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Enterococcus faecalis encodes a biotin-dependent oxaloacetate decarboxylase (OAD), which is constituted by four subunits: E.
faecalis carboxyltransferase subunit OadA (termed Ef-A), membrane pump Ef-B, biotin acceptor protein Ef-D, and the novel
subunit Ef-H. Our results show that in E. faecalis, subunits Ef-A, Ef-D, and Ef-H form a cytoplasmic soluble complex (termed
Ef-AHD) which is also associated with the membrane. In order to characterize the role of the novel Ef-H subunit, coexpression of
oad genes was performed in Escherichia coli, showing that this subunit is vital for Ef-A and Ef-D interaction. Diminished growth
of the oadA and oadD single deletion mutants in citrate-supplemented medium indicated that the activity of the complex is es-
sential for citrate utilization. Remarkably, the oadB-deficient strain was still capable of growing to wild-type levels but with a
delay during the citrate-consuming phase, suggesting that the soluble Ef~AHD complex is functional in E. faecalis. These results
suggest that the Ef~AHD complex is active in its soluble form, and that it is capable of interacting in a dynamic way with the
membrane-bound Ef-B subunit to achieve its maximal alkalinization capacity during citrate fermentation.

he main activity of lactic acid bacteria (LAB) during fermen-

tation is the catabolism of sugars present in food, producing
lactic acid, but these microorganisms also have the capability to
metabolize other substrates, such as citrate. Citrate fermentation
by LAB leads to the production of aromatic compounds (diacetyl/
acetoin) and CO,, which contributes to the formation of so-called
eyes (or holes) in cheeses. Thus, the utilization of citrate in milk by
LAB has a positive effect on the quality of the end products. There-
fore, the interest of the dairy industry in understanding citrate
utilization by LAB has promoted research of the proteins involved
in this metabolic pathway (1).

Citrate fermentation in bacteria involves the intracellular con-
version of citrate to oxaloacetate (OAA) and acetate by citrate
lyase. OAA then is decarboxylated to pyruvate by oxaloacetate
decarboxylase, which is then diverted into different metabolic
pathways, depending on the metabolic needs. Oxaloacetate-de-
carboxylating enzymes of two different origins have been de-
scribed (2). In Gram-negative pathogenic microorganisms, such
as Klebsiella pneumoniae and Vibrio cholerae, for which the path-
way has been extensively studied (3, 4), oxaloacetate decarboxyl-
ase is a multisubunit Na™ pumping membrane-bound complex
(termed OAD), while in Gram-positive lactic acid bacteria, such as
Lactococcus lactis, the reaction is catalyzed by a soluble, single-
subunit enzyme, named CitM, which is a malic enzyme (ME) (5).
In all microorganisms, the genes encoding these enzymes are clus-
tered in the cit locus (Fig. 1A). In K. pneumoniae and V. cholerae,
the expression of the OAD genes is induced together with other
enzymes of the citrate fermentation pathway in the presence of
citrate and anaerobiosis, conditions during which the tricarboxy-
lic acid (TCA) cycle is not functional (3, 6), while in fermentative
L. lactis, for instance, the cit cluster is induced by acidification of
the medium (7). Genome sequences of selected Gram-positive
bacteria of the class Lactobacillales have revealed the presence of
genes encoding a membrane-bound complex homologous to the
OAD complex of Gram-negative bacteria, but the function of
these was never studied (8). In a recent publication, we have char-
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acterized the cit locus in Enterococcus faecalis in the same class (9).
Surprisingly, the citlocus contained the coding sequences for both
the OAD and ME types of oxaloacetate decarboxylases, which is a
unique characteristic (2, 9) (Fig. 1A). Biochemical studies have
confirmed that the enterococcal CitM (ME type) catalyzes oxalo-
acetate decarboxylation, but also that an E. faecalis citM mutant is
still capable of using citrate as a carbon source, strongly suggesting
that the OAD complex forms an active complex as well (2, 9).

The OAD complex of K. pneumoniae may be regarded as the
prototype of the Na-translocating decarboxylase (NaT-DC)
family of enzymes. It consists of the two membrane-bound sub-
units B (Kp-B) and y (Kp-y) and the cytosolic a subunit (Kp-a),
which is attached to the By complex via the y subunit (4). The
N-terminal domain of Kp-a catalyzes the transfer of the carboxyl
group of oxaloacetate to the prosthetic biotin group of the C-ter-
minal biotin acceptor domain (Fig. 1B). Decarboxylation of the
carboxybiotin group is coupled to the translocation of Na™ ions
out of the cells catalyzed by the Kp-B subunit. In E. faecalis, the E.
faecalis OadA (Ef-A) and Ef-D subunits of the OAD complex are
homologous to the N-terminal carboxyl transferase (49% iden-
tity) and the C-terminal biotin carrier protein (53% identity) do-
mains of Kp-a, respectively (Fig. 1B). Ef-B shares 43% identity
and 59% similarity to the paradigmatic Na* pump from K. pneu-
moniae. Interestingly, we identified a coding sequence upstream
of the oadD gene, renamed oadH, which encodes a putative poly-
peptide consisting of 120 amino acids (Fig. 1A).

