex has been purified from a
number of other sources, including Pseudomonas putida (55),
Pseudomonas aeruginosa (35), B. subtilis (30), rabbit liver (42),
and rat and bovine kidneys (38, 45). The purified complexes
are all composed of four polypeptides, Ela, E1B, E2, and E3.
Cloning of the prokaryotic BKDH genes has been reported for
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid

Relevant characteristics

Reference or source

Bacterial strains

E. faecalis
10C1 ATCC 11700
OGIRF 13
OGI1RF:bkdA bkdA::my3-200; Kan® This work
OGIRF:bkdC bkdC::my3-200; Kan* This work
E. coli
Y1090 A(lac)U169 A(lon)? araD139 strA supF mcrA trpC22:Tnl0(Tet") (pMC9 Amp" Tet")
XL1 Blue recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl lac[F'" proAB lacl? ZAM15 Tnl0 (Tet")] Stratagene
TG-2 A(lac-pro) thi recA supE hsdR hsdM F'(raD36 proA™ B™ lacl? lacZAM15)
JM109(DE3) el4 (McrA™) recAI endAI gyrA96 thi-1 hsdR17 (ry~ my ") supE44 relA1A(lac-proAB) 1(DE3) Promega
DPWC Gold Biotechnology
BW26 Gold Biotechnology
CBK884 16
Lw49 16
Plasmids
pBluescript Cloning vector; Ap" Stratagene
pUC118/9 Cloning vector; Ap" 68
pMOB Cloning vector; Ap" Gold Biotechnology
pOXO7 T7 expression vector; Cm" This work
pOXO4 T7 expression vector; Cm" 47
pWKS30 Cloning vector; Ap" 62
pLDO03 pBluescript containing a 4.2-kb EcoRI insert from Alpd3; Ap" This work
pLD09 pOXO4 containing a 2.4-kb PstI/BamHI insert from Apd9; Cm" This work
pBKDO06 pWKS30 containing a 5.0-kb BamHI/Sall insert from Abkd3; Ap* This work
pBKD09 pBluescript containing a 2.3-kb Kpnl/Xbal insert from pBKDO06 containing bkdA and bkdB; Ap* This work
pBKD14 pUC118 containing a 3.0-kb Xbal/Kpnl insert from pBKDO06 containing bkdC; Ap* This work
pBKD15 pUC118 containing a 2.4-kb PstI/BamHI insert from pLD09 containing bkdD; Ap* This work
pPTBO1 pOXO7 containing a 2.3-kb Kpnl/Pst1 insert from pLD03 containing bkdT; Cm" This work
pBUKO1 pOXO7 containing a 1.2-kb Xbal/HindIII insert from pLD03 containing bkdK; Cm" This work

P. putida (57), B. subtilis (61), Streptomyces avermitilis (10, 52),
and Myxococcus xanthus (59). These complexes were all found
in gene clusters with the expected gene order Ela-E1B-E2.
The BKDH complexes serve a number of metabolic functions,
including ATP generation in P. putida, production of
branched-chain fatty acids for membrane biosynthesis in B.
subtilis, cell-cell signaling in M. xanthus, and avermectin bio-
synthesis in S. avermitilis.

In this article we report on the cloning, characterization, and
physiological role of the bkd gene cluster from E. faecalis,
which contains the genetic determinants encoding the BKDH
complex, an acylphosphotransferase, and an acyl kinase. Mu-
tational inactivation of the gene cluster in E. faecalis abolishes
the ability to utilize the branched-chain a-keto acids, demon-
strating an essential role for the pathway in the catabolism of
these compounds. This gene cluster has significant homology
with one that was recently described in B. subtilis (8); however,
significant differences—both at the genetic and the metabolic
level—distinguish the two clusters, the most important of these
being their respective roles. The B. subtilis system is involved in
carbon assimilation, in contrast to the E. faecalis system, whose
main function is most likely energy generation.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. The bacterial strains,
plasmids, and DNA fragments used in this study are listed in Table 1. Entero-
coccus faecalis was grown aerobically at 37°C in M17 (58) or brain heart infusion
(BHI) broth (Difco, Detroit, Mich.). Escherichia coli was grown aerobically at
37°C in TYP broth (16 g of Bacto tryptone, 16 g of yeast extract, 5 g of NaCl, and
2.5 g of K,HPO, per liter) or in TY broth (10 g of Bacto tryptone, 5 g of yeast
extract, and 5 g of NaCl [pH = 7.4]). When the Agt11 and NFIXII E. faecalis
genomic libraries in E. coli Y1090 were grown and screened, maltose was in-
cluded at a final concentration of 0.2% (wt/vol). Concentrations of antibiotics
used in selective media were as follows: for chloramphenicol, ampicillin, and

carbenicillin, 50 wg/ml; for tetracycline, 10 wg/ml; and for kanamycin, 25 pg/ml
for E. coli and 1,000 pg/ml for E. faecalis.

DNA isolation, manipulation, and amplification. Recombinant DNA proce-
dures, including plasmid and total DNA isolations, DNA-DNA hybridizations,
and molecular cloning, were performed essentially as described previously (47,
48). DNA modification enzymes, including restriction endonucleases and T4
DNA ligase, were obtained from Promega (Madison, Wis.). DNA restrictions
were performed in a “cuts all” reaction buffer (10X = 200 mM Tris-HCI [pH =
7.5], 70 mM MgCl,, 1 M KCI, 20 mM 2-mercaptoethanol) rather than those
provided with the enzymes. In many cases, ligations were performed in Sea
Plaque GTG agarose (FMC Bioproducts, Rockland, Maine) by using the con-
ditions suggested by the manufacturer. For all ligations, phage T4 DNA ligase
and 10X reaction buffer were obtained from Promega (Madison, Wis.). PCR
amplification of genomic DNA was carried out as essentially described by Ross
and Claiborne (48). In the case of the amplified bkdD gene, a second PCR with
10 pl of the initial reaction was necessary to obtain sufficient amounts for cloning
and sequencing purposes.

