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ABSTRACT Recent work has suggested that the chromo-
somally encoded TetA(L) transporter of Bacillus subtilis, for
which no physiological function had been shown earlier, not
only confers resistance to low concentrations of tetracycline
but is also a multifunctional antiporter protein that has
dominant roles in both Na*- and K*-dependent pH homeosta-
sis and in Na* resistance during growth at alkaline pH. To
rigorously test this hypothesis, TetA(L) has been purified with
a hexahistidine tag at its C terminus and reconstituted into
proteoliposomes. The TetA(L)-hexahistidine proteolipo-
somes exhibit high activities of tetracycline—cobalt/H*, Na*t/
H*, and K*/H* antiport in an assay in which an outwardly
directed proton gradient is artificially imposed and solute
uptake is monitored. Tetracycline uptake depends on the
presence of cobalt and vice versa, with the cosubstrates being
transported in a 1:1 ratio. Evidence for the electrogenicity of
both tetracycline—cobalt/H* and Na*/H* antiports is pre-
sented. K* and Li* inhibit Na* uptake, but there is little
cross-inhibition between Na* and tetracycline—cobalt uptake
activities. The results strongly support the conclusion that
TetA(L) is a multifunctional antiporter. They expand the
roster of such porters to encompass one with a complex
organic substrate and monovalent cation substrates that may
have distinct binding domains, and provide the first func-
tional reconstitution of a member of the 14-transmembrane
segment transporter family.

The chromosomally encoded TetA(L) protein of Bacillus
subtilis may be among the progenitors of a major category of
tetracycline (Tc) efflux proteins that accounts for plasmid-
mediated resistance to the antibiotic (1). This protein exhibits
58-81% sequence identity with products of the L and K classes
of tet genes that are widespread in plasmids of Gram-positive
bacteria, including Bacillus species and Staphylococcus aureus
(2-4). The class L and K Tet proteins are predicted to be large
hydrophobic proteins with 14 membrane-spanning segments
(2, 3), as recently documented for a structurally related
transporter (5). The N-terminal part of Tet(L) and Tet(K)
proteins that encompasses the first six putative membrane-
spanning segments also shows strong sequence similarity to
another group of Tet proteins, those produced by tet genes
found in plasmids and transposons of Gram-negative bacteria
(2, 3, 6). Of the several modes that allow bacteria to resist
growth inhibition by Tc, active exclusion of the antibiotic by
Tet proteins is the major one and accounts for the significant
loss of utility for this important class of antibiotics during the
past decade (2, 4, 7). If the details of the efflux mechanism are
elucidated, however, strategies for renewed use of tetracy-
clines, development of more useful analogs, or novel inhibitors
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of the same pumps may emerge. An encouraging example of
such strategies has already been advanced (8). However, work
in this area has been impeded by the unavailability of a
preparation of a purified Tet protein that catalyzes transport
at high specific activity in the absence of other proteins. Here,
we report such a preparation of TetA(L).

Successful reconstitution of this particular Tet protein is of
added interest because of our recent evidence that the B.
subtilis tetA(L) gene has important physiological functions that
are independent of Tc, while it also serves as a natural defense
against low levels of the antibiotic (9, 10). Specifically, TetA(L)
has been proposed to be both a Tc-metal/H* antiporter and
a monovalent cation/H" antiporter, i.e., it can use either Na™
or K* as substrates that exchange with external protons in
addition to using the antibiotic-metal complex. Deletion of
tetA(L) from the B. subtilis chromosome results in a Na*- and
alkali-sensitive phenotype that is accompanied by diminished
capacity for energy-dependent Na™ efflux and almost com-
plete loss of the capacity for Na*- and K*-dependent pH
homeostasis at alkaline pH. The deletion strain is also more
sensitive than wild type to low Tc concentrations (10). En-
hanced activity of membrane-associated Tc—cobalt/H™ anti-
port and Na*/H™ antiport was observed in membrane vesicles
of Escherichia coli that was transformed with a recombinant
plasmid expressing fetA(L) (1, 11). Moreover, TetA(L) is likely
to have an additional, endogenous substrate whose efflux is
necessary for optimal growth even at pH 7.0 in the absence of
added Na™. The fet4 (L) deletion strain of B. subtilis exhibits a
significant growth deficit at pH 7.0 even without added Na™*
and probably would not be viable were it not for a second site
mutation that apparently up-regulates a partially compensa-
tory transporter (10). All the growth and pH homeostasis
phenotypes are complemented by restoration of either fet4 (L)
or plasmid-derived fet(K) (10).