The present study focuses on the characterization of the OAD
complex of E. faecalis (termed Ef-OAD). Results reported here
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FIG 1 Genetic organization of the oxaloacetate decarboxylase involved in citrate utilization. (A) The cit locus is constituted by genes coding for citrate
transporters (citH, citS, or the plasmid-encoded citP, depending on the family to which they belong), citrate lyase enzyme (citDEF), prosthetic group-binding
citrate lyase (citC, citG, and citX), membrane bound-OAD complex (oadAHBD or 0adGAB), cytoplasmic oxaloacetate decarboxylase (citM), and transcriptional
regulators (citO, citAB, and citl). (B) Schematic representation of K. pneumoniae o subunit (Kp-a) and E. faecalis subunits Ef-A and Ef-D. The C-terminal part
of Ef-D contains the AMKM conserved motif (22) around the biotin-accepting lysine residue, indicated in white.

show that the novel Ef-H subunit is involved in the cytoplasmic
Ef-AHD complex formation. Also, we demonstrate that the pres-
ence of the membrane-bound Ef-B subunit is required for full
alkalinization of the internal medium of E. faecalis cells during
citrate fermentation.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Cultures of E. faecalis were
grown at 37°C, without shaking, in Luria-Bertani medium (LB; Difco,
NJ), initial pH 7.0, and supplemented with 33 mM trisodium citrate
(LBC). Erythromycin was added, when appropriate, ina 5 pg ml~ ' con-
centration. Growth was monitored by measuring the optical density at
600 nm (ODy,) in a Beckman DU640 spectrophotometer. In order to
compare the growth parameters (biomass and growth rate) of wild-type
and oad mutant strains, E. faecalis was also cultivated in sterile 96-well
microplates (Cellstar) in a total volume of 200 pl at 37°C. Exponentially
growing cultures were diluted to an initial ODg, of 0.10 in LBC broth,
and the OD, was registered automatically every 1 h in a PowerWave XS
microplate reader (BioTek Instrument Inc., VT). Data presented here
correspond to the mean values from three independent experiments in
which growth curves were assayed in duplicate.

E. coli DH5a and EC101 strains (Table 1) were used as cloning hosts,
whereas E. coli BL21(DE3) was used for expression of recombinant pro-
teins. E. coli strains were routinely grown aerobically at 37°C in LB me-
dium and transformed as previously described (16). Aerobic growth was
achieved by gyratory shaking at 250 rpm. The corresponding antibiotics
(100 wg ampicillin ml™', 150 pg erythromycin ml™', or 50 pg
kanamycin ml~!) were included in the medium in order to select cells
harboring the different plasmids.

Construction of E. faecalis oad-defective strains. The oad-deficient
strains were constructed by introducing a deletion into the corresponding
oad gene using the thermosensitive vector pBVGh (10). Oligonucleotides
used for the amplification of upstream and downstream fragments of
oadA, oadD, and oadH genes are indicated in Table 1. Fragments were
purified, restricted, and ligated into the corresponding sites of the pPBVGh
vector, except for the fragment used for generating the oadD deletion,
which was first cloned into the pGEM-T Easy vector (Promega), released
by digestion with Notl, and finally ligated into the corresponding site of
pBVGh. Cloned fragments were checked by sequencing at the University
of Maine DNA sequencing facility. Finally, the protocol to generate the
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chromosomal deletion in E. faecalis was monitored as previously de-
scribed by Blancato and Magni (10).

Cloning and expression. The oadA gene from E. faecalis JH2-2 was
amplified by PCR using the OadA1 forward primer and OadA2 reverse
primer (Table 1). The amplified DNA fragment was cloned into the
pGEMT-easy vector, digested with Ndel and BamHI, and finally ligated
into the same sites of a predigested pET28a expression vector (Novagen,
Darmstadt, Germany), yielding pET-A (Table 1). To obtain pBAD-D, the
oadD gene was amplified by PCR using E. faecalis JH2-2 chromosomal
DNA as the template and OadD1 and OadD2 forward and reverse primers
(Table 1). The amplimer was cloned into the pGEM-T Easy vector, di-
gested with Ncol and Pstl, and finally cloned into the same site of a His tag
carrying a derivative of the pPBAD24 vector, thus yielding pPBAD-D (Table
1). For the construction of a plasmid expressing the OadH subunit fused
to maltose binding protein (MBP), oadH was amplified using primers
OadH1, introducing an EcoRI restriction site, and OadH2, introducing a
HindIII site. After digestion of the PCR product with the mentioned re-
striction enzymes, it was introduced into the predigested pMal-c2X vector
to yield plasmid pMal-H (Table 1). For the construction of plasmids car-
rying oadADB, the region coding for oadD and oadB was amplified using
E. faecalis JH2-2 chromosomal DNA as the template with primers OadD3
(HindIII) and OadB1 (Xhol), whereas for oadAHDB the region spanning
oadH, oadD, and oadB was amplified with primers OadH3 and OadB1,
introducing a HindIII and Xhol restriction site, respectively. Both am-
plimers were digested with the cited enzymes and cloned in the pET-A
plasmid predigested with the same enzymes. The resulting plasmids were
named pET-ADB and pET-AHDB, respectively (Table 1).