The N\gt11 and NFIXII libraries were constructed as previously described (48).
The Agt11 library was screened by using the bkdD gene PCR product as a probe.
The bkdD product was purified from 0.8% low-melting agarose gels by organic
extraction as recommended by Maniatis et al. (33). The purified PCR product
was then labelled with either 3°P, by using a random primer kit obtained from
Promega, or digoxigenin, by using the Boehringer Mannheim (Indianapolis, Ind.)
Genius system. Hybridizations were performed on DNA transferred to a Boehr-
inger Mannheim nylon membrane. Standard high-stringency hybridization con-
ditions were generally employed according to specified conditions as recom-
mended by Maniatis et al. (33). Alternatively, for medium- to low-stringency
conditions, the hybridizations were incubated overnight at 37°C and washed for
15 min in 2X SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate) three
times at room temperature and twice at 37°C. The NFIXII library was screened
by direct PCR screening (18). Synthetic oligonucleotides designed to the bkdD
and bkdA genes were used in the PCR screening.

Cloning, sequencing, and identification of the ptb, buk, and bkdDABC genes.
We chose initially to amplify enterococcal DNA encoding lipoamide dehydro-
genase (LipDH) by using primers designed to two highly conserved regions of the
protein. The first of these, which includes the redox-active disulfide, was used
to design a 40-mer, 5'-AAGGATCCGGIGGIACITG(T/C)(C/T)TIAA(C/T)
GTIGGITG(C/T)ATICC. Since these primers were intended for use with DNA
isolated from various sources, we decided to use inosine in many of the “wobble”
positions in an effort to make them universal. Restriction enzyme sites were



VoL. 181, 1999 E. FAECALIS bkd GENE CLUSTER 5435
A pBKD06
pLD09
pLD03 1kb
Z = % i - E EE- % % =g E} "'% z
B & - £ Z Z & £ & I 2 ZE =
1 1 1 I- 1 1 —-— 1 1 1 11 1 Ll 1

C - »_» —)__,—)._) —

orfl  pth buk bkdD

E3

bkdA bkdB bkdC

orf8

Ela E1p E2

FIG. 1. Molecular organization of the E. faecalis bkd gene cluster. (A) Clones used for sequencing and subsequent subcloning. (B) Restriction map of the region

analyzed. (C) Structural genes of the bkd gene cluster.

included to facilitate subsequent cloning of the PCR products. Another of these
primers, LipDH3, was based on the C-terminal region containing the highly
conserved histidine with the oligonucleotide designed in the antisense direction
as follows: 5'-AAGAATTCGCTTCIIA(G/A)IGT(A/T)GG(A/G)TGIGCITG.
The LipDH1 and LipDH3 primers were then used in a series of PCRs with
genomic DNA from E. faecalis 10C1 and OG1X, a group A strain D420, a group
C strain 090R, and Lactococcus lactis MG1363. All but the lactococcal strain
yielded a product of 1.2 kb, which correlated well with the expected size, based
on the sequence alignments (data not shown). Sequence analysis of the cloned
PCR products exhibited 30 to 45% identity to LipDHs from various sources.

A Ngtl1 library of E. faecalis 10C1 was then screened by using the labelled
10C1 PCR product as a probe. Two of the positives that resulted were plaque
purified, and their DNA was isolated. The entire 4.2-kb EcoRI insert from one
(AbkdD3) was cloned into pBluescript to form pLD03 (Fig. 1). Initial sequencing
and restriction analyses, however, immediately demonstrated that the clone was
lacking the 3’ end of the gene. For this reason, DNA encoding the entire bkdD
gene was cloned on a 2.0-kb PstI/BamHI fragment into pOXO4, with DNA
isolated from the other A clone (AbkdD9). The inserts in pLD03 and pLD09
overlap by 1.7 kb. Sequence analysis of the 3’ end of the pLD09 clone revealed
a closely linked open reading frame (ORF) (bkdA) that was shown by TFASTA
and BLAST analysis to have 51% identity to the Ela component of the BKDH
complex from B. subtilis.

For further cloning experiments, we chose to use a NFIXII library of E. faecalis
10Cl1, given the increase in insert size over Agtll. Based on the sequence ob-
tained from the pLD09 clone, primers were designed corresponding to bkdD and
bkdA. The first of these, LipDH10, was based on nucleotides 4000 to 4019, while
the second (LipDH19) was based on nucleotides 4421 to 4442 and in the anti-
sense direction. The LipDH10 and LipDHI19 primers produced the expected
440-bp PCR product when either E. faecalis 10C1 genomic DNA or the NFIXII
library was used as a template. The NFIXII library was then screened by using the
direct PCR screening protocol (18). One of the positives that resulted (A\bkd3)
was plaque purified, and the DNA was isolated. PCR screening and restriction
analyses of the 20-kb insert demonstrated that the desired downstream sequence
was located on a 5-kb BamHI/Kpnl fragment. This fragment was cloned into
pWKS30 to form pBKDO06 (Fig. 1). To be certain that only a single BamHI site
existed in the region between the bkdD and bkdA genes, we PCR amplified the
region from the genome of E. faecalis 10C1 and sequenced directly. Sequence
analysis confirmed the presence of only a single BamHI site. The nucleotide
sequence was determined on both strands from the inserts of pLD03, pLD09,
and pBKDO06 (Fig. 2).

DNA sequencing and analysis. DNA sequencing was carried out by the
dideoxy-chain termination method of Sanger et al. (51) by using the Sequenase
version 2.0 kit (U.S. Biochemical Corp., Cleveland, Ohio). Sequencing templates
were either M13 (68) or double-stranded denatured plasmid DNA. When pos-
sible, sequencing information was first obtained from DNA subcloned into
pUCI119 and/or pBluescript with appropriate restriction endonucleases. In ad-
dition, the rapid accumulation of sequence data was facilitated by using the
TN1000 system (Gold Biotechnology). Finally, gaps in the sequence on a par-
ticular strand were filled in by using synthetic oligonucleotides. Compressions
were resolved by using dITP (U.S. Biochemical Corp.) in the sequencing reac-
tions. Nucleic acid and amino acid sequence data were analyzed by using the
Wisconsin Genetics Computer Group (GCG) software package (11) and the
National Center for Biotechnology Information Blast network service (2).

