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The Tet(L) protein encoded in the Bacillus subtilis chromosome and the closely related Tet(K) protein from
Staphylococcus aureus plasmids are multifunctional antiporters that have three cytoplasmic efflux substrates:
a tetracycline-divalent metal (TC-Me**) complex that bears a net single positive charge, Na*, and K*. Tet(L)
and Tet(K) had been shown to couple efflux of each of these substrates to influx of H* as the coupling ion. In
this study, competitive cross-inhibition between K* and other cytoplasmic efflux substrates was demonstrated.
Tet(L) and Tet(K) had also been shown to use K* as an alternate coupling ion in support of Na™ or K* efflux.
Here they were shown to couple TC-Me>* efflux to K* uptake as well, exhibiting greater use of K* as a coupling
ion as the external pH increased. The substrate and coupling ion preferences of the two Tet proteins differed,
especially in the higher preference of Tet(K) than Tet(L) for K*, both as a cytoplasmic efflux substrate and as
an external coupling ion. Site-directed mutagenesis was employed to test the hypothesis that some feature of
the putative “antiporter motif,” motif C, of Tet proteins would be involved in these characteristic preferences.
Mutation of the A157 in Tet(L) to a hydroxyamino acid resulted in a more Tet(K)-like K* preference both as
coupling ion and efflux substrate. A reciprocal S157A mutant of Tet(K) exhibited reduced K* preference.
Competitive inhibition among substrates and the parallel effects of the single mutation upon K* preference,
as both an efflux substrate and coupling ion, are compatible with a model in which a single translocation
pathway through the Tet(L) and Tet(K) transporters is used both for the cytoplasmic efflux substrates and for
the coupling ions, in an alternating fashion. However, the effects of the A157 and other mutations of Tet(L)
indicate that even if there are a shared binding site and translocation pathway, some elements of that pathway

are used by all substrates and others are important only for particular substrates.

The chromosomal fet(L) locus of Bacillus subtilis and the
closely related fet(K) gene, which is predominantly found in
plasmids of Bacillus species and of Staphylococcus aureus, en-
code proteins that confer resistance (Tc") to tetracycline (TC)
(35). Like other Tet efflux proteins, they catalyze efflux of a
TC-divalent metal ion complex bearing a net single positive
charge in exchange for protons, i.e., TC-Me®*/H™ antiport
(mode 1) (17, 30, 50). Studies in our laboratory have shown
that Tet(L) and Tet(K) are multifunctional antiporters that
have additional catalytic modes (3-5, 17, 18, 30). First, they
exhibit a monovalent cation (Na* or K*)/H" antiport mode
(mode 2), with either Na™ or K™ serving as the cytoplasmic
efflux substrate instead of the TC-Me** complex (5, 17, 18). In
B. subtilis, this antiporter mode plays a physiological role in
Na™ resistance and pH homeostasis (4, 30). We will use the
term “efflux substrate” to denote TC-Me?*, Na*, or K™ that
effluxes from the cytoplasmic side of the membrane, although,
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in experiments that use everted membrane preparations, the
efflux substrate will actually be taken up from the extravesicu-
lar space. The monovalent cation/H™" antiport mode of Tet(L)
(mode 2) exhibits apparent differences from Tet(K) in Na™
versus K™ affinity. The exclusion of Na™* by Tet(L), expressed
in multicopy in a B. subtilis tet(L) deletion strain, was not
greatly reduced by the presence of high [K*], whereas Na™
exclusion by Tet(K) was nearly abolished. This suggested that
Tet(K) has a greater preference for K* as a cytoplasmic efflux
substrate, relative to Na™, than does Tet(L) (4, 30). The other
Tet(L) and Tet(K) catalytic mode is an antiport mode in which
Na™ or K" efflux is coupled to entry of K as a coupling ion
instead of to H" (mode 3) (18, 30). The antiport reactions
catalyzed by Tet(L) and Tet(K) are apparently electrogenic:
e.g., H" or K* transported inward >TC-Me*" or Na* or K*
transported outward (17, 18). Therefore, there is net uptake of
K™ when it serves as the external coupling ion even when it is
also the cytoplasmic efflux substrate (18). We will use the term
“coupling ion” to denote the H" or K* that moves inward
across the external face of the membrane into the cytoplasmic
side in exchange for an efflux substrate. Tet(K) exhibits more
robust K™ transport than Tet(L) in the K™ uptake mode, as
monitored by ®*Rb™* uptake (18). Thus, the capacity to use K*
as a coupling ion mirrors the profiles of Tet(K) and Tet(L)
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FIG. 1. The motif C regions of Tet(L) and Tet(K). The motif C (41) consensus sequence is shown in alignment with the sequences in the
B. subtilis chromosomally encoded Tet(L) and Tet(K) regions. (A) Topological model of the whole Tet(L) protein, based on the data for
Tet(K) (12, 22), with TMS V indicated by the rectangle and the position of motif C shaded in gray. (B) Alignment of the Tet(L) and Tet(K) motif
C. (C) The motif C regions of Tet(L) and Tet(K), showing the site-directed mutants constructed and characterized in this study.

with respect to Na™ and K" preferences as a cytoplasmic
substrate for efflux. The K* uptake mode of Tet(L), mode 3,
apparently has physiological importance as part of the capacity
for K* acquisition in B. subtilis (27, 30, 48).