Purification of recombinant proteins. To obtain high levels of solu-
ble recombinant His-tagged OadA or OadD protein, 100-ml cultures of E.
coli BL21(DE3) cells carrying pET-A or pBAD-D, respectively, were
grown in LB at37°Cuntil an ODg, of 0.6. At this point, cells were induced
by addition of 0.5 mM isopropyl-B-p-thiogalactopyranoside (IPTG) or
0.5% arabinose, respectively, and incubated at 25°C for 20 h with slow
shaking (100 rpm) for OadA or at 37°C for 3 h with vigorous shaking (250
rpm) for OadD. Cultures were then harvested by centrifugation and re-
suspended in ice-cold buffer (50 mM Tris-HCI, pH 8.0, 3 mM MgCl,, 1
mM EDTA, 1 mM phenylmethanesulfonyl fluoride [PMSF], and 10%
glycerol). Cells were disrupted using a French press, and cell debris was
removed by centrifugation as previously described (5). Both proteins then
were purified from the soluble fraction by affinity chromatography using
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TABLE 1 Strains, plasmids and primers used in this study

Strain, plasmid, or primer Description or sequence” (5’ to 3")

Source, reference, or
restriction enzyme

E. faecalis
JH2-2 Fus' Rif'; plasmid-free wild-type strain 13
JHB1 JH2-2 isogenic derivative ¢itO mutant 9
JHA JH2-2 isogenic derivative oadA mutant This work
JHB JH2-2 isogenic derivative oadB mutant This work
JHD JH2-2 isogenic derivative oadD mutant This work
E. coli
DH5a fhuA2 A(argF-lacZ) U169 phoA glnV44 ®80dlacZAM15 gyrA96 recAl relAl endAl 12
thi-1 hsdR17; used as an intermediate host for cloning
EC101 supE thi A(lac-proAB) (F' traD36 proAB lacl"ZAM15) repA; Kan'; used as the host for 14
pBV-Gh constructs
BL21(DE3) F~ ompT hsdSy(ry~ my~ ) gal dem (DE3) 15
Plasmids
pGEM-T Easy Plasmid for intermediate cloning Promega
pBV-Gh Plasmid used for the construction of deletion mutants 10
pBV-GhA pBV-Gh derivative carrying 500 bp upstream and downstream portions of oadA gene This work
pBV-GhB pBV-Gh derivative carrying 530 bp upstream and downstream portions of oadB gene This work
pBV-GhD pBV-Gh derivative carrying 520 bp upstream and downstream portions of oadD gene This work
pET28a His-tagged protein expression plasmid Novagen
pET-A pET28a derivative expressing His,-OadA This work
pBAD24 Arabinose-inducible plasmid 11
pBAD-D pBAD24-His derivative expressing Hiss-OadD This work
pMal-c2X NEB
pMal-H pMal-c2X derivative expressing MBP-OadH This work
pET-ADB pET28a derivative expressing Hisg-OadA, OadD, and OadB This work
pET-AHDB pET28a derivative expressing OAD complex subunits This work
Primers
OadAUp-For CACACACCATGGGTTGTTAGAAAC Ncol
OadAUp-Rev CCCGTAAAGCTTTTCTGTAAAACG HindIII
OadALo-For AAAGATAAGCTTCGCGGAGAATATG HindIII
OadALo-Rev GCTAAACCATGGTGGTTTAACACCG Ncol
OadBUp-For AAACCATGGATGTTACCCAAGGCC Ncol
OadBUp-Rev CGGGGATCCTAACAATGGACCG BamHI
OadBLo-For CAAGGATCCGTGCTGCGGGTATTTC BamHI
OadBLo-Rev TTACCATGGCAGATTCTTTTCATTG Ncol
OadDUp-For CGGGGTACCAATGCTTATATACCAATG Kpnl
OadDUp-Rev ACTGAATTCTCTTTCCCATCAATTG EcoRI
OadDLo-For CAGGAATTCATGTTACCCAAGGC EcoRI
OadDLo-Rev CCAAGGTACCCAATCGAAGCAGC Kpnl
OadAl GACACGAAAGGAGCAGCCATATGAG Ndel
OadA2 CGGAAAGCTTGCCCGTTCTATTCTG HindIII
OadB1 GTATTCGTTCTCGAGTCCGTCCTATG Xhol
OadD1 GCATCCATGGGATTACGCAAATTTAAAATTTC Ncol
OadD2 GCTAGGATCCCTAGTTAATTGTTATTAATGGTTCC BamHI
OadD3 GGGCTGTCAGAAGAAGCTTAGCTAGTTG HindIII
OadH1 AGAGAATTCATGGGCCTATTTAAGTC EcoRI
OadH2 CCCAAGCTTTTAAATTTGCGTAAC HindIII
OadH3 CTATAATGAAGCTTTACCAAGAATTAGTG HindIII

“ Fus, fusidic acid; Rif, rifampin; Tet, tetracycline; Em, erythromycin.

a Ni**-nitrilotriacetic acid (NTA) column according to the protocol rec-
ommended by Novagen. The purified enzymes were then dialyzed against
the resuspension buffer supplemented with 20% glycerol and finally
stored at —80°C for further studies. Protein concentrations were deter-
mined by the Lowry method using bovine serum albumin as a standard.

Induction of E. coli strains carrying pET-ADB and pET-AHDB plas-
mids was performed as described above for pET-A, with the following
modifications. The induction period was 4 h, and the culture was vigor-
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ously shaken at 250 rpm. Cells were then harvested by centrifugation,
resuspended in lysis solution A (LSA; 50 mM K,HPO,, pH 8.0, 200 mM
NaCl, 10% [vol/vol] glycerol) and finally disrupted as described above.
Protein complexes were purified by affinity chromatography on mono-
meric avidin resin (Thermo Scientific) (see below).