Heterologous expression of ptb, buk, and bkdD in E. coli. Expression of the ptb,
buk, and bkdD genes was performed by modification of the method described for
T7 expression (56) of the npr gene (47). This was achieved by first cloning the
genes into the T7 vector pOXO4 or pOXO7. The plasmid pOXO7 is a derivative
of pOXO4 in that the pUC19 origin of replication is replaced with the pA-
CYC184 origin of replication. For ptb, this was accomplished by cloning the
2.3-kb Kpnl/PstI fragment from pLDO03, containing the intact ptb gene, into
pOXO7 that was similarly cut and designated pPTBO1. The buk gene was also
cloned into pOXO7 by cutting pLD03 with Xbal/HindIIl. The 1.2-kb fragment
containing the intact buk gene was then cloned into similarly cut pOXO7 and
designated pBUKO1. The bkdD gene was cloned as a 2.4-kb PstI/BamHI insert
from A\bkdD9 into pOXO4. In all cases, the intact genes were cloned such that
they were under control of the T7 promoter. The resultant plasmids were intro-
duced into E. coli JM109(DE3), and the resultant transformed cells were then
used to inoculate TYP medium supplemented with 30 mM glucose and chlor-
amphenicol. The cultures were aerated vigorously until the optical density at 600
nm (ODgq) reached approximately 1.0, at which point isopropyl-p-p-thiogalac-
topyranoside (IPTG) was added to 0.4 mM (final concentration) to induce
expression of the T7 RNA polymerase. Overexpression of the genes was then
monitored in lysates of these induced cells by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE). Induced proteins could later be visual-
ized in the lysates after Coomassie blue staining of the gel. Low-molecular-mass
standard proteins for molecular mass determination were obtained from Bio-
Rad (Richmond, Calif.).

Enzyme assays. For the purpose of enzyme assays, 50 ml of induced cells was
harvested at the appropriate time point and washed once in an equal volume of
50 mM phosphate buffer (pH = 8.0). Following resuspension in 1 ml of the
phosphate buffer, cell extracts were prepared by using the mini-Bead-Beater. The
phosphotransferase was assayed by measuring the formation of CoOASH upon its
reaction with 5,5’-dithiobis(2-nitrobenzoic acid) (DTNB) at 412 nm by using the
conditions described by Wiesenborn et al. (65). Lipoamide dehydrogenase ac-
tivity was assayed by monitoring the oxidation of NADH at 340 nm with lipo-
amide as a substrate. These assays were performed at 25°C in a total volume of
3 ml containing 0.16 mM NADH and 0.4 mM lipoamide in 50 mM phosphate
buffer (pH = 8.0). Following the addition of enzyme, the decrease in absorbance
was measured in a Gilford model 260 recording spectrophotometer. One unit of
activity is defined as the amount of protein which catalyzes the conversion of 1
pmol of NADH to NAD™ per min at 25°C.

Purification of the recombinant LipDH. Recombinant LipDH was purified to
homogeneity as follows: 8 liters of E. coli JIM109(DE3), harboring pLD09, was
harvested after induction as described above, and the pellet was washed before
being stored at —20°C. Cells were subsequently thawed, resuspended in 80 ml of
50 mM potassium phosphate (pH 7.0)-0.6 mM EDTA, and broken with a bead
beater (BioSpec Products); the crude extract was centrifuged at 14,000 X g for 20
min. All procedures were carried out at 4°C, and all the buffers used in the
purification contained 0.6 mM EDTA, unless otherwise indicated. Streptomycin
sulfate (Sigma) was then added to a final concentration of 2.5%, and the sus-
pension was stirred for 30 min before being centrifuged for 30 min at 14,000 X
g. The supernatant was brought to 40% saturation with solid ammonium sulfate
and stirred for 30 min. Precipitated proteins were removed by centrifugation, and
the supernatant was applied to a 20-ml phenyl Sepharose 6 fast flow (Pharmacia
Biotech) column equilibrated with 40% saturated ammonium sulfate in 50 mM
potassium phosphate (pH 7.0). Column chromatography was carried out by using
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FIG. 2. RT-PCR analysis of the bkd gene cluster. Molecular weight markers are from Bio-Rad. The following oligonucleotide pairs were used: KD24 and KD23
(lanes 2 and 9), KD26 and KD27 (lanes 3 and 10), LipDH19 and LipDH10 (lanes 4 and 11), KD31 and KD32 (lanes 5 and 12), KD33 and KD34 (lanes 6 and 13), and
KDO03 and KD14 (lanes 7 and 14). For the negative controls, Moloney murine leukemia virus reverse transcriptase was omitted from the reaction (lanes 9 to 14).

a Pharmacia Biotech fast-protein liquid chromatography system. The column was
washed with the equilibration buffer until the 4,5, of the eluate was less than 0.1.
A 250-ml gradient from 40 to 0% saturated ammonium sulfate was used to elute
the LipDH. Peak fractions (4 ml each) with 4,5, greater than 0.04 were pooled
and dialyzed three times against 4 liters of 50 mM potassium phosphate (pH 7.0).
The dialyzed protein was loaded onto a 50-ml Q Sepharose fast flow column
equilibrated with the same buffer as that used for dialysis. After an extensive
washing, two yellow protein peaks were eluted from the column by applying a
250-ml gradient from 0 to 1 M NaCl in 50 mM potassium phosphate (pH 7.0).
Fractions containing LipDH activity and having an 4,g0/44s, ratio of <18 were
pooled and dialyzed three times against 4 liters of 10 mM potassium phosphate
(pH 7.0) without EDTA. The dialyzed protein was applied to a 20-ml Bio-Gel
HTP (Bio-Rad) column equilibrated in the 10 mM phosphate buffer. After being
washed, the LipDH was eluted with a gradient from 0.01 to 0.2 M potassium
phosphate; fractions with an 4,4,/44s5, ratio of <10.5 were pooled and concen-
trated to a volume of 4 to 5 ml by ultrafiltration. The sample was then loaded
onto a column of Sephacryl S-200 equilibrated in 50 mM potassium phosphate
(pH 7.0). Fractions with an A,g,/4,s, ratio of <5.6 were pooled; the purified
recombinant LipDH has a specific activity of 270 U/mg by the standard assay and
is 95% homogeneous as analyzed by SDS-PAGE (data not shown).