The present study focused on three questions raised by the
finding that K* can serve as both an efflux substrate and as a
coupling ion and that closely related Tet efflux proteins have
different efficacy in catalyzing these fluxes of K*. First, we
sought to examine whether K™ can be used as a coupling ion
when TC-Me?" is the efflux substrate just as it can when one of
the monovalent cation substrates, Na™ or K, is effluxed (18).
If so, it was of interest to test the pH dependence of K*-8Rb™
uptake in exchange for TC-Me?*: i.e., whether it indicated that
K™ competes with H" as a coupling ion, especially at high pH.
Replacement of H* by K" as a coupling ion for TC-Me*"
efflux at high pH could offer a benefit similar to that noted in
connection with coupling antibiotic efflux to Na™ uptake in the
alkaline environment of marine Vibrio parahaemolyticus (2,
37).

The second issue that is examined here was whether the
earlier failure to observe cross-inhibition between TC-Me**
and Na™ as efflux substrates (17) was reflective of distinct
domains for the different substrates, as has been found for
substrates of several (multi)drug efflux proteins (32, 36, 43, 52).
As the importance of K* as a substrate of Tet(L) and Tet(K)

became evident, we wondered whether it was possible that
there was a methodological rather than intrinsic basis for the
earlier absence of TC-Me?" versus monovalent cation sub-
strate cross-inhibition in vesicle assays. In particular, since the
standard assay buffer used for those assays of Tet(L) and
Tet(K) activities was a potassium phosphate buffer, we sought
to examine whether cross-inhibition among efflux substrates
would be observed if an assay buffer without added K* was
employed.

The third issue of interest was whether we could take ad-
vantage of the capacity of Tet(L) and Tet(K) to use °Rb*-K*
as a coupling ion to begin to probe the basis for the difference
in K* preference between these closely related transporters.
We pursued the hypothesis that a difference in motif C of
Tet(L) and Tet(K) might be an important factor in their dif-
ferent substrate preferences. Motif C is located in the periplas-
mic end of transmembrane segment (TMS) V in both the 12-
and 14-TMS Tet proteins (12, 41) (Fig. 1). It includes an
essential glutamate residue (E152) in Tet(L) and Tet(K) (11,
27) and the consensus sequence GX;GX;GPX,GG. This con-
sensus sequence is associated with antiporters, as opposed to
symporters or uniporters; thus, motif C was hypothesized by
others to be involved in the specific translocation mechanism
of antiporters (24, 47).
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MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Escherichia coli DH5«
(Gibco-BRL) was used for the preparation of everted vesicles and measurements
of Tc" and transport. E. coli IM109 was used for M13 phage DNA manipulation,
and strain CJ236 was used for preparation of uracil-containing single-stranded
M13 phage DNA templates for site-directed mutagenesis (31). E. coli NM81, an
Na™-sensitive strain with a deletion in nhaA (39), was used for measurements of
Na™ transport. E. coli TK2420, with mutations in three K" uptake systems (9,
10), was used for measurements of complementation for growth on low [K™] and
for 8°Rb ™ transport experiments. E. coli strains were usually grown, with shaking,
at 37°C in Luria broth (LBK) in which the NaCl was replaced by KCI (14). In
some experiments, NaCl was added back at the concentrations indicated. For
complementation experiments, E. coli TK2420 was grown in a defined medium
(9) to which various concentrations of KCl were added. B. subtilis strain AG112
was prepared from the tet(L) deletion strain JC112 by replacing the chloram-
phenicol resistance cassette that disrupts the fet(L) locus in that strain (4) with a
spectinomycin resistance cassette. B. subtilis strains were grown with shaking at
30°Cin either TKM or TTM medium (4).The semidefined TKM and TTM media
are, respectively, K*-replete and low K* Tris-based malate-containing media to
which no Na™ is added unless indicated for specific experiments. The plasmid
used in the studies of Na* resistance and transport was pGEM3Zf(+) (Pro-
mega), in which modest expression of fet genes occurred when they were cloned
under control of the T7 promoter and studied in bacterial strains lacking T7
polymerase; those levels of expression were optimal for the Na*-related assays.
For studies of Tc- and K*-related phenotypes and transport, the shuttle vector
pBK15 (obtained from K. Zen) was used. The fet genes were cloned under the
control of the ermC promoter of the vector. Basal levels of expression from this
promoter yielded higher expression of tet genes than that obtained in the
pGEM3Zf(+) constructs.