For the purification of OadH fused to maltose binding protein (MBP),
100-ml cultures of E. coli BL21(DE3) cells carrying plasmid pMal-H
(Table 1) were grown in 0.5% glucose-supplemented LB at 37°C until an
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0Dy, 0f0.6. At this point, cells were induced by addition of 0.5 mM IPTG
and incubated at 37°C for 3 h at 250 rpm. Cells were then harvested by
centrifugation and resuspended in ice-cold amylose buffer (AB; 20 mM
Tris-HCIL, pH 7.4, 100 mM NaCl, 1 mM PMSF, 1 mM dithiothreitol, and
10% glycerol). Cell lysate was prepared as explained above and mixed with
300 pl of amylose resin preequilibrated with AB. Protein binding to the
resin was performed for 2 h at 4°C. The column was then washed with 5 ml
of AB bulffer, and pure protein was eluted with AB buffer containing 10
mM maltose.

Preparation of E. faecalis cell extracts. E. faecalis strains were grown
for 10 h in LBC in a final volume of 1 liter. Cells were then harvested by
centrifugation and resuspended in lysis solution N (LSN; 100 mM
Na,HPO,, pH 7.0, 10% [vol/vol] glycerol) for neutravidin (NeutrAvidin
Ultralink Resin; Thermo Scientific) affinity purifications or LSA for mo-
nomeric avidin (Thermo Scientific) affinity purifications (see below). LS
was supplemented with 1 mM PMSF and also with the lytic enzymes
mutanolysin (50 Uml~'; Sigma) and lysozyme (2.5 mg ml~'; Sigma). Cell
resuspensions were incubated for 1 h at 37°C. The cells were disrupted by
passing them three times through a French pressure cell at 10,000 Ib/in”.
The suspension was centrifuged at 10,000 X g for 25 min to remove cell
debris. The clear supernatant was separated, and soluble (S) and mem-
brane (M) protein fractions were prepared from it. Thus, supernatant was
ultracentrifuged for 45 min at 170,000 X g. The obtained supernatant (S
fraction) was frozen at —20°C, whereas the pellet containing the mem-
brane fraction was resuspended in 1 ml of a 50 mM K,HPO,, pH 7.0, 1 M
NaCl solution. This fraction was then subjected to a new ultracentrifuga-
tion step, and the resulting pellet was homogenized with 200 wl 50 mM
K,HPO,, pH 8.0, 400 mM NacCl, 20% (vol/vol) glycerol, and 2% Triton
X-100. Finally, the sample was ultracentrifuged using the same conditions
as those described above, and the obtained supernatant (M fraction) was
kept at —20°C until use.

Immunoblot analysis. For Western blot analysis, samples containing
30 g of total protein were loaded onto a sodium dodecyl sulfate poly-
acrylamide electrophoresis (SDS-PAGE) gel (16). After this, samples were
transferred to a nitrocellulose membrane. Rabbit polyclonal antiserum
against E. faecalis OadA and OadH proteins was generated using the pu-
rified His-tagged OadA and MBP-fused OadH proteins as the antigens
(Bioterio FCByF, UNR). Rabbits were immunized subcutaneously with
200 pg of purified protein. Polyclonal antibodies were purified (16) and
used at a 1:1,000 dilution. The OadA- or OadH-antibody complexes were
visualized using goat anti-rabbit IgG (H+L) alkaline phosphatase (AP)-
conjugated antibodies (Bio-Rad). Biotinylated proteins were detected
with alkaline phosphatase-conjugated streptavidin (Thermo Scientific).
p-Nitroblue tetrazolium (ICN) and 5-bromo-4-chloro-3-indolylphos-
phate (Sigma) were used as alkaline phosphatase substrates.

OAD isolation and identification. The protein complex was isolated
from the soluble (S) and membrane (M) protein fractions by affinity
chromatography on neutravidin or monomeric avidin-Sepharose
(Thermo Scientific; see Results for details) by following the manufactur-
er’s suggested protocol. Briefly, each of the fractions was applied to 50 to
100 pl of resin slurry, previously equilibrated in the corresponding LS,
and incubated at 4°C for 1 h. The matrix was then washed four times with
1 ml LS (containing 0.1% Triton X-100 when added to the M fraction) to
elute the proteins that were not retained. Finally, bound proteins were
eluted from the neutravidin resin by boiling for 5 min after addition of 100
wl of Laemmli loading buffer. The elution from the avidin resin was per-
formed after 30 min of incubation at room temperature with 100 .l of
LSA supplemented with 5 mM biotin. Samples were supplemented with
20% glycerol and finally stored at —80°C for further studies.

For the identification by mass spectrometry of the proteins detected in
SDS-PAGE gels, bands were excised and sent to the Unidad de Bioquimica
y Protedémica Analiticas of Institute Pasteur of Montevideo for analysis.
For the cross-linking assays, the elution fractions obtained after the avidin
affinity chromatography were incubated for 20 min with 1 mM glutaral-
dehyde (Sigma) at room temperature.
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OAD complex dissociation in response to pH. E. faecalis JH2-2 cell
extracts were prepared and subsequently applied to 100 pl of neutra-
vidin resin as explained above. After binding, the resin was washed
with 1 ml 150 mM citrate buffer, pH 7.0, and then sequentially eluted
with 60-pl aliquots of citrate buffer adjusted to pH 3.0 to 6.0 for the
acid range and with phosphate buffer adjusted to pH 7.0 to 11.0 for the
alkaline range. After collecting the elution fractions, the resin was
washed again with 1 ml citrate buffer, pH 6.0. Finally, bound proteins
were eluted from the neutravidin resin by boiling for 5 min after ad-
dition of 100 pl of Laemmli loading buffer. All of the fractions were
then analyzed by SDS-PAGE.