RNA isolation and RT-PCR. RNA was isolated from E. faecalis as described by
Platteeuw et al. (46). To show that the bkd gene cluster is transcribed as a single
transcriptional unit, reverse transcriptase PCR (RT-PCR) was used. In brief, 1
ng of total RNA was treated with DNase I (Worthington Enzymes, Freehold,
N.J.) by using the supplied buffer at 37°C for 30 min. The RNA was then ethanol
precipitated, and the pellet was resuspended in a hybridization/extension buffer
(125 mM Tris-HCI [pH = 8.3], 185 mM KCl, and 7.5 mM MgCl,) in a reaction
volume of 10 wl containing 1 pmol of the appropriate oligonucleotide. Oligonu-
cleotides were designed so that, after extension and subsequent amplification,
the PCR product would cross the intergenic region between the two genes of
interest. The following oligonucleotides were used in the primer extension reac-
tions: for ptb-buk, KD24 (5'-GATGTTATGTGTTTCTAAAA-3"); buk-bkdD,
KD26 (5'-GCGGATCCGCCTTTGTGCAAACAAGTGCC-3"); bkdD-bkdA,
LipDHI19 (5'-CAAAAGAACCCATTAAAATATC-3"); bkdA-bkdB, KD31 (5'-
CCTTTGTCCCCGCCGACATCT-3"); bkdB-bkdC, KD33 (5'-ATCTCCTGGT
TTAACTAACCA-3'); and bkdC-orf8, KD03 (5'-GCCTTTCACTTCTGAATT
AAA-3").

The hybridization was carried out by heating the samples at 70°C for 10 min
before allowing them to cool to room temperature. The reaction was started by
the addition of deoxynucleoside triphosphates (ANTPs) (final concentration, 100
M each), dithiothreitol (DTT) (final concentration, 10 mM), 3.3 U of RNasin
(Promega), and 300 U of Superscript II reverse transcriptase (Gibco BRL,
Grand Island, N.Y.) in a final volume of 20 pl. The reaction was incubated at

42°C for 30 min. Following the extension reactions, the samples were boiled for
5 min, 20 U of RNase cocktail was added, and incubations were continued at
42°C for 20 min. The 20-pnl extension reaction mixtures were added directly to
the PCRs (final volume, 100 wl) with the following modifications: only 8 ul of the
10X Tagq buffer was added instead of the usual 10 wl, and only 125 uM dNTPs
were added. The oligonucleotide from the extension reaction served as one
primer, and a second was then added for the PCR as follows: for ptb-buk, KD23
(5'-CTATTGATGTTGGAAATTGTT-3"); for buk-bkdD, KD27 (5'-GCGAAT
TCTATTGGCGAGATGGCCGTAG-3'); for bkdD-bkdA, LipDH10 (5'-GTCA
CGGATTTAATTGCCG-3"); for bkdA-bkdB, KD32 (5'-TAGAAGAGGGCTA
TTTAACAG-3"); for bkdB-bkdC, KD34 (5'-AATTGATGCCGAAATCGTCG
A-3"); and for bkdC-orf8, KD14 (5'-AAGTTCTTGCGAGATGTTAAA-3"). The
PCR was then carried out as previously described, and the products were sepa-
rated on a 1.5% agarose gel.

Generation of chromosomal bkd mutations. To generate transposon mutants
for the construction of subsequent chromosomal mutations of the enterococcal
bkd gene cluster, the transposon myd was chosen to mutagenize pBKD09 and
pBKD14. The my3 system has been previously used successfully to generate
auxotrophic mutants in E. faecalis (28). Transposon mutagenesis of pPBKD09 and
pBKD14 was carried out as described by Li et al. (28). The positions of the myd
insertions were determined by PCR by using an oligonucleotide specific to the
transposon, GDIR (5'-TTTCGTTCCATTGGCCCTCAAACCCC-3"), which is
complementary to either end of the transposon, and an oligonucleotide specific
to the insert of pBKD09 or pBKD14. Constructs with myd insertions within the
bkdA or bkdC gene loci were transformed into OG1RF by using the following
protocol. For the preparation of electrocompetent cells, OG1RF was grown
overnight in GM17 (M17 plus 50 mM glucose). The overnight culture was diluted
100-fold into fresh GM17 and grown at 37°C to an ODj, of 0.5. Cells were then
harvested by centrifugation at 5,000 X g for 10 min and washed twice with 1/10
of the original volume of ice-cold 0.5 M sucrose. The washed cells were resus-
pended in 1/100 of the original volume of 0.5 M sucrose. The cells could then be
used immediately or stored at —70°C for later use. For electroporation 2 to 5 pg
of DNA was ethanol precipitated, washed with 70% ethanol, and dried. The
DNA was resuspended in 50 pl of competent OG1RF and transferred immedi-
ately to a chilled 0.1-cm cuvette and electroporated with a Bio-Rad gene pulser
apparatus at a capacitance of 25 wF, a resistance of 200 (), and a peak voltage of
2.5 kV. Cells were then incubated in 1 ml of BHI broth for 90 to 120 min at 37°C
and plated on BHI agar plates containing kanamycin (1,000 wg/ml). After elec-
troporation, colonies growing on selective plates after 24 h were streaked onto
fresh BHI agar plates containing kanamycin. To determine the physical structure
expected from homologous recombination, kanamycin-resistant colonies were
analyzed by PCR by using the GeneAmp XL PCR kit (Perkin-Elmer, Branch-
burg, N.J.).
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TABLE 2. Amino acid identity between proteins encoded by the E. faecalis bkd gene cluster and the corresponding proteins from
various sources

E. faecalis ORF

redicted protein), Homologous %
(r]fo. of codsns, an(; proteign Source Identity Reference
predicted mass (kDa)
ptb, 274, 29.5 YqiS Bacillus subtilis 37.6 27
Ptb Clostridium acetobutylicum 34.0 39, 60
Pta Clostridium acetobutylicum 23.8 4
buk, 361, 39.3 YqiU Bacillus subtilis 47.3 27
Buk Clostridium acetobutylicum 45.8 39, 60
Ack Clostridium acetobutylicum 16.6 4
Ack Bacillus subtilis 224 19
bkdD (E3), 470, 50.4 E3 BKDH Bacillus subtilis 51.6 27
E3 PDH Enterococcus faecalis 34.0 9
E3 PDH Bacillus subtilis 373 24
Lpd-Val Pseudomonas putida 31.8 6
Lpd-Glc Pseudomonas putida 38.2 40
bkdA (Ela), 331, 36.7 Ela BKDH Bacillus subtilis 52.0 61
Ela BKDH Streptomyces avermitilis 343 52
Ela BKDH Streptomyces avermitilis 31.7 10
Ela BKDH Pseudomonas putida 29.4 5
Ela BKDH Myxococcus xanthus 28.5 59
bkdB (E1B), 329, 35.7 E18 BKDH Bacillus subtilis 60.4 61
E1B BKDH Pseudomonas putida 44.8 5
E1p BKDH Streptomyces avermitilis 43.9 52
E1p BKDH Myxococcus xanthus 40.9 59
bkdC (E2), 433, 47.3 E2 BKDH Bacillus subtilis 51.0 61
E2 PDH Enterococcus faecalis 37.2 1
E2 BKDH Pseudomonas putida 28.2 57