Construction and cloning of site-directed mutants. A 1.4-kb DNA fragment
encompassing tet(L) was amplified from wild-type B. subtilis BD99 (obtained
from A. Garro) chromosomal DNA by PCR with primers 5'-GGAATTCCATA
TGAATACGTCTATATCACAG-3" and 5'-CCCGGATCCTTTCACTCATTT
A-3" and cloned into the bacteriophage vector M13mp19 via BamHI and EcoRI
sites. The sequence of the wild-type fet(L) open reading frame (ORF) was
confirmed. Then the phage DNA was used as the template for site-directed
mutagenesis according to the method of Kunkel et al. (31). The following are the
oligonucleotides used to generate the indicated fet(L) mutants (lowercase un-
derlined letters represent new codons introduced by site-directed mutagenesis):
5'-GAAGGTGTTGGGCCA(a/t)ceATTGGCGGAATGGTT-3' for A157T/S,
5'-GAAGGTGTTGGGCCAL(g/a)tATTGGCGGAATGGTT-3' for A157C/Y,
and 5'-GAAGGTGTTGGGCCAtATTGGCGGAATGGTT-3" for A157L.
The whole fet(L) ORF was then cloned into vectors pBK15 and pGEM3Zf(+)
via BamHI and EcoRI sites. For construction of an S157A mutant of fet(K), a
1.4-kb fragment encompassing the fet(K) gene was amplified from plasmid pT181
(obtained from R. Novick) by PCR with the following primers: 5'-GGGAATT
CCATATGTTTAGTTTATATAAAAAATTT-3' and 5'-CCCGGATCCCTAT
TCAAACTGCTTTTCA-3'. This fragment was cloned into M13mp19, followed
by the same steps described above. The oligonucleotide used for the mutagenesis
was 5'-GAAGGGTTAGGTCCTgcaATAGGGGGAATAATA-3'. All new con-
structs were verified by sequence analysis of the whole fef(L) ORF. The sequenc-
ing was performed by the Utah State Biotechnology Center (Logan, Utah) with
an ABI-100 model 377 Sequencer.

Complementation and Tc" conferred upon E. coli strains. For assays of Tc", 10
wl of stationary-phase cultures of the E. coli DH5« transformants with various fet
genes expressed from pBK15 was inoculated into 2 ml of LBK medium contain-
ing a TC concentration of 0, 2, 4, 8, 10, 12, 16, or 32 pg/ml. The data for growth
(Ag00) at 15 h were plotted for determinations of the MIC (26). For assays of
complementation of the K™ uptake defect of E. coli TK2420, 10 .l of a station-
ary-phase culture was inoculated into defined medium (9) containing KCI con-
centrations from 5 to 25 mM. For both assays, the Ay, was recorded after
incubation at 37°C for 15 h. All assays were carried out in duplicate in at least two
independent experiments.

Preparation of membrane vesicles. Everted membrane vesicles of E. coli
strains were prepared as described previously (17), except that the buffer was 10
mM bis-[tris(hydroxymethyl)methylamino]-propane (BTP) (pH 7.5). Dithiothre-
itol was added, to 5 mM, in all steps of the preparation, but the final pellet was
suspended in BTP without the sulfhydryl reagent. For assays of **Rb* uptake,
right-side-out (RSO) vesicles of E. coli TK2420 were prepared by the method of
Kaback (28) and preloaded as previously described (18).

Western analyses of membranes from E. coli transformants. Membrane prep-
arations (50 pg of protein) from E. coli DH5a cells harboring plasmids express-
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ing wild-type or mutant fet genes were loaded for sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis and transferred to a nitrocellulose membrane.
Western analyses of preparations from strains expressing various forms of tet(L)
were carried out with an antibody raised against a synthetic peptide correspond-
ing to the N terminus of Tet(L) (5) and developed by the enhanced chemilumi-
nescence method (ECL kit; Amersham). Western analyses of strains expressing
forms of fet(K) were analyzed with a new antibody prepared as described for the
earlier one (5), but raised against a synthetic peptide that corresponded to the 19
residues at the N terminus of Tet(K). The signals were quantified by using
ImageQuant software (Molecular Dynamics).

Transport assays. (i) Assays of Tet-dependent downhill TC-Co** efflux from
RSO vesicles in exchange for K* (mode 3). For assays of net °Rb*-K* uptake
driven by an outwardly directed gradient of TC-Co**, RSO vesicles from E. coli
TK2420 transformants were passively loaded at 4 C for 15 h with 5 mM TC and
5 mM CoCl, or with 5 mM choline Cl (control) in Tris buffer at pH 7.5. Uptake
was initiated by diluting 10 pl of these vesicles into 1 ml of 10 mM Tris-HCI, at
the pH values indicated, containing 100 uM *Rb"-KCl. For assays of [*H]TC
efflux, at elevated pH in the presence or absence of K*, the same preparations
of RSO vesicles were passively loaded at pH 7.5 with 100 uM [*H]TC and 200
M CoCl,. Efflux was initiated by diluting 10 wl of these vesicles into 10 mM
Tris-HCl at pH 8.3 in the presence or absence of 1 mM KCI. The binding controls
for the RSO vesicle assays of **Rb* uptake were reactions that were carried out
in the presence of 2% (wt/vol) toluene. Controls assessing active transport of
either TC or Co>" alone, in the absence of the other, are not shown, but were
consistently negative.