Loading of cells with the BCECF probe and internal pH measure-
ments. Loading of the cells with the fluorophore was performed as previ-
ously explained (2). Cells were loaded with the pH-sensitive fluorescent
probe 2',7'-bis-(2-carboxyethyl)-5(and -6)-carboxyfluorescein (BCECF)
as previously described (17). The excitation wavelength was 503 nm, and
fluorescent emission was recorded at 525 nm (slit widths were 4 and 16
nm, respectively). Cytoplasmic pH was determined from the fluorescence
signal as previously described (17).

RESULTS

Heterologous expression of Ef~OAD subunits in E. coli. The
oadA and oadD genes, encoding Ef-A and Ef-D subunits of the E.
faecalis OAD (Ef-OAD) complex, were cloned into pET28 and
pBAD24-His plasmids (Table 1), respectively, and expressed in E.
coli BL21(DE3). The His-tagged gene products were purified by
Ni**-NTA affinity chromatography and analyzed by SDS-PAGE
(Fig. 2A and B). OadA eluted from the column at a concentration
of 25 to 50 mM imidazole and showed an apparent molecular
mass of 51 kDa, which was in line with the theoretical molecular
mass of 52 kDa. The OadD protein required 150 mM imidazole
for elution (Fig. 2B, lanes 6 and 7) and showed an apparent mo-
lecular mass of 24 kDa, which was considerably higher than the
theoretical value of 14 kDa. The same procedure was not success-
ful for heterologous expression of the membrane-bound Ef-B sub-
unit in E. coli. In spite of the use of different cloning vectors pro-
ducing the protein with different tags (Hisg or biotin acceptor
domain; Table 1) and expression hosts [E. coli BL21(DE3) and
C43(DE3)], the Ef-B protein was never detected.

A previous study showed that the E. faecalis cit cluster did not
contain a gene homologous to 0adG of K. pneumoniae, nor was the
gene found elsewhere on the E. faecalis genome (9). Closer inspec-
tion showed the presence of a coding sequence upstream of the
oadD gene (Fig. 1A) which encodes a putative polypeptide con-
sisting of 120 amino acids with a theoretical molecular mass of 14
kDa. The encoded protein, Ef-H, showed no sequence similarities
with other proteins in the databases (RefSeq; searched in July
2012), but the oadH gene was conserved in the cit locus of all
Gram-positive bacteria that contain the OAD complex. The Ef-H
protein was successfully overexpressed in E. coli as an MBP fusion
protein. The MBP-OadH fusion protein was purified by amylase
affinity chromatography (Fig. 2C, lanes 5 to 8).

The His-OadA and MBP-OadH proteins were used for the
polyclonal antibody preparations that were used in subsequent
experiments.

Identification and cellular localization of the E. faecalis OAD
complex. E. faecalis wild-type strain JH2-2 and strain JHB1, a citO
mutant unable to express citrate metabolism genes (9), were
grown in LB broth supplemented with citrate, which is essential
for the induction of cif cluster transcription. Western blotting of
crude cell extracts using antibodies raised against the purified Ef-A
and Ef-H proteins (see above) and alkaline phosphatase-conju-
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FIG 2 Expression and purification of the different E~OAD subunits.

(A) Ef-A affinity purification on Ni**-NTA resin. BL21(DE3) cells carrying the pET28

derivative pET-A were induced by addition of IPTG (see Materials and Methods and Table 1). FT, flowthrough; W, wash; Im, imidazole. (B) Ef-D affinity

purification on Ni*™*

-NTA resin. Cells carrying the pBAD24 derivative pBAD-D were induced as described previously. M, protein molecular markers. (

C) EfH

affinity purification on amylose resin. E. coli cells carrying the pMal-c2X derivative pMal-H were induced as described in Materials and Methods. Elutions were
done with the addition of 10 mM maltose for all fractions. Recombinant proteins are indicated by the arrows.