Determination of product formation in E. faecalis 10C1. E. faecalis 10C1 was
grown overnight in Evans medium (14) supplemented with 0.5% yeast extract
and phosphate buffered (50 mM) in the presence of the appropriate carbon
source. Cells were then diluted 100-fold with identical media and grown at 37°C.
At appropriate time points, 1-ml samples were taken and the cells were removed
by centrifugation, at which point 100 wl of 35% perchloric acid was added to the
supernatant. This was incubated on ice for 10 min, followed by the addition of 50
wl of 7N KOH. The resulting precipitate was removed by centrifugation, and the
supernatant was analyzed for product formation by using the high-performance
liquid chromatography conditions described by Snoep et al. (53).

Nucleotide sequence accession number. The DNA sequence of the E. faecalis
bkd gene cluster is available from GenBank under accession no. AF149712.

RESULTS

We set out to clone the gene encoding lipoamide dehydro-
genase (LipDH) from the genome of E. faecalis, using primers
to conserved sequence regions. This approach was successful in
locating a gene encoding LipDH which was sequenced along
with a number of ORFs to which it is linked (Fig. 1). We
started a study on the characterization of this gene cluster and
report here on the gene products, the transcriptional analysis,
and on the metabolic route that the enzymes form.

Sequence analysis of 8,401 bp revealed eight ORFs, six of
which are complete (accession no. AF149712). The six com-
plete ORFs encoded by ptb-buk-bkdDABC are very tightly
linked, with the largest intergenic region, being 23 bp, found
between bkdB and bkdC and the smallest intergenic spacing, of
5 bp, found between buk and bkdD. The start codons (ATG)
are all preceded by typical Shine-Dalgarno sequences which
are complementary to the sequences near the 3’ end of the
enterococcal 16S rRNA (31). Sequences comprising putative

promoter —35 (TTGTAT) and —10 sites (TAGATT) were
identified 33 bp upstream of the start codon of ptb. In addition
to these sites, a sequence (TGTATGCGCTTACA, nucleotides
752 to 765) that is closely related to the cis-acting catabolite
responsive element (CRE) of B. subtilis was identified (50).
This sequence is identical to the 14-bp CRE consensus (TG
WNANCGNTNWCA), with the exception of one base, and
overlaps the putative —35 promoter region. As expected, the
entire sequence exhibited a low G+C content of 39%, which is
typical for E. faecalis (37). ORF1 was found 280 bp upstream
of the second OREF, prb, and is transcribed divergently. ORFS8
was identified 123 bp downstream of bkdC and is transcribed
divergently. ORFS8 was identified 123 bp downstream of bkdC
and is transcribed in the same orientation. Neither ORF1 nor
ORF8 was homologous to any sequence in the database.

The ptb and buk gene products are homologous to clostridial
phosphotransbutyrylase and butyrate kinase. A homology
search of the translated nucleotide and protein sequence da-
tabases by using the deduced amino acid sequence of ptb and
buk revealed a moderate level of identity to phosphotransbu-
tyrylase and butyrate kinase from Clostridium acetobutylicum
and a lower level of identity to various phosphotransacetylases
and acetate kinases as shown in Table 2. The predicted mo-
lecular mass of 29.5 and 39.3 kDa for the ptb and buk gene
products, respectively, is also in good agreement with the value
of 31 and 39 kDa determined for the purified clostridial phos-
photransbutyrylase and butyrate kinase (20, 65). The consensus
ATP-binding site reported by Flaherty et al. (15) [(I/L/V)X(I/
L/V/C)DXG(T/S/G)(T/S/G)XX(R/K/C)] was also identified in
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buk. Interestingly, there is a substitution of the Asp in this
sequence by an Asn which is found in acetate and butyrate ki-
nases also.

The bkdDABC genes have homology to branched-chain
a-keto acid dehydrogenase complexes. The ptb and buk genes
are followed by four closely linked genes which, together, most
likely constitute an a-keto acid dehydrogenase complex. Ho-
mology searches of the databases with the bkdA, bkdB, and
bkdC products revealed 51, 60, and 51% identity to the Ela,
E1B, and E2 subunits, respectively, of the B. subtilis branched-
chain a-keto acid dehydrogenase complex (61). Strong simi-
larities were also found to the Ela, E1B, and E2 subunits of
the other BKDH complexes from various sources as shown in
Table 2. For this reason, these ORFs were designated bkdA,
bkdB, and bkdC and most likely represent the Ela, E1B, and
E2 subunits of the branched-chain a-keto acid dehydrogenase
complex.

Analysis of the amino acid sequence of the E. faecalis Ela
(BkdA) revealed the structural motifs common to all Ela
subunits, including the TPP-binding motif (21), a putative sub-
unit interaction site (64), and the phosphorylation sites (I and
II) of the Ela components of the mammalian BKDH and
PDH complexes (64). Alignment of the bkdB gene product
with E1B’s from various sources revealed four regions of ex-
tensive similarity common to this subunit (64). Attempts to
express the Ela or E1B, either separately or in conjunction,
resulted in proteins found in the insoluble fraction, most likely
as inclusion bodies.

Analysis of the E2b primary structure revealed the three-
domain architecture common to all known E2 components, the
lipoyl domain, the E1/E3 binding domain, and the catalytic
domain (44). All three domains are separated by regions rich
in alanine, proline, and charged residues typical of the linker
regions (43). A single lipoyl domain was identified consistent
with the BKDH complexes of P. putida (5), B. subtilis (61) and
bovine (17) sources. The appearance of a single lipoyl domain
in the enterococcal E2b does, however, clearly distinguish it
from the enterococcal E2p, of the PDH complex, which con-
tains two lipoyl domains (1). In the catalytic domain, both
residues involved in the active site, His404 and Asp408, are
conserved (25, 34). Of particular interest in the E2 polypeptide
is the E1/E3 binding domain. It has been shown in P. putida
that BkdD-Val is unable to complement the loss of BkdD-Glc,
and this may be due to the inability of the BkdD-Val to bind to
the E2p component of the PDH complex (40). Since E. faecalis
also has distinct LipDH’s for both the PDH and BKDH com-
plexes, it is likely that the E3p and E3b components are specific
for their respective complexes, as in P. putida. Furthermore,
while conserved in the E. faecalis PDH E2 and E3 components,
the amino acid residues known to be involved in the E2/E3
binding of the Bacillus stearothermophilus PDH complex (32)
are not in the E2 and E3 components of the BKDH complex.