If TetA(L) is indeed a multifunctional transporter with a
variety of important physiological roles, there are implications
with respect to the origins of such antibiotic-resistance deter-
minants as well as with respect to transporter structure and
mechanisms. However, rigorous proof for the multi-substrate
nature of TetA(L) requires demonstration that the purified
protein alone reconstitutes all the activities attributed to it.
This is especially important because of the lack of cross-
inhibition found by Na* of Tc—Co?* transport, and by Tc-Co?*
of Na* transport mediated by TetA(L) in E. coli vesicles (11).
This could reflect rather distinct domains for the alternate
substrates. However, it might instead reflect the fact that
TetA(L) mediates only one of the antiport activities directly
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and enhances the other by indirect stimulation of a distinct
porter. The experiments reported here provide the requisite
demonstration that, in fact, TetA(L) catalyzes both Tc-
Co?"/H™" antiport and Na™(K")/H™ antiport.

MATERIALS AND METHODS

Plasmids, Bacterial Strains, and Growth Conditions. Wild-
type B. subtilis BD99 and mutant strain JC112 [AtetA(L)] (10)
were grown in malate-containing Spizizen salts medium as
described (9). For construction of a fetA(L) derivative that
would encode a product with an added hexahistidine (Hs) tag
at the C-terminal end, the wild-type fez4(L) gene was amplified
by PCR from chromosomal DNA. The two primers used were
TF (5'-GGAGGGGGATCCATGAATACGTCTTATTCAC-
AG) and TR (5’-TTTCACGGATCCAGCCATGTCTCCGC-
GAACG). Both were customized with a BamHI-cut site. The
PCR product was digested with BamHI, gel-purified, and then
inserted into the BamHI site of plasmid pQE12 (Qiagen). The
new construct, pJQ2, with the tet4(L) gene under control of
the TS5 phage promoter of the plasmid was selected. The
expression of the modified tetA4 (L) gene was under the control
of two lac operator sequences. E. coli DH5aMCR (GIBCO/
BRL) was used as the host strain to overexpress the tagged
tetA(L) gene. Before undertaking overexpression and purifi-
cation, growth experiments were conducted that confirmed
that in spite of the plasmid’s apparent toxicity, basal expression
of the modified tetA(L) in pJQ2 conferred enhanced Tc
resistance upon E. coli DH5SaMCR. To minimize the toxicity
of the gene product to the host, plasmid pREP4 (Qiagen),
which contains a laclq gene, was first transformed into the host
bacterium. A transformant into which pJQ2 was then trans-
formed was isolated. The new double transformant was grown
in Luria-Bertani medium at 30°C, with 100 pg/ml ampicillin,
25 ng/ml kanamycin, and 2% glucose.