(ii) TC- and energy (p-lactate)-dependent uptake of cytoplasmic efflux sub-
strates in everted membrane vesicles (modes 1 and 2). Energy-dependent
[PH]TC, **Na”, and *Rb*-K™ transport as efflux substrates were assayed in
everted vesicles of E. coli DH5«, E. coli NM81, and E. coli TK2420 transfor-
mants, respectively. The substrate concentrations were varied for kinetic exper-
iments, as indicated. For characterization of mutant transporters, the efflux
substrate concentrations used were: for TC transport, 25 uM [*H]TC plus 100
uM CoCly; for Na* transport, 10 mM ?Na*; and for K* transport, 10 mM
86Rb*-K*. In all experiments in which mixtures of TC and Co>* were used, the
substrate is designated TC-Co®" to represent the antibiotic-divalent cation com-
plex. Similarly, in experiments in which mixtures of °Rb and K* were added as
either the efflux substrate or the coupling ion (see below), the designation
86Rb*-K* (or —KCl) is used to designate the mix used in the assay. The BTP
buffer was at pH 7.5, and the electron donor was 2.5 mM Tris-p-lactate. Controls
were reactions conducted without p-lactate addition and one in which both
p-lactate and the uncoupler carbonyl cyanide-m-chlorophenylhydrazone (CCCP)
(to a final concentration of 10 uM) were added. Substrate binding under the
latter condition was subtracted from the values obtained in the presence of
D-lactate.

(iii) Assays of TC- and energy (p-lactate)-dependent net uptake of °Rb™, as
an assay of the net K* uptake mode when K* is serving as the coupling ion
(mode 3). Assays of net °Rb*-K™ uptake were performed as described previ-
ously (18); RSO vesicles were preloaded with either choline (control) or K™ at
100 pM and diluted into buffer containing the same **Rb*-KCl concentration.
Uptake of °Rb™, dependent upon the electron donor (10 mM Tris-p-lactate),
was measured. The choline control is particularly important for this assay, be-
cause it distinguishes a K* leak through the transporter from net K* uptake that
is an antiporter function. A leak would be stimulated by p-lactate-dependent
establishment of a transmembrane potential, but would be observed in vesicles
that were loaded with choline instead of one of the efflux substrates of Tet(L)
and Tet(K). K* uptake as part of antiport would depend upon a frans efflux
substrate. Such dependence was observed with every Tet protein used in this
study. For all assays of transport, samples were taken at various time points,
filtered on HAWP 02500 filters and GSWP 02500 filters (Millipore) for RSO and
everted vesicle experiments, respectively. The filters were washed with reaction
buffer and then dried; the radioactivity was counted by liquid scintillation spec-
trometry. All experiments shown in the figures represent the means of more than
two experiments, with duplicate samples, with each of two independent vesicle
preparations.

Na™ exclusion and K* complementation assays in B. subtilis transformants.
Na* exclusion experiments were conducted with cells of B. subtilis AG112
[Atet(L)] harboring pBK15 or recombinant pBK15 expressing wild-type fet(L) or
tet(K) or the A157T mutant tet(L). The cells were grown for 15 h in TTM or
TKM medium at pH 8.3 in the presence of 100 mM NaCl labeled with 2*Na™
(0.01 wCi/ml). The concentration of cytoplasmic Na™ was determined, as previ-
ously described (4), in a variation of the method of Harel-Bronstein et al. (20).
Samples (5 ml of culture) were vacuum filtered onto 25-mm-diameter discs of
Whatman GFF paper, washed with 10 ml of 100 mM Tris (pH 8.3) buffer, dried,
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FIG. 2. Capacity of Tet(L) and Tet(K) to support **Rb™ uptake by
RSO vesicles of E. coli TK2420 upon generation of an outwardly
directed gradient of TC-Co®". The assay, conducted as described in
Materials and Methods, was initiated by dilution of RSO vesicles that
were preloaded with TC-Co?* at pH 7.5 into buffers at the pH values
indicated. Control experiments were conducted with vesicles that were
incubated at pH 7.5, but not loaded with TC-Co** prior to dilution.
These controls did not exhibit accumulation observed in the TC-Co?* -
preloaded vesicles, as is shown for the control from the pH 8.3 exper-
iment (A). Toluene-treated vesicles were used as the binding control
for this experiment.

and counted by liquid scintillation spectrometry. Parallel binding controls were
conducted on cell samples in the presence of 10 uM gramicidin plus 2% butanol.
After subtraction of the binding control, the cytoplasmic *?Na* concentration
per mg of cell protein was calculated. The molar concentration of Na* was
calculated with a cell water volume of 5 wl/mg of protein. The amounts of cell
protein in these experiments and of vesicle protein in the experiments described
above were determined by the method of Lowry et al. (33).

Complementation experiments were conducted with the same transformants
to ascertain the comparative capacities of wild-type Tet(K) and the A157T
mutant of Tet(L) to the previously determined ability of Tet(L) to complement
the K* acquisition deficit of the fer(L) deletion strain (48). Cells were grown on
TTM medium prepared with a final concentration of 0.5 mM added K*. After
8 h, the A4, was read as described elsewhere (48).