The bkdD gene encodes the E3 subunit or lipoamide dehy-
drogenase. All four domains, the redox-active cysteines, and
the active site His-Glu dyad were easily identified in the E.
faecalis E3b. The presence of a gene encoding LipDH in the
bkd gene cluster indicates that E. faecalis has at least two genes
encoding LipDH. The other is found within the cluster of
genes encoding the PDH complex. Multiple LipDH’s have
previously been observed in P. putida (41) and B. subtilis (8),
both of which have three, and Alcaligenes eutrophus, which
contains two (22, 23). Similar to both P. putida and A. eutro-
phus, the amino acid identity between the E. faecalis PDH E3
(E3p) and BKDH E3 (E3b) is only moderate, with only 37% of
the residues being identical.
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FIG. 3. SDS-PAGE analysis of the overexpression of the ptb, buk, and bkdD
gene products from extracts of E. coli IM109(DE3). Lane 1, extracts from the
JM109(DE3) host containing the T7 expression vector pOXO7; lane 2, extracts
from the JM109(DE3) host containing pPTBO01; lane 3, extracts from the
JM109(DE3) host containing pBUKO1; lane 4, extracts from the JIM109(DE3)
host containing pLD09.

Transcriptional analysis of the bkd gene cluster. Initial at-
tempts to detect bkd mRNA by Northern analysis by using
probes to ptb, buk, bkdD, and bkdA proved unsuccessful. How-
ever, we were able to easily detect both the 1.5- and 6-kb
transcripts of the E. faecalis NADH oxidase and pyruvate de-
hydrogenase operon under all the growth conditions tested
(data not shown). Based on this result, it is feasible that the bkd
transcript is either unstable or expressed at very low levels.
Consequently, RT-PCR was used to determine whether all six
complete ORFs (ptb-buk-bkdDABC) are expressed. Total
RNA was isolated from E. faecalis grown in M17 containing 20
mM (each) branched-chain amino acid. RT-PCR gave rise to a
PCR product of the correct size from each reaction as shown
in Fig. 2. Interestingly, the predicted 500-bp product from the
bkdC-orfS8 reaction was also present, indicating that orf8 is also
transcribed as part of the bkd gene cluster. Based on the
RT-PCR results, all of the genes are, in fact, transcribed.
However, it is not possible to confirm the presence of a single
bkd transcript of at least 7.6 kb including all of the genes.

Overexpression of the ptb and buk gene products in E. coli.
In an effort to further characterize the bkd gene cluster, the
products of ptb, buk, and bkdD were overexpressed and char-
acterized in E. coli. The ptb and buk genes were cloned into the
T7 expression plasmid pOXO7 and designated pPTB01 and
pBUKOI, respectively (as described in Materials and Meth-
ods), and were overexpressed in E. coli. The ptb and buk gene
products have molecular masses of 32 and 40 kDa, respec-
tively, based on SDS-PAGE, in good agreement with that
predicted from the translated nucleotide sequence as shown in
Fig. 3. To determine the substrate specificity of the ptb gene
product, crude extracts of E. coli expressing Ptb were assayed
by using various acyl-CoA’s as substrates. Since E. coli does
contain a phosphotransacetylase (Pta), E. coli IM109(DE3),
harboring pOXO7, was assayed in parallel. The only back-
ground activity was observed with the substrate acetyl-CoA (5
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TABLE 3. Substrate specificity of the ptb gene product with respect
to various acyl-CoA compounds®

Substrate Relative rate (%)?
ACELYI-COA....oiiiiiiicc s 5
Propionyl-CoA... .32
Butyryl-CoA ....... .. 58
Isobutyryl-CoA .. .78
Valeryl-CoA........ ...100
Isovaleryl-CoA... 80
Hexanoyl-CoA ... 15
Octanoyl-CoA..... e 1
SUCCINYI-COA ...ttt ettt eeees 1

“ The phosphotransferase was assayed by measuring the formation of CoOoASH
upon its reaction with DTNB at 412 nm (65).
> One hundred percent activity is 108 U/mg.

U/mg), which was subtracted from the activity found with the
extract harboring the ptb gene product (11 U/mg). The ptb
gene product exhibited a broad substrate specificity in the
acyl-phosphate-forming direction as shown in Table 3. It could
utilize C, to Cg straight-chain acyl-CoA’s, with valeryl-CoA
having the highest activity at 108 U/mg. Branched-chain acyl-
CoA'’s such as isobutyryl-CoA and isovaleryl-CoA, which are
the acyl-CoA derivatives of valine and leucine, also exhibited
high activity. In addition, the buk gene product was shown to
have kinase activity in the ATP-forming direction by using
acetyl-phosphate and butyryl-phosphate as substrates, with
specific activities of 4 and 8 U/mg, respectively. The lack of
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other commercially available acyl-phosphates limited further
study in the ATP-forming direction.

Expression and purification of recombinant LipDH (BkdD).
Crude extracts of E. coli IM109(DE3), harboring pLD09, were
assayed for lipoamide dehydrogenase activity following induc-
tion with IPTG. To take into account the background E. coli
lipoamide dehydrogenase activity, E. coli JM109(DE3), har-
boring pOX04, was also assayed. After this background activ-
ity (approximately 0.1 to 0.2 U/mg) was corrected for, a lipo-
amide dehydrogenase-specific activity of 3 to 4 U/mg was
determined, attributable to bkdD expression. Unfortunately,
almost 90% of the expressed protein was found in an inactive
and insoluble form, probably inclusion bodies. Attempts to
resolubilize the protein in an active form proved unsuccessful.
Despite this, approximately 5 mg of pure enzyme was obtained
from 8 liters of E. coli. The purified E. faecalis LipDH had a
specific activity of 215 to 225 U/mg. The N-terminal amino acid
sequence determined for the recombinant LipDH was AEQT
DLLILGGGTGGYVAAIRAAQKA, which is identical to that
predicted for the bkdD gene product, with the exception that
the N-terminal methionine was absent, suggesting that it is
modified in E. coli.