Overexpression and Purification of TetA(L)-Hg. The E. coli
DH5aMCR transformant with pJQ2 and pREP4 was used for
overexpression. The approach used for both overexpression
and purification was that recommended by Qiagen. An over-
night culture was inoculated by a 1:200 dilution in Luria—
Bertani glucose medium. After growth, at 30°C, to an Agp of
about 0.7, the cells were pelleted by centrifugation and resus-
pended into the same volume of fresh Luria—Bertani medium
containing 2 mM isopropyl-1-B-D-thiogalactopyranoside. The
cells were grown for an additional 2 hr at 30°C and then
harvested by centrifugation. The pellets were kept at —20°C.
Everted membrane vesicles were prepared by passing cells
through a French press as described (12). The membrane
pellets were resuspended in a buffer containing 20% glycerol,
20 mM Tris'HCI (pH 8.0), and 600 mM NacCl, and stored at
—70°C. For extraction, a total of 100 mg of membrane protein
was resuspended in 10 ml of the same buffer with addition of
asolectin (soybean phosphatidylcholine, type II-S, Sigma) and
laurylmaltoside to final concentrations of 0.25 mg/ml and 1%,
respectively. The asolectin was partially purified by acetone/
ether washes as described (13). The mixture was incubated at
4°C with occasional shaking for 1 hr, followed by ultracentrif-
ugation at 150,000 X g for 1 hr. The supernatant was mixed
with 2 ml of TALON metal affinity resin (CLONTECH),
which had been equilibrated with buffer A (20% glycerol/20
mM Tris, pH 8.0/200 mM NaCl/0.25 mg/ml asolectin/0.04%
laurylmaltoside), by gentle mixing at 4°C for 1 hr. The bound
resin was then transferred to a column washed with 40 ml of
buffer A, followed by 20 ml of buffer A containing 2 mM
imidazole. Remaining contaminating proteins and some
TetA(L)-Hgs were eluted with 5 ml of 50 mM imidazole in
buffer A. Highly purified TetA(L)-He¢ could then be eluted
from the column by 100 mM imidazole in buffer A. Purifica-
tion was monitored by SDS/PAGE (10% polyacrylamide gel).
The TetA(L)-Hg protein stained poorly with Coomassie, and
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was routinely visualized by silver staining (14). Correlating
with the poor Coomassie staining was the finding that a micro
Bradford Coomassie G binding assay (15) yielded very low
values of protein when applied to TetA(L)-He. A better
protein estimate that more closely correlated with the intensity
of silver staining observed on gels was obtained by a micro
bicinchoninic acid assay that was carried out according to the
manufacturer’s instructions (Pierce), with BSA as the stan-
dard. The purified protein was dialyzed against a buffer
containing 10% glycerol, 20 mM Tris (pH 8.0), and 0.01%
laurylmaltoside and stored in aliquots at —70°C.

Western Immunoblot Analysis and N-Terminal Amino Acid
Sequence Analysis. Rabbit polyclonal antibodies were raised
against a synthetic peptide corresponding to the first 14 amino
acid residues of TetA(L). Samples of membranes or of purified
protein were electrophoresed on an SDS/10% polyacrylamide
gel (16) and transferred to nitrocellulose membranes (Bio-
Rad). Before electrophoresis, samples were denatured at room
temperature in 50 mM Tris (pH 6.8), 4% SDS, 50 mM DTT,
and 0.01% bromophenol blue. Western blotting was carried
out according to the manufacturer’s instructions except that
BSA was substituted for gelatin. The second antibody was
conjugated to alkaline phosphatase. To determine the N-
terminal sequence of purified TetA(L), the protein was elec-
trophoresed as above and transferred to a poly(vinylidene
difluoride) membrane (Bio-Rad). The first six N-terminal
amino acids of the purified protein were determined to be
SQSTLR, which correspond to amino acid residues 10-15 of
the deduced N-terminal sequence of the tet4(L) gene product.
Missing were four amino acids from the vector and five from
TetA(L) that would have been anticipated to be at the N
terminus of the modified tet4(L) product of the construct used
for expression and purification; this may be a normal process-
ing or a result of the modification and/or heterologous ex-
pression system.

Reconstitution of TetA(L)-Hg into Proteoliposomes. The
protocol for reconstitution followed those developed by others
(17, 18). A 40 mg/ml suspension of the partially purified
asolectin was bath sonicated to near clarity in a buffer con-
taining 100 mM Mops (pH 7.0), 1 mM DTT, and 1.2% octyl
glucoside. Purified TetA(L)-Heg protein (100 ul containing
10-20 ug), to which octyl glucoside was added to a concen-
tration of 1.2%, was mixed with the same volume of asolectin
suspension. After brief sonication, the mixture was diluted
50-fold into loading buffer and mixed by stirring for 20 min at
room temperature. Proteoliposomes were collected by centrif-
ugation at 150,000 X g for 1 hr. The tubes were drained
carefully, and the pellets were resuspended in 100 ul of the
loading buffer.