gated streptavidin to detect biotinylated Ef-D clearly detected the
subunits in strain JH2-2 but not in strain JHB1 (Fig. 3A, B, and C).
Subunits Ef-A and Ef-D showed the same mobility as that seen
after expression of the corresponding genes in E. coli, and the
apparent molecular mass of Ef~H was 16 kDa, which correlates
well with the theoretical size of 14 kDa. The results indicate that
the E. faecalis OAD subunits Ef-A and Ef-D and the newly identi-
fied subunit Ef-H are expressed in medium containing citrate and
are under the control of the transcriptional activator of the citrate
metabolic pathway, CitO (9). Crude cell extracts of both E. faecalis
strains were separated into soluble (S) and membrane (M) frac-
tions. Biotinylated proteins and copurifying proteins were iso-
lated by affinity chromatography using avidin Sepharose. SDS-
PAGE analyses of the eluted proteins of the soluble fraction of
strain JH2-2 revealed the presence of Ef-A and Ef-H (Fig. 3D).
Remarkably, only a weak band was observed at the expected posi-
tion of Ef-D, the biotinylated subunit. The identity of the bands
was corroborated by mass spectroscopy analysis. A band running
at approximately 120 kDa (band X) was identified by mass spec-
trometry as a high-molecular-weight complex formed mainly by
the Ef-D subunit. As expected, in the elution fraction of the citO
mutant strain JHB1, the Ef~OAD subunits were not detected (data
not shown). Avidin affinity chromatography of the solubilized
membrane fraction of the cells resulted in purification of the same
Ef-OAD subunits as that observed in the soluble fraction
(Fig. 3D). No bands were detected in the membrane fraction of the
¢itO mutant (data not shown). These results show that the Ef-
OAD subunits Ef-A, Ef-D, and Ef-H form a soluble complex in
vivo, a fraction of which is bound to the membrane, presumably to
the integral membrane subunit Ef-B.
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FIG 3 Isolation and identification of Ef~OAD subunits. Western blotting for
the detection of Ef-A (A), Ef-D (B), and Ef-H (C) in crude extracts of wild-type
(JH2-2) and c¢itO mutant (JHB1) strains. To detect the presence of Ef-A and
Ef-H subunits, polyclonal antibodies prepared in the laboratory were used (see
Materials and Methods), whereas for the Ef-D protein, alkaline phosphatase-
conjugated streptavidin, which permits the detection of biotinylated proteins,
was utilized. (D) Soluble and membrane protein extracts corresponding to the
wild type (JH2-2) were passed through an avidin resin. After washing (W),
total biotinylated proteins were eluted with buffer containing 5 mM avidin.
Two elution fractions (E1 and E2) were recovered, and all fractions were then
run in an SDS-PAGE gel. Indicated bands (arrowheads) were excised from the
gel and identified by mass spectrometry. Band A, Ef-A; band D, Ef-D; band H,
Ef-H; band X, Ef-D protein aggregate. FT, flowthrough. An asterisk corre-
sponds to avidin released from the column.
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FIG 4 Interaction between Ef~OAD subunits. (A) Cross-linking assay. Soluble and membrane-eluted fractions from avidin affinity purification experiments
were treated with a cross-linker agent (lanes 2 and 4) and analyzed in conjunction with nontreated samples (lanes 1 and 3) by SDS-PAGE. The appearance of a
new band after the cross-linking is indicated by an arrowhead and the letter B (see the text for details). (B) Isolation of Ef~OAD subunits in different oad mutant
strains. Soluble protein extracts corresponding to the wild type (JH2-2) and oadA- and oadB-deficient strains were passed through a neutravidin resin. Elution
fractions were then run on an SDS-PAGE gel which was silver stained. M, molecular markers. (C, upper) Elution fractions from membrane protein extracts. (C,
lower) Immunoblot analysis for the detection of Ef-A expression in the wild-type membrane fraction.

Subunit interactions of the Ef~OAD complex. The elution
fractions obtained after avidin affinity chromatography of the sol-
uble and membrane fractions of E. faecalis JH2-2 were treated with
the unspecific cross-linker glutaraldehyde prior to SDS-PAGE
analysis (Fig. 4A). The treatment resulted in the complete disap-
pearance of the band corresponding to the Ef-H subunit, a signif-
icant decrease in intensity of the high-molecular-mass complex
formed by the Ef-D subunit, and the appearance of a new band
running at approximately 38 kDa (band B) with no significant
difference between the soluble and membrane fractions. The new
band, B, is likely to be a heterodimer formed by Ef-D and Ef-H (24
and 16 kDa, respectively), suggesting that Ef-H and Ef-D subunits
are in close contact in the OAD complex.

0adA, oadB, and oadD deletion mutants of E. faecalis were con-
structed to further study subunit interactions in the OAD com-
plex. An oadH mutant strain could not be obtained in spite of
using different genetic strategies. Subunit interactions in the sol-
uble and membrane fractions of the wild-type and oad mutant
strains were studied by pulldown experiments of the biotinylated
Ef-D subunit. As observed before, the three subunits Ef-A, Ef-D,
and Ef-H were detected in both fractions of the wild-type prepa-
ration (Fig. 4B and C), while the oadD deletion obviously results in
the lack of detection of any of the OAD subunits (not shown).
Deletion of oadA did not significantly affect the interaction be-
tween Ef-D and Ef-H in the soluble fraction, indicating a direct
interaction between the latter two subunits. Notably, Ef-A was not
detected in the membrane fraction of the oadB mutant, neither by
silver staining of the gel nor by Western blotting using polyclonal
antibodies against this subunit (Fig. 4C). This observation sug-
gests that Ef-B is necessary for Ef-A to reach the membrane.

The OAD complex in crude cell extract of E. faecalis JH2-2 was
immobilized on neutravidin resin to study the stability of the
complex in both the acidic and alkaline range of pH. This resin
interacts with the biotin-containing Ef-D subunit in a manner in
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which it can only be dissociated after harsh treatment, such as
boiling. As shown in Fig. 5A, Ef-A and Ef-H were retained on the
resin when pH diminished (lanes 5 to 8). As expected, final heat
treatment of the resin released both of these subunits, as well as the
Ef-D subunit. On the other hand, alkalinization induced the dis-
sociation of the Ef-D and Ef-A subunits, whereas the Ef~H subunit
was eluted solely after heat treatment. These experiments suggest
an alkaline pH-dependent interaction between Ef-A and Ef-D,
while Ef-H interacts with the Ef-D subunit independently of the
external pH.