Redox properties of BkdD. The recombinant LipDH exhibits
the visible and UV absorbance characteristics of a typical fla-
voprotein, and the oxidized form closely resembles the oxi-
dized spectra of both the E. coli and pig LipDH, as shown in
Fig. 4. Anaerobic titration with NADH displayed the expected
spectral changes. Upon the addition of 1 equivalent of NADH,
the electrons are transferred via the flavin to the active site

—

e

Yovelength (e

FIG. 4. Anaerobic titration of recombinant lipoamide dehydrogenase with NADH. The enzyme (29 mM in 50 mM phosphate [pH = 7.0], 0.6 mM EDTA) was made
anaerobic in the presence of an oxygen-scrubbing system consisting of 0.02 U of protocatechuate dioxygenase and 40 mmol of protocatechuic acid. Aliquots of an
anaerobic 2.5 mM NADH solution were added from the titrating syringe. Spectra shown correspond to oxidized enzyme and to enzyme after the addition of 1 (EH,),

2,5, and 6.5 (EH,) equivalents of NADH/FAD.
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TABLE 4. Biomass formation and conversion of a-ketoisocaproate
to isovalerate in E. faecalis OG1RF and in the bkdA mutant strain

a-Ketoisocaproate Conen (mM) of’:

Strain o ODgyo"
addition o0 a-Ketoisocaproate Isovalerate
OGI1RF - 0.90 0 0
+ 1.34 17.7 16.6
OGI1RF::bkdA - 0.94 0 0
+ 0.88 17.5 0.5

“ 0Dy is given for stationary-phase cultures after 18 h of growth.
b Extracellular concentrations of a-ketoisocaproate and isovalerate are given
before inoculation and after stationary phase was reached, respectively.

disulfide, resulting in the two-electron reduced EH, species.
This can be observed by the decrease in 4,5, and an increase
in As,y, due to the formation of a charge-transfer complex
between the thiolate anion and the flavin adenine dinucleotide
(FAD). Subsequent additions of 2.0, 5.0, and 6.5 equivalents of
NADH resulted in a decrease in both 4,5, and As,,. After the
addition of 6.5 equivalents of NADH, the enzyme was fully
reduced (EH,), i.e., both the disulfide and the FAD were
reduced. Of interest was the observation that, unlike the E3p
component from E. faecalis, the E3b component could be fully
reduced to the EH, redox state with NADH (although this
required the addition of 6.5 equivalents of NADH per FAD).
While the E3b enzyme is not as resistant to overreduction by
NADH as the E. faecalis E3p, it is significantly more resistant
than the E. coli enzyme, which is fully reduced by the addition
of only 2 equivalents of NADH per FAD (66). Furthermore, it
has been shown that the interaction of the Azotobacter vine-
landii E3 component with the E2 core results in a stabilization
of the EH, redox state (63). It is conceivable that the associ-
ation of the E3b with the E2 core would result in an even
higher level of insensitivity to inhibition by NADH, thereby
allowing the complex to be active in vivo anaerobically as well
as aerobically.

Growth stimulation of E. faecalis OG1RF by the branched-
chain a-keto acids. In an effort to better understand the role of
the bkd gene cluster in the metabolism of E. faecalis, gene
disruptions were made within the cluster on the chromosome
of E. faecalis OG1RF. This initially involved insertion of mvy3-
200 into inserts carried on pBKD09 and pBKD14. The exact
locations of the insertions were first mapped by PCR. Con-
structs that were shown to have insertions within the cloned
fragment based on the PCR analysis were then sequenced by
using the transposon-specific oligonucleotide mvyd-R. Using
this protocol, we were able to introduce transposon insertions
within the bkdA and bkdC genes. Plasmid DNA was then
introduced into E. faecalis OGIRF, and transformants were
selected for kanamycin resistance. Gene disruption occurred
by homologous recombination between the OG1RF chromo-
some and the cloned DNA flanking the myd insertion. PCR
mapping with oligonucleotides specific to the transposon and
sequences specific to the OG1RF chromosome confirmed that
the gene disruption had occurred by a single crossover event
into the bkdA and bkdC genes.

The consequences of disrupting the gene cluster were then
investigated by comparing the growth of the mutants to the
wild type in the presence of a-ketoisocaproic acid, the a-keto
acid derivative of leucine. E. faecalis OG1RF was grown aer-
obically in batch cultures (pH 7.0) with pyruvate (20 mM) as
the energy source on minimal medium, phosphate buffered,
supplemented with 0.5% yeast extract in the absence or pres-
ence of a-ketoisocaproate (KIC) (20 mM). In the absence of
KIC, a final A4y, of 0.91 was reached after the cells were
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depleted of pyruvate, while in the presence of KIC a final
density of 1.35 was reached (Table 4). The KIC was converted
stoichiometrically to isovalerate as expected (Table 4). In the
cultures with the strains mutated in the bkdA or bkdC genes,
no increase in final OD was observed upon the addition of KIC
to the medium, and only traces of isovalerate were detected. A
similar result was observed with the branched-chain a-keto
acids a-ketoisovalerate (KIV) and a-keto-B-methylvalerate
(KMV). The presence of both resulted in a higher final OD,
and they were converted to their corresponding branched-
chain carboxylic acids, isobutyrate and methylbutyrate, with
rates comparable to that observed with KIC (data not shown).
Similar to KIC, the mutants were unable to utilize either KIV
or KMV. These results demonstrate that the bkd gene cluster
is required for the catabolism of the branched-chain a-keto
acids. Interestingly, there was no benefit to growth from the
presence of the branched-chain amino acid leucine, valine, or
isoleucine in the media, and there was no production of
isovalerate, isobutyrate, or methylbutyrate (data not shown).
These results suggest that E. faecalis is able to utilize only the
a-keto acid forms as an energy source and not the amino acids.

DISCUSSION

In this article we describe the elucidation of a previously
undescribed pathway in E. faecalis for the utilization of the
branched-chain a-keto acids KIC, KIV, and KMV as energy
sources. These compounds are reductively decarboxylated by
the BKDH complex generating the corresponding acyl-CoA'’s,
which are then converted to the free acids isovalerate, isobu-
tyrate, and methylbutyrate through the combined actions of
the ptb and buk gene products. The presence of these a-keto
acids in the medium during growth of E. faecalis resulted in a
higher final OD, which is most likely due to the generation of
ATP via substrate-level phosphorylation by the combined ac-
tions of the ptb and buk gene products.