RESULTS

Demonstration of TC-Co**/**Rb*-K™* antiport, expanding
mode 3 to all three efflux substrates. Assays were conducted to
test whether K* can serve as a coupling ion when TC-Co*" is
the efflux substrate. As shown in Fig. 2, an outwardly-directed
TC-Co?* gradient in preloaded RSO vesicles energized **Rb™
accumulation in a highly pH-dependent fashion, with greater
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FIG. 3. Effect of K" on the rate of Tet(L)- or Tet(K)-mediated
[PH]TC efflux from RSO vesicles of E. coli TK2420. The experimental
preparations were similar to those used in the experiments depicted in
Fig. 2, except that the extravesicular pH was 8.3, the intravesicular TC
was tritiated and at a somewhat lower concentration, and, when
present at 1 mM in the outside buffer (right panel), nonradioactive KCI
alone rather than an 3°Rb*-KCl mix was added as a coupling ion.

86Rb* uptake as the external pH increased. This uptake was
more robust in Tet(K) vesicles than in Tet(L) vesicles. We then
examined directly whether, at high pH, the presence of K* as
a coupling ion in the extravesicular buffer enhanced the capac-
ity for TC exclusion in comparable preparations. The concen-
tration of [*’H]TC used for preloading the efflux substrate into
the cytoplasmic side of the RSO vesicles (the intravesicular
space) was reduced relative to the previous experiment in
order to achieve a sufficiently high specific radioactivity, and
K™ rather than a ®*Rb"-K* mix was used on the external
(coupling ion) side in the +K™ reactions. As shown in Fig. 3,
the rate of efflux from Tet(L)- or Tet(K)-containing vesicles
was significantly higher than that in control vesicles. A some-
what faster rate for Tet(K) relative to Tet(L) was observed in
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TABLE 1. Kinetic parameters for Tet(L) and Tet(K)-mediated
fluxes of **Na*, **Rb"-K*, and [*H|TC as cytoplasmic
efflux substrates

K, of substrate”:

m

Protein

[FH]TC (pM) 22Na™ (mM) 36RbT-K* (mM)
Tet(L) 75 %25 203 56 =4
Tet(K) 14 +£3 33+2 15+2

“The values are the averages of at least six separate determinations * stan-
dard deviation.

the absence of added K* (Fig. 3, left panel) even at the lower
[TC] used in this experiment relative to that depicted in Fig. 2.
For example, at 5 s, 39% efflux of [*’H|TC had occurred from
Tet(K) vesicles compared to 30% from Tet(L) vesicles (Fig. 3,
left). The presence of K™ on the extravesicular side was ac-
companied by an increase in [°’H]TC efflux (Fig. 3, right panel).
The ratio of the percent [*'H|TC efflux at 5 s in the +K* versus
—K™" condition was similar, at 1.8 and 1.7 for Tet(K) and
Tet(L) vesicles, respectively. Thus, TC-Co**-dependent K*
flux (Fig. 2) and K*-dependent increases in TC-Co** flux (Fig.
3) were both demonstrable.

Assays of kinetic properties of the (TC-Me>*)(Na™)(K*)/H*
antiports (modes 1 and 2) of wild-type Tet(L) and Tet(K).
Assays of cross-inhibition among cytoplasmic efflux substrates
were conducted with BTP-buffered assay mixes, as described
in Materials and Methods, in view of the possibility that the
K*-replete buffers that are routinely used for assays of Tet
proteins might have been a complicating factor in earlier ex-
periments (17). The high [K*] might also have affected the K,
determinations for TC as an efflux substrate in earlier studies
by this and other laboratories. K,,, values for the three cyto-
plasmic efflux substrates of Tet(L) and Tet(K) were assayed in
everted vesicles that were prepared in BTP buffer at pH 7.5.
Since there was no added K™ in the intravesicular buffer, active
uptake of the cytoplasmic efflux substrates by the everted mem-
brane preparations was completely dependent upon the elec-
trochemical proton gradient (acid and positive inside the
everted vesicles) developed upon D-lactate addition, with in-
travesicular H* serving as the coupling ions. The K, for TC
was measured over a concentration range of 2.5 to 25 uM, with
the Co®>" concentration maintained at 100 uM. As shown in
Table 1, the K,,, for TC measured for Tet(L) was 7.5 wM, and
that for Tet(K) was 14 uM. Both of those K,,, values were lower
than values reported earlier in studies with buffers with high
added [K™]. The earlier K,,, reported for Tet(L) was 14 pM
(17), and that for Tet(K) was 40 pM (50). It had been inferred
from Na™ exclusion experiments in whole cells that Tet(L) had
a higher preference for Na™ versus K" as a cytoplasmic efflux
substrate than did Tet(K) (4). K,,, values were determined for
Na™ with a concentration range of 5 to 100 mM for the mono-
valent cation and for K™ with a concentration range of 2 to 150
mM. The K, values determined for Na™ versus K* supported
the inference about relative preference. The K, for Na™* was
somewhat higher for Tet(K), and that for K* was substantially
higher for Tet(L) (Table 1). As found earlier, the concentra-
tion range for optimal Na™ and K" transport was much higher
than that for the antibiotic-metal complex (17).