For uptake assays, the loading buffer consisted of 1 mM
DTT, 150 mM NH4CI, and 15 mM Tris (pH 7.0). A trans-
membrane gradient of pH (ApH), acid in, was generated across
the proteoliposomes upon dilution of 4 ul of the initial
proteoliposome suspension into 500 ul of 150 mM choline
chloride and 15 mM Tris at various pH values. Dilution into
buffer containing 150 mM NH4ClI in place of choline chloride
served as a control in which no ApH was generated except for
an additional component of the ApH that was formed when the
dilution medium was at a higher pH than the intraproteoli-
posomal pH of 7.0. In these instances, an additional control
was conducted in which the dilution was carried out into
ammonium-containing buffer at pH 7.0. For assays of ApH-
driven sodium uptake, 1 mM ??NaCl (4 pCi/pumol; 1 Ci = 37
GBq) was added to the dilution buffer. Assays of 8Rb™ were
conducted identically except that 1 mM KCl was used in the
dilution buffer instead of NaCl and 8Rb™ was added at 15
wCi/ml. For assays of ApH-driven uptake of Tc and Co?*, 50
uM [PH]Tc (20 pCi/pumol) was used together with 100 uM
nonradioactive Co?*, and 100 uM %°CoCl, (40 nCi/umol) was
used together with 50 uM nonradioactive Tc; controls using
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each of the radiolabeled substrates without the cosubstrate
were also conducted.

For assays of sodium efflux in response to a diffusion
potential (positive out), or a ApH (acid out), the proteolipo-
somes were prepared in buffer consisting of 100 mM potassium
acetate, 10 mM choline phosphate (pH 7.0), and 200 uM
sodium phosphate; for assays of cobalt efflux, 100 uM CoCl,
and 50 uM Tc were substituted for the sodium phosphate. For
these assays, the proteoliposomes were loaded with either
22NaCl or %°CoCl, (at 50 uCi/ml) plus 50 uM nonradioactive
Tc for 1 min. During this incubation, valinomycin was present
at a final concentration of 2.5 uM in some samples. The assay
was initiated by diluting 4 ul of proteoliposomes into 500 ul of
10 mM choline phosphate (pH 7.0), 5 uM valinomycin, and
either 100 mM potassium acetate (control in which no gradi-
ents were established), potassium gluconate (ApH), or choline
acetate (diffusion potential).

In both uptake and efflux assays, reactions were stopped by
filtering samples onto 0.22 um pore size GS filters (Millipore)
which were then washed with 4 ml of cold reaction buffer.
Radioactivity of the filters was measured in a scintillation
counter. Numbers presented are the average of at least two
independent experiments and in each experiment the values
were determined in duplicate. For calculations of the rates of
transport, the amount of protein in the proteoliposome prep-
arations was determined by visualizing different volumes of
proteoliposomes on silver-stained gels that also contained a
standard curve of purified TetA(L). The intensity of the bands
was quantitated using IMAGEQUANT software. The protein
content of the everted vesicles used as the starting material was
determined by the method of Lowry and coworkers (19) using
BSA as a standard.

RESULTS

Purification of TetA(L)-Hq Western analyses of everted
membrane vesicles from uninduced, glucose-repressed and
induced transformants of E. coli expressing the modified
tetA(L) gene indicated nearly undetectable levels of the gene
product before induction. Thus while the isopropyl-1-B-D-
thiogalactopyranoside treatment clearly caused a very large
increase in TetA(L)-Hg content of the membranes, this in-
crease could not be accurately quantitated (data not shown).
The purified TetA(L)-Hg preparations showed a single band,
with no major contaminants, on silver-stained SDS/
polyacrylamide gels and upon Western blot analysis (Fig. 1).
The molecular mass for the purified protein was calculated to
be 37.5 kDa, based on mobility in the gels, as compared with
that of 49.9 kDa calculated from the deduced sequence of the
modified TetA(L).