Expression plasmids containing Ef-A, Ef-D, and Ef-B subunits
(pET-ADB; Table 1) and the whole complex (pET-AHDB; Table
1) were constructed for expression of the corresponding com-
plexesin E. coli to further examine the role of subunit H. Pulldown
experiments with Ef-D resulted in the copurification of the Ef-A
and Ef-H subunits from extracts of cells carrying pET-AHDB,
similar to that observed for E. faecalis JH2-2 cells (Fig. 6A). In the
absence of the Ef-H subunit (plasmid pET-ADB), subunit EfA
was not pulled down with Ef-D anymore (Fig. 6A), while immu-
noblots of the cell extract showed that Ef-A was synthesized from
both plasmids (Fig. 6B). The results suggest that the Ef-H subunit
is essential for the interaction between Ef-A and Ef-D.

Functionality of the OAD complex of E. faecalis. Growth of
the oadA, oadB, and oadD deletion strains of E. faecalis in the
presence of citrate was monitored to analyze the involvement of
the Ef~OAD complex in citrate metabolism (Fig. 7A). The parental
strain reached a maximal OD of 1.2 at 10 h, whereas the oadA and
oadD deletion mutant strains only grew to a maximal OD of 0.4,
showing a profile similar to that of the wild-type strain when
grown in the absence of citrate (data not shown). Thus, this ex-
periment demonstrates that OadA and OadD are individually es-
sential for citrate metabolism, and that the citM gene (encoding
CitM, a decarboxylase of the malic enzyme type) is not capable of
complementing the deficiency. Remarkably, the oadB mutant
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FIG 5 Invitroanalysis of Ef~OAD stability as a function of pH. E. faecalis cell extracts were first incubated in batch with a neutravidin resin. After the binding step,
the resin was washed (W; lane 3) with 1 ml 150 mM citrate, pH 7.0, and eluted (lanes 4 to 8) with 60-pl aliquots of citrate (A) or phosphate buffers (B) according
to the indicated pH range. As a final step, samples resuspended in Laemmli loading buffer were boiled (100°C). FT, flowthrough. M, molecular markers. An

asterisk corresponds to avidin released from the column.

strain grew like the parental strain, with a delay in the start point of
the second phase of growth (Fig. 7A) when the citrate pathway is
transcriptionally induced (9). Apparently, the oadB gene product
is not essential for citrate metabolism, and its mutant strain is
capable of degrading oxaloacetate to pyruvate by the action of the
cytoplasmic OadAHD complex.

Resting cells of E. faecalis JH2-2 and the oadA, oadB, and oadD
deletion mutants were loaded with the fluorescent dye BCECF,
which allows monitoring of the alkalinization of the cytoplasm
associated with citrate metabolism (18). Addition of 2 mM citrate
to wild-type cells resuspended in a buffer of pH 5.8 resulted in
immediate cytoplasmic alkalinization until a pH gradient of 1.0 U
was reached after 2 min (Fig. 7B). In contrast, with the oadA and
oadD mutants no changes in the cytoplasmic pH were observed
upon addition of citrate, indicating the absence of decarboxyl-
ation activity. Interestingly, the oadB-deficient strain showed an
intermediate increase in the internal pH (up to 0.6 U; Fig. 7B), in
line with the results obtained for the growth curves. Addition of 3
mM glucose to wild-type and oadB-deficient strains showed the
same levels of internal alkalinization, indicating the same physio-

pET-ADB pET-AHDB pET-derived
W EIl E2 W E1 E2 ADB AHDB
S— b — —120
—100 —
| ey —
. AP— 5y 667
— 40 45 e < OadA
— 30
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FIG 6 Ef-OAD complex expression in E. coli. (A) SDS-PAGE of first and
second elution fractions (E1 and E2) of an avidin affinity chromatography
purification of E. coli cell extracts from strains carrying different Ef~OAD sub-
units (pET-ADB and pET-AHDB). Relevant bands are indicated by arrow-
heads. W, third washing step. (B) Immunoblot detection of Ef-A expression
from crude extracts of induced cells harboring pET-ADB and pET-AHDB
plasmids.
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logical state of the cells (data not shown). These results indicate
that the in vivo decarboxylation activity of Ef~AHD as well as Ef-
AHDB complexes contributes to internal pH increase, and that
the presence of the Ef-B subunit could be considered a surplus,
from a physiological point of view, for E. faecalis.

DISCUSSION

The membrane oxaloacetate decarboxylase complex, which is as-
sociated with citrate metabolism, is found in phylogenetically dis-
tant bacteria. In pathogens belonging to the gammaproteobacte-
rium subdivision, this complex is expressed in response to citrate
under anaerobic conditions. Here, we investigated the presence of
the OAD complex in Enterococcus faecalis, a disseminated micro-
organism associated with diverse human activities, from food fer-
mentations to nosocomial infections. We have demonstrated that
the OAD complex is essential for citrate metabolism in E. faecalis,
whereas the activity of the soluble decarboxylase CitM seems ir-
relevant under these conditions (2). Moreover, the expression of
OadA, OadD, and OadH subunits from OAD complex was de-
tected for the first time in a Gram-positive bacterium. These pro-
teins were isolated by affinity chromatography using an avidin
resin, showing that Ef-D is biotinylated in vivo and constitutes a
stable complex with the Ef-A and Ef-H subunits. The Ef~AHD
complex was found in the soluble fraction as well as in the mem-
brane. This suggests that these three subunits are tightly bound
to the membrane but in equilibrium with a soluble subcom-
plex. Remarkably, after solubilization of the membrane, this
tripartite complex is stable enough to be isolated by affinity
chromatography.