The transport of [*’H]TC by everted vesicles containing ei-
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ther Tet(L) or Tet(K) was inhibited by added K™ at concen-
trations of 5 and 10 mM (data not shown). The signal/noise
ratio in assays of Tet(L) made it difficult to reliably discern the
pattern of inhibition, but results could be recorded for Tet(K).
As shown in the double reciprocal plots in Fig. 4, for a single
concentration of inhibitor, the effects of K* on both [*H]TC-
Co?>* (Fig. 4A) and **Na* (Fig. 4B) transport exhibited a
competitive pattern.

Growth phenotypes and Western analyses of motif C mu-
tants in Tet(L). Mutagenesis studies were focused on position
A157 in Tet(L), the counterpart of which is S157 in Tet(K),
because it appeared to be a strong candidate for a role in the
better efficacy of Tet(K) as a K" transporter. It is the next
residue after the conserved and functionally important GP
dipeptide at positions 155 to 156 in the antiporter motif C (47).
Also, there are precedents for serine and threonine involve-
ment in cation binding (1, 23, 42). In this study, the mutations
shown in Fig. 1 were introduced into the 157 position of Tet(L)
and Tet(K) by site-directed mutagenesis as described in Ma-
terials and Methods. As shown in Table 2, none of the site-
directed mutations made in the A157 position of Tet(L) re-
duced the amount of protein incorporated into transformant
membranes by 50% or more, although the amount of the
A157T Tet(L) was significantly reduced relative to all the other
mutants and the wild-type Tet(L). All of the mutants retained
the ability to confer Tc" and to enhance K" acquisition in a
phenotype screen. The apparent differences among the trans-
formants in that screen (Table 2) were principally that the
three hydroxyamino acid substitutions led to a reduced MIC of
TC: i.e., an increase in Tc®. The same substitutions as well as
the cysteine substitution increased the efficacy of K* acquisi-
tion: i.e., reduced the [KCl] required to support growth of
E. coli TK2420.

Assays of **Rb*-K™* fluxes in vesicles from E. coli strains
expressing mutant Tet(L) proteins. Transport assays were un-
dertaken to develop more quantitative information under as-
say conditions in which the ion compositions of the buffers
were more controlled than in the different growth media, not
all of which were defined. Also, since phenotypic data could
not be reproducibly obtained from a phenotypic screen (25),
transport experiments were needed to assess the Na™ translo-
cation capacities of at least selected mutants. The assay mea-
sured energy (Dp-lactate)-dependent accumulation of 8°Rb™*-
K™ into RSO vesicles that was dependent upon the presence of
an efflux substrate inside the vesicle. K* was used as the efflux
substrate and was present at the same concentration as the
86Rb*-K™* outside. Choline was used as the nonefflux substrate
control that was loaded into one set of vesicles. The choline
control provides the means of assessing the dependence of
energized *°Rb" uptake on the presence of intravesicular
(trans) efflux substrate.

Consistent with the phenotype screen, all of the Tet(L) mu-
tants with hydroxyamino acid substitutions at position 157 ex-
hibited more Tet(K)-like rates in this assay of net **Rb*-K*
uptake; the cysteine substitution had a qualitatively similar, but
smaller effect (Fig. 5). The values shown are adjusted for dif-
ferences in Tet protein in the membrane; preliminary deter-
minations were used to ensure that the assays met the condi-
tion of linearity with protein concentration over the range of
values involved in the correction. The results supported the
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FIG. 4. Double reciprocal plots of experiments showing the effect of added K™ on TC and Na™ uptake by everted vesicles of E. coli
Tet(K) vesicles. K, Na*, and TC-Co®" were serving as efflux substrates on the “cytoplasmic” side (outside of the everted system) of the vesicles.
There was no intravesicular K*. Uptake of [PH]TC (A) or *?Na* (B) was assayed in everted vesicles of transformants of E. coli DH5« and E. coli
NMS1, respectively, expressing fet(K). Assays were carried out as described in Materials and Methods, in the presence (O) or absence (@) of added
extravesicular K* at 5 mM (A) or 10 mM (B). Reciprocal plots of the data were plotted by using time points in the linear range (up to 1 min) after
correction by subtraction of values for transport in the presence of CCCP. The results shown are the average of at least five separate

determinations, and the error bars represent the standard deviation.

hypothesis that a hydroxyamino acid at the 157 position was an
important determinant of the greater preference of Tet(K),
relative to Tet(L), for K" as coupling ion. The results further
indicated that the effect was permissive with respect to the size
of the amino acid side chain and could be partially supported
by cysteine at the same position. To see if the K preference
on the cytoplasmic side, as an efflux substrate, was similarly
affected by the same kind of mutation, the K, for ®*Rb*-K™* of
the A157T mutant of Tet(L) was determined in the everted
vesicle protocol that had been used for the wild-type Tet pro-
teins; this was again an assay of 3*Rb"-K*/H™ antiport (mode
2), since the vesicles did not contain K™ to serve as a coupling
ion in the everted assay system. Tet(L) A157T exhibited a K,,,
of 22 = 3 mM, far closer to the K,,, for Tet(K) than for Tet(L)
(Table 1). In the RSO vesicle assay, the A157L mutant exhib-
ited very little **Rb*-K ™ uptake (Fig. 5): i.e., an even greater
deficit relative to wild-type Tet(L) than suggested by the phe-
notype screen (Table 2).