Activities of TetA(L)-Hs in Proteoliposomes. Preliminary
assays of Na* uptake and of Tc uptake in the presence of
cobalt were conducted in proteoliposomes that were energized
by generation of an outwardly directed gradient of protons
using the ammonium-loading strategy described in Materials
and Methods. In the initial experiments, energization by im-
position of this gradient was compared at various pH values.
Although the data are not shown, Tc uptake by the proteoli-
posomes was optimal when the dilution buffer was at pH 7.5,
whereas Na* uptake was optimal when the dilution buffer was
at pH 8.5. As shown in Fig. 2, establishment of an outwardly
directed gradient of protons by dilution of the proteoliposomes
into ammonium-free dilution buffers at those pH values
resulted in rapid uptake of both Tc and Na*. Because part of
the driving force was in the form of a pH shift, resulting from
the use of a dilution buffer that was more alkaline than the
loading buffer, some uptake was observed even when the
dilution buffer contained ammonium; although not shown, no
uptake of either substrate occurred over time when the
dilution buffer contained ammonium and was at pH 7.0. For
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Fic. 1. Electrophoretic characterization of TetA(L)-Hg purified
from E. coli expressing a modified B. subtilis tetA(L) gene on a
multicopy plasmid. Purified TetA(L)-Hg (1 pg) next to empty lanes
containing no protein. After electrophoresis, the sample was silver-
stained (Right) or transferred and analyzed for cross-reaction with
antibody raised against a synthetic peptide corresponding to the
N-terminal 14 amino acids of TetA(L) (Left); although not shown,
preimmune rabbit serum showed no cross-reaction. The arrowhead
indicates the position of TetA(L)-Hg. A higher set of bands found in
both lanes of the silver-stained gel is most likely a staining artifact.

Tc uptake, the highest specific activity of the proteoliposomes
was 222 umol/min/mg of protein, and for Na* uptake, it was
114 pmol/min/mg of protein. The turnover number of the
most active TetA(L) preparation was about 11,100 per min for
Tc and 5,700 per min for Na* in the solute uptake direction;
it is likely that transmembrane potential-driven efflux would
yield even higher values, as observed for the E. coli nhaA
antiporter product (20), but those initial rates were too fast to
determine accurately (see below). Importantly, there was
again little cross-inhibition between the alternate substrates,
especially in the early time points. Tc uptake in the presence
of cobalt was not dramatically inhibited by Na*, and Na*
uptake was not initially inhibited much by Tc—cobalt. As shown
in Table 1, the energy-dependent Na* uptake by the proteo-
liposomes was more markedly inhibited by the presence of
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FiG. 2. Uptake of Tc and Na™ into TetA(L)-Hg proteoliposomes
upon imposition of an outwardly directed proton gradient. The
proteoliposomes were loaded at pH 7.0 with 100 mM NH4Cl and then
diluted into the following: (Left) ammonium-free buffer at pH 7.5
containing 50 pM [*H]Tc and 100 uM CoCl, (m) alone or also
containing either 10 mM NaCl (®) or 100 mM NH4Cl (O); (Right)
ammonium-free buffer at pH 8.5 containing 1 mM ?>Na* alone (m) or
also containing either 50 uM Tc plus 100 uM CoCl; (®) or 100 mM
NH,4CI (O). Samples were filtered at intervals and analyzed as de-
scribed in Materials and Methods.
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Table 1. Uptake of 22Na* and 8°Rb* upon imposition of an
inwardly directed pH gradient across TetA(L) proteoliposomes,
and cross-inhibition by monovalent cations

% inhibition by

Cation Uptake,* wmol/mg

solute of protein at 1 min Na* Li+* K*
22Na™ 20.5 — 73 83
86Rb* 18.4 93 ND —

ND, Not determined.

*TetA(L) proteoliposomes were prepared and loaded with NH4Cl as
described in Materials and Methods. Uptake was initiated by dilution
into ammonium-free buffer containing either 1 mM 22Na* or 1 mM
86Rb* (K™) plus no added cations, 10 mM LiCl, 100 mM KCl, or 100
mM NaCl, as indicated. Samples were filtered at intervals. The
amount of uptake of the radiolabeled cation in the absence of
inhibitors was calculated from the 1-min point.

either Li* or K*, and the proteoliposomes took up Rb* at
approximately the same rate as that of Na*. The finding of
TetA(L)-mediated, proton-driven antiport of both Na™ and
Rb™, the latter being taken as a reporter of some K* flux
pathways, was consistent with the earlier indications of
TetA(L)’s important involvement in both Na*- and K*-
dependent pH homeostasis upon an alkaline shift (10).
Consistent with the calculations of Yamaguchi and col-
leagues (21) for the TetA(B) protein assayed in membrane
vesicles, the Tc/cobalt ratio was 1:1 in experiments in which
Tc-cobalt was the substrate with either uptake of [*H]Tc or
%0Co?* being monitored (Fig. 3). No uptake of labeled Tc
occurred in the absence of cobalt, and no uptake of labeled
cobalt occurred in the absence of Tc (Fig. 3); monovalent