Ef-A carboxyltransferase and Ef-D biotin-carrier subunits were
shown to be vital for the conversion of OAA into pyruvate during
citrate fermentation. These subunits are fused in K. pneumoniae
and V. cholerae o subunits, constituting two different domains of
the same protein. This might be a consequence of the evolutionary
process experienced by these proteins, contributing to the associ-
ation of different subunits into one polypeptide, as observed for
other proteins carrying carboxyltransferase and biotin-carrier do-
mains, such as pyruvate carboxylase (19). Interestingly, we have
also identified a novel Ef~H subunit for which no homologues
have been previously described. A clear homology relationship
could be found between carboxyltransferase subunits in different

Applied and Environmental Microbiology

uabuiuolg) jo Ayisiaaiun Ag €102 ‘62 |Udy uo /610 wise wae//:diy wody papeojumoq



----- A A A & & & & o q

ODs00

0 2 46 810121416182022
time (h)

E. faecalis OAD Complex

B7o
6.8
6.6
6.4
6.2
T
ol ¥

5.6

5.4, s

5.2
0.0 05 10 15 20 25 3.0

time (min)

FIG 7 Physiological characterization of oad mutants. (A) Growth curves of wild-type E. faecalis (@) and oadA (B), oadB (V), and oadD (#) derivative strains in
LBC. (B) Cytoplasmic pH variation (pH;,,,) of E. faecalis wild-type and mutant cells in response to citrate. Resting cells were loaded with the BCCEF fluorescent
probe, and a pulse of 2 mM citrate was added at the time indicated by the arrow.

OAD complexes present in LAB (between 73 and 82% identity).
The same correlation is valid for biotin carriers (58 to 74%) and
sodium pumps subunits (77 to 92%). OadH subunits instead
show lower levels of identity to each other (33 to 55%). However,
the oadH gene is conserved in the cit locus of all E. faecalis strains
sequenced to date, in other enterococcal species (E. saccharolyti-
cus, E. gallinarum, E. faecium, E. italicus, and E. casseliflavus), in
other LAB, such as Lactobacillus (L. casei, L. sakei, and L. rhamno-
sus), and in opportunistic pathogens, such as Streptococcus (S. mu-
tans and S. pyogenes). The diminished levels of identity have also
been observed for y subunits in other bacteria (20) and probably
obey the rule that these adapter proteins evolve their sequences in
such a way that they can interact with specific surface regions of
the other subunits in order to keep complex integrity. Consistent
with this hypothesis, specific interactions between Ef-H and Ef-D
were observed (Fig. 4A). Additional information on the interac-
tion between the complex subunits was obtained from OAD ex-
pression in E. coli and subsequent purification by avidin affinity
chromatography, whereby it was seen that the absence of Ef-H
impairs Ef-A isolation, suggesting a role of the former in the sta-
bilization of the Ef~AD complex (Fig. 6A). Therefore, our genetic
and biochemical results indicate that Ef-H fulfills the role of sta-
bilizing the soluble Ef-AD complex and presumably the interac-
tion of Ef~AHD with the membrane.

Another distinctive feature of the enterococcal OAD complex
emerges from the stability analysis with regard to pH (Fig. 5). The
dissociation between o and <y subunits of K. pneumoniae and V.
cholerae complexes was shown previously to be induced by pHs
lower than 6.5. This is presumably due to protonation of histidine
residues (pK, of 6.5) involved in the assembly of these enzymes.
Mutagenesis experiments demonstrated that His,g in K. pneu-
moniae (21) and Hisg, in V. cholerae (20), located in the C-termi-
nal part of the y subunit, are crucial for their interactions with the
o subunit. In contrast, the treatment of Ef~OAD with buffers in
the acidic range did not produce its dissociation; instead, pH val-
ues above 6.0 provoked the release of Ef-A from the complex
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(Fig. 5B). Amino acid residues that become deprotonated at pH
>6.0 seem to be involved in the binding of Ef-A to the other
subunits. Therefore, Ef~OAD integrity might also depend on the
protonation state of histidine residues, since Ef-A dissociation is
induced by pHs in the range of the histidine pK,. Remarkably,
Ef-H interaction with Ef-D does not seem to depend on medium
pH, since it is not dissociated from Ef-D at any of the pHs tested.
Finally, this experiment suggests that the stability of EffOAD as a
function of pH does not correlate with that corresponding to oth-
ers OAD complexes so far studied, suggesting an evolutionary
adaptation of this enzyme to the acidic environments in which
LAB survive.

A previous model for OAD in Streptococcus mutans by Sobczak
and Lolkema (8) proposed a shuttling of the carboxyl-carrier pro-
tein between the carboxyltransferase in the cytoplasm and the so-
dium pump in the membrane. According to our current results, a
new model is presented in which Ef-D shuttles from the cytoplasm
to the membrane, and Ef-A would be aided by the novel Ef-H
subunit, which might be responsible for Ef~AHD interaction with
Ef-B. This soluble subcomplex is capable of decarboxylating OAA
in the cytoplasm but, when coupled to Ef-B, confers an additional
energetic advantage to E. faecalis during growth with citrate. Fur-
ther studies are under way to uncover the basis for such a differ-
ence.
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