[*H]TC and *’Na™ efflux and net **Rb*-K* uptake assayed
in vesicles of E. coli strains expressing Tet(K) S157A versus
Tet(L) A157S. The mutation of A157 in Tet(L) to a hydroxy-
amino acid produced a transporter with a more Tet(K)-like
substrate profile for K* both as a coupling ion and as a cyto-
plasmic efflux substrate. This suggests that this residue is an
important element in the differences in substrate preference
between Tet(L) and Tet(K) with respect to Na™ versus K*

efflux and with respect to K™ as a coupling ion. We sought to
examine whether the converse mutant, an S157A mutant of
Tet(K), would support this conclusion. Western analyses
showed that the mutant Tet(K) was incorporated into E. coli

TABLE 2. Membrane incorporation and phenotypes
conferred by Tet mutant proteins

Protein %azf:n“:t'jg‘zne M(L(; /(r’rfl)EC [KCI] (mM)*
Vector 2 21
Wild-type Tet(L) 100 32 12
Tet(L) A157S 102 14 7
Tet(L) A157T 56 17 5
Tet(L) A157C 104 32 6
Tet(L) A157Y 107 10 3
Tet(L) A157L 90 28 16
Wild-type Tet(K) 12 7
Tet(K) S157A 10 9

“ Membrane assembly was determined by Western analysis, shown as a relative
percentage of the wild-type protein. Note that Western analyses for Tet(K) and
Tet(K) S157A mutant [done with an antibody raised against the N-terminal
peptide of Tet(K)] showed that they had similar levels of protein incorporation
into the membrane, although incorporation was not comparable to that of the
Tet(L) membrane assembly.

> Minimal TC concentration at which there is no growth of E. coli DH5« after
15 h of incubation at 37°C.

¢ Minimal concentration of KCI permitting the growth of E. coli TK2420 to 1.0
at Agg after 15 h of incubation at 37°C.



4728 JIN ET AL.

J. BACTERIOL.

3.0 Vector control Tet(L) wt Tet(L) A157L Tet(L) A157C
A Kip, + lactate
A Kin, ~ lactate
2.0 | o cholinep, vi=0.78 £ 0.05 v = 0.35 + 0.06 v;=0.93 + 0.06
+ lactate
o cholinejp,
= 1.04 — lactate
) vi =015 +0.03
o nmol/mg prot/min
a ﬁ ; ;
? 0 T 1 | I 1 T I
S 0 2 4 0 2 0 2 4 0 2 4
Q
£
£ Tet(L) A157S Tet(L) A157T Tet(L) A157Y Tet(K) wt
e 3.0qv;=1.2710.08
c
o)
X
8 2.0+
+
éﬂ vi=2.03+0.14
© vi=1.75+0.12
® 1.0 vi=143012 ]
0 | 1 1 1 1 1 1 1
0 2 4 0 2 4 0 2 4 0 2 4

Time (minutes)

FIG. 5. Energy and intravesicular cation dependence of *Rb* uptake, as a coupling ion, by RSO vesicles of E. coli TK2420 transformed with
various fet plasmids. Vesicles were passively loaded with either 100 uM choline-Cl (control, nonefflux substrate) or KCI (efflux substrate). Uptake
was initiated by diluting 25 pl of vesicles into 500 ul of 10 mM Tris-HCI (pH 7.5), containing a final concentration of 100 uM **Rb*-KCl. To half
of the reaction mixtures, 10 mM Tris-D-lactate was added to energize those vesicles. Samples were taken at the times indicated and treated as
described in Materials and Methods. The initial velocities, v;, in these determinations are shown for the energized vesicles that contained
intravesicular K" (efflux substrate) and are the average of at least four separate determinations. The error bars show the standard deviation of the

values. The subscript “in” denotes intravesicular location.