Tc: Co
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[BH]Tetracycline or 6°Co* uptake
(umoles/mg protein)

O L
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Fi6.3. Uptake of Tc and cobalt into TetA(L)-Hg proteoliposomes
upon imposition of an outwardly directed proton gradient. The
proteoliposomes were loaded with NH4Cl at pH 7.0 as described in
Materials and Methods and were diluted into ammonium-free buffer at
pH 7.5 containing 50 uM [*H]Tc and 100 pM nonradioactive CoCl,
(®); 50 uM nonradioactive Tc and 100 uM °CoCl, (m); 50 uM [3H]Tc
alone (0); or 100 pM CoCl, alone (O). Samples were filtered at
intervals and processed as described in the text. The numbers at the
top of the figure indicate the Tc/Co ratios calculated from total
accumulation at the points shown by the lines.
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FiG. 4. Efflux of ®*Co?* in the presence of Tc or of ?2Na™ from
preloaded TetA(L)-Hs proteoliposomes upon imposition of either an
inwardly directed proton gradient or a diffusion potential, outside
positive. Proteoliposomes were loaded with 100 mM potassium acetate
and either 100 uM %°Co?* plus 50 uM nonradioactive Tc (4) or 1 mM
22Na™ (B). During the loading, 2.5 uM valinomycin was also present
in all but the control sample with no valinomycin (0J). The experiment
was initiated by the dilution of the appropriately loaded proteolipo-
somes into buffers at pH 7.0 and containing 5 uM valinomycin and 100
mM potassium acetate (mw), potassium gluconate (A), or choline
acetate (@). The control with no valinomycin was diluted into buffer
lacking valinomycin and containing 100 mM potassium acetate.

cations could not substitute for cobalt in support of Tc uptake
(data not shown).

The earlier experiments in which TetA(L)-dependent Tc
and Na* uptake had been measured in everted E. coli vesicles
indicated that both antiports were electrogenic (11), in con-
trast to findings by others with the Gram-negative TetA(B)
(22). Both TetA(L)-mediated antiports in vesicles were unin-
hibited by abolition of the ApH by nigericin. This treatment
would have left only the transmembrane electrical component
of the respiration-derived gradient, a driving component that
would not energize an electroneutral flux (11). As shown in
Fig. 4 and consistent with the vesicle experiments, efflux of
cobalt, in the presence of Tc or of Na*, from preloaded
proteoliposomes could be energized by imposition of either a
ApH, acid out, or a transmembrane electrical potential, pos-
itive out, with the latter being somewhat more efficacious.

DISCUSSION

Successful reconstitution of purified TetA(L) has provided
compelling evidence in support of the hypothesis that this
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protein is a multifunctional antiporter that catalyzes Tc-
metal/H* antiport, Na*/H* antiport, and K*/H* antiport.
The domains that form the binding sites for the antibiotic—
divalent metal complex and for the monovalent cation sub-
strates may be distinct, given the cross-inhibition among
monovalent cations but the low level of cross-inhibition seen
between monovalent cations and Tc—cobalt transport and vice
versa. In fact, the latter cross-inhibitions were very low or zero
at early time points. At later time points, modest cross-
inhibition may reflect competition for the same driving force
rather than for sites or translocation pathways on TetA(L). In
the vesicle experiments in which no cross-competition was
observed between the two types of substrates, the electro-
chemical proton gradient was being actively generated by
respiration throughout the assay (11). The economy of using
the same transporter for diverse physiological functions such as
resistance to exogenous antibiotics and for Na*-resistance and
Na*(K*)-dependent pH homeostasis in the alkaline range of
pH would be preserved without competitive cross-inhibition.
Tc is most toxic at pH values near or below neutral, where the
inwardly directed proton gradient provides the driving force
for noncarrier-mediated accumulation of the neutral, proto-
nated Tc (23). At higher pH values of growth, less Tc would
enter even when it was present in the environment; TetA(L)
would be used more heavily, on the other hand, for its
monovalent cation/H™ antiport activities, which include pH
homeostasis under those conditions and the exclusion of Na™,
which is more cytotoxic as the growth pH is raised (24, 25). Use
of a monovalent cation/H* antiporter to catalyze net proton
accumulation during respiration at high pH would require an
electrogenic antiporter that functioned with a H* /Na* or K*
ratio greater than unity. The data presented here support the
electrogenicity of both the Tc-metal/H* and Na*™/H™ anti-
port activities, similar to observations with the Na*/H™ ratio
of the E. coli Nha proteins (18, 26) and in contrast to data for
TetA(B) (22). On the other hand, as for TetA(B) (21), the
apparent Tc/cobalt ratio for that solute complex was 1:1 for
TetA(L).