The observation that the substrates of the ptb gene product
included a broad range of acyl-CoA’s offers important clues
about its biological function. An increase in activity of the ptb
gene product was observed with increasing chain length, the
highest activity being observed with the five-carbon straight-
chain substrate valeryl-CoA and the branched-chain substrates
isobutyryl-CoA and isovaleryl-CoA. An increase in chain
length to six or eight carbons resulted in a dramatic loss of
activity. A similar situation was observed with the C. acetobu-
tylicum phosphotransbutyrylase in that it also exhibited a rel-
atively broad substrate specificity, and an increase in chain
length resulted in higher activity until the chain length ex-
ceeded that of the natural substrate butyryl-CoA (65).

Based on these results and on the tight linkage of the ptb and
buk genes to the structural genes encoding the branched-chain
a-keto acid dehydrogenase complex, we propose that the nat-
ural substrates of the ptb and buk gene products are the
branched-chain acyl-CoA’s and branched-chain acyl-phos-
phates. We will refer to the E. faecalis ptb and buk gene prod-
ucts as a branched-chain phosphotransacylase (Bct) and a
branched-chain acyl kinase (Bck). The enterococcal ptb and
buk genes are distinct from all known Pta-Ack and Ptb-Buk
systems in that they are located on the chromosome adjacent
to and are coexpressed with other catabolic genes which func-
tion in the same metabolic pathway. To our knowledge, this
work represents the first cloning and identification of an acyl-
transferase and kinase which utilize branched-chain substrates.

During database searches, a gene cluster similar to the E.
faecalis bkd gene cluster was identified in B. subtilis, which
contained the previously published BKDH complex (61). In
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addition, it has recently been described in further detail by
Debarbouille et al. (8) and they used the nomenclature based
on the E. faecalis system described here. The bkd gene clusters
in E. faecalis and B. subtilis have in common a number of
unusual features. These include the tight linkage of the ptb and
buk (and bcd in B. subtilis) genes to the genes encoding the
BKDH complex. However, there are also a number of distinct
differences between the E. faecalis and B. subtilis gene clusters,
both from a genetic and a metabolic standpoint. These differ-
ences involve the inclusion of two additional genes in the B.
subtilis gene cluster. The first of these, bed, is found between
the B. subtilis ptb and buk genes and is thought to encode
leucine dehydrogenase (8). A gene disruption in the bed gene
resulted in the inability to utilize the branched-chain amino
acids as the sole nitrogen source. The absence of the bcd loci
in the E. faecalis bkd gene cluster may explain the organism’s
inability to convert the branched-chain amino acids to the
corresponding free acids. It has been shown that the branched-
chain amino acids are required for normal growth of E. faecalis
in a minimal defined medium (36). Thus, E. faecalis can uptake
the individual amino acids, suggesting that the inability to
utilize the branched-chain amino acids is due to a lack of an
appropriate transaminase activity.

The second gene that is present in the B. subtilis system but
absent in E. faecalis is bkdR. This gene has been shown to
encode a positive transcriptional regulator of the B. subtilis bkd
operon. In addition, it was found that expression of the operon
was from a —12, —24 promoter and dependent on the sigma
factor Sigl, a member of the sigma 54 family (8). The presence
of a putative CRE sequence found within the promoter region
of the E. faecalis bkd gene cluster suggests a role of catabolite
repression in the regulation. Sequence analysis of the B. subtilis
bkd operon did not reveal the presence of a CRE-like se-
quence, and in fact the operon is expressed at high levels in the
presence of glucose (8). The presence of the CRE within the E.
faecalis promoter region is consistent with the locations of
those CREs found upstream of the amyE gene and in the xyl,
gnt, hut, and bgl operons in B. subtilis (50). In all of these cases,
the CRE was found either within the promoter region or
downstream of the transcriptional start; these systems are all
negatively regulated by CcpA. This mode of regulation in B.
subtilis and in many other gram-positive organisms involves the
cis-acting CRE sequence, the catabolite control protein A
(CcpA), and the HPr of the phosphotransferase system (50).
Furthermore, the role of catabolite repression in the regulation
of the bkd gene cluster would be consistent with its catabolic
role in the utilization of the branched-chain a-keto acids as an
alternate energy source. Regulatory studies are currently un-
der way to address the role of the CRE and catabolite repres-
sion in the regulation of the bkd gene cluster.

Despite the fact that 21% of the membrane of the entero-
cocci is composed of branched-chain fatty acids (26), there is
no evidence linking the enterococcal bkd gene cluster to the
biosynthesis of branched-chain fatty acids, as found in B. sub-
tilis. This is also supported by the observation that the
branched-chain a-keto acids KIC, KIV, and KMV are con-
verted stoichiometrically to the corresponding free acids
isovalerate, isobutyrate, and methylbutyrate. If the branched-
chain acyl-CoA’s were being utilized for membrane biosynthe-
sis, the ratio of the consumption of the a-keto acid to the
production of the corresponding free acid would not be 1:1.
Furthermore, if the bkd gene cluster was involved in mem-
brane biosynthesis, the genes would be expected to be ex-
pressed constitutively (67). However, the presence of a CRE in
the promoter region suggests a role for catabolite repression in
the regulation of the complex. This type of regulation should
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be expected to occur only with systems involved in the catab-
olism of alternative carbon sources and not with genes that are
constitutively expressed. Therefore, the E. faecalis bkd gene
cluster is distinct from the B. subtilis system, both at the genetic
and the metabolic levels, and these gene clusters appear to be
transcriptionally regulated via very different mechanisms.

In conclusion, it is our belief that the a-keto acids KIC, KIV,
and KMV serve as an alternative energy source to enterococci,
thereby increasing their metabolic diversity and flexibility.
Based on their inability to utilize the amino acids, these a-keto
acids are not obtained by protein degradation but, rather, by
degradation of membrane lipids or through the environment,
as they apparently have a transport system for the branched-
chain a-keto acids. We propose that the BKDH complex and
Bet and Bek act in a concerted manner to convert the
branched-chain a-keto acids KIC, KIV, and KMV to the cor-
responding free acids isovalerate, isobutyrate, and methylbu-
tyrate and to synthesize ATP in a system analogous to the PDH
complex and phosphotransacetylase and acetate kinase.
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