This is the first preparation of a purified Tet protein that
reconstitutes Tc—metal transport when present as the sole
protein in proteoliposomes. It is also the first successful
reconstitution among the family of 14-transmembrane seg-
ment, drug-resistance antiporters. Two other purified prepa-
rations of Tet proteins, both of the Gram-negative TetA(B)
version, have been described (27, 28), but the only reported
reconstitution of Tc transport activity necessitated the co-
reconstitution of an F;Fy—ATPase complex to effect successful
energization (28). That co-reconstituted TetA(B) preparation
had modest activity compared with the activity assayed in
membrane vesicles. In contrast, the turnover numbers calcu-
lated for TetA(L)-Hg in proteoliposomes fall in the same
extraordinarily high range as those observed for the NhaA and
NhaB proteins from E. coli (18, 20). The specific activities for
Tc—cobalt transport and for Na* transport were also much
higher than that observed in membrane vesicles, by orders of
magnitude. It was not possible to precisely assess the relative
contributions of overexpression and purification since the
vesicles from cells in which fet4(L) overexpression is induced
are leaky to ions; however, both contributions were large.
Perhaps, the specifics of the reconstitution (e.g., protein/lipid
ratio) and lipid purification procedures used in the current
study account for the high activity of TetA(L)-Hs in the
proteoliposomes. However, it is also possible that for unknown
and unanticipated reasons, the packing properties of the larger
TetA(L)-Hg protein in the commercial lipids used creates a
less leaky preparation than that created with the smaller
TetA(B) protein. In natural membranes, even TetA(L) is
found to make the membranes leaky, as indicated by the
toxicity of this protein when overexpressed just modestly.
The enhanced leak of Tc may partially explain why the
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resistance conferred by a protein with such high in vitro
activity represents only a several-fold increase in the mini-
mum inhibitory concentration.

Tc efflux pumps had been thought to originate largely in
antibiotic-producing organisms in concert with the develop-
ment of the synthetic mechanism for the antibiotic (29, 30).
The findings of major physiological roles and associated reg-
ulatory features for the chromosomally encoded TetA(L) of B.
subtilis support the view that this particular family of proteins
may have emerged in soil bacteria that are the natural targets
rather than producers of Tc (1, 10). A model has been
advanced for the advantage that may have been inherent in the
use of a monovalent cation/H™ antiporter for the additional
function of Tc—metal efflux (1). Refinement of the model may
result from the further clarification of the roles of TetA(L) that
a functional, purified assay system will facilitate. For example,
there is probably an as yet unknown endogenous substrate for
TetA(L) that accounts for the phenotype of the tetA(L)
deletion strain at pH 7.0 (10). This substrate might be an
antibiotic, cell wall layer component or siderophore that B.
subtilis produces and must export for it to be useful and
nontoxic to the producer. Preliminary data suggest that this
substrate uses the divalent cation-complexed pathway, since
the fetA(L) deletion strain is more sensitive to growth inhibi-
tion by cobalt than the wild type is even in the absence of Tc
(A. A. Guffanti, unpublished data). The endogenous substrate
may be an additional factor, together with inward leak of Tc,
that reduces the apparent efficacy of TetA(L) in vivo. Perhaps
this apparent inefficacy relative to in vitro preparations results
from competitive inhibition by the endogenous substrate.
Presumably, an endogenous substrate that is coeffluxed with
Co?* by TetA(L) could be assayed by its ability to promote
energy-dependent cobalt uptake in TetA(L) proteoliposomes.
More complete information about the multiple roles of anti-
biotic efflux proteins is important because plausible models of
the origins of antibiotic-resistance genes inform our under-
standing of the proliferation of such genes and our evaluation
of means to limit that proliferation.
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