membranes at levels that were indistinguishable from that of
wild-type Tet(K) and that the S157A mutant conveyed a pat-
tern of phenotypes in the standard screen that was similar to
that of the wild-type Tet(K) (Table 2). Since Tet(L) has been
purified (5), but Tet(K) has not, the Western analyses using
different antibodies to assess membrane incorporation of the
two proteins could not be quantified relative to each other;
however, comparisons were made with identical constructs and
conditions for Tet(L) and Tet(K) wild-type and mutant strains.
In transport assays of the net K uptake mode (Fig. 6A), the
S157A mutant of Tet(K) clearly exhibited more Tet(L)-like
behavior, showing activity that was in between the profiles for
the two different wild-type Tet proteins and the initial rate of
which was comparable to that of the A157S mutant of Tet(L).
It was also of interest to determine the effect of the A157S
mutation in Tet(L) and S157A mutation in Tet(K) on their
patterns of transport of efflux substrates. Uptake of [*H]TC-
Co** and **Na* were examined in everted vesicles in the
absence of added K™ on either side of the membranes. As with
uptake of K™ as coupling ion (Fig. 6A), the rate of TC-Co*"
uptake observed for the SI57A mutant of Tet(K) was more
Tet(L)-like than before and was similar to the A157S profile
(Fig. 6B). With respect to [*’H]TC transport, however, the shift
toward the other transporter pattern was less pronounced. The

transport phenotype of each single mutant still resembled its
own parent more than the other Tet protein. In contrast to
these effects of the reciprocal single mutations in the 157 po-
sition of Tet(L) and Tet(K) on the TC efflux (mode 1) and net
K" uptake (mode 3) modes, there was no effect on **Na™
transport (mode 2) (Fig. 6C). The TC-Co*" and Na* transport
capacities of the other Tet(L) A157T mutant were also exam-
ined and were found to be indistinguishable from those of the
A157S mutant of Tet(L) (25).

22Na™ exclusion assay and complementation of the K* up-
take defect in whole cells of a fet(L) deletion strain of B.
subtilis. All of the experiments on the mutants had thus far
been carried out in E. coli cells and membranes, a heterologous
system. Would a change of A157 of Tet(L) to a hydroxyamino
acid have similar effects on the K*-related phenotypes con-
ferred by Tet(L) in B. subtilis, the natural biological setting for
Tet(L)? First, exploration of K* preference as a cytoplasmic
substrate was probed with the same **Na™ exclusion assay that
was employed in earlier studies (4). In this assay, the relative
K™ versus Na™ preference is assessed by the magnitude of the
inhibitory effect of K™ on the capacity of transformants of B.
subtilis AG112 [Atet(L)] to exclude **Na*. The Tet proteins
used were the wild-type Tet(L) and Tet(K) proteins and the
A157T mutant of Tet(L). The Tet(L) A157T mutant had ex-
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FIG. 6. Transport activities of the Tet(K) S157A mutant compared with those of wild-type Tet(L) and Tet(K) and the A157S mutant of Tet(L).
(A) ®Rb"-K™" uptake (as coupling ion) by right-side-out vesicles was assayed as described in the legend to Fig. 5 in the presence of intravesicular
K" (as efflux substrate) and added D-lactate as energy source. The data shown here were corrected for binding. (B) [PH]TC uptake (as efflux
substrate) in exchange for H" was assayed as described in Materials and Methods, and the values shown are corrected for the TC bound by the
vesicles of each type in CCCP-treated preparations. (C) *?Na* uptake (as efflux substrate) in exchange for H* was assayed in a BTP buffer-based
reaction mixture as described in Materials and Methods, and the data were corrected for the binding in a CCCP-treated control for each construct.
Since the bacterial mutant used for these assays has residual Na™/H™" antiporter activity, the activity for the vector control was also subtracted.
Although not shown, other control assays of the same types shown for earlier assays were conducted and yielded values similar to those in the

earlier assays.

hibited a Tet(K)-like capacity for use of K* as coupling ion
(Fig. 5) and a Tet(K)-like K,,, for K" as an efflux substrate in
E. coli vesicles (Table 1). As shown in Table 3, the A157T
mutant Tet(L) behaved just like Tet(K) in the whole-cell ex-
clusion assay. Wild-type Tet(L) supported the capacity of a
tet(L) deletion strain of B. subtilis AG112 to maintain a cyto-
plasmic Na™ level of about 26 mM during growth in the pres-
ence of 100 mM Na™, while the Na™ concentration in a control
transformant was about 85 mM; it made no significant differ-
ence whether the K* concentration in the medium was 1 mM
or 100 mM. Both wild-type Tet(K) and the A157T mutant of
Tet(L) enabled B. subtilis AG112 to exclude Na* almost as
well as wild-type Tet(L) when the K* concentration was 1 mM.
Perhaps even this low [K*] inhibited **Na™ efflux by Tet(K)
somewhat, resulting in the modestly higher intracellular [**Na™]
relative to that maintained by Tet(L). Most impressive, how-
ever, was the finding that when the K™ concentration was 100
mM, the ?*Na™ concentration in the cells containing wild-type
Tet(K) or the A157T mutant of Tet(L) was about three times
higher than that maintained by wild-type Tet(L).

A growth experiment was used to assess whether A157T
Tet(L) also exhibited a Tet(K)-like profile with respect to K*

use as a coupling ion in the natural B. subtilis setting. This
question was approached by testing whether Tet(K) promoted
net K" uptake better than wild-type Tet(L) in whole cells of B.
subtilis AG112. This tet(L) deletion strain of B. subtilis had
been found to grow less well than its wild-type parent on media
containing low K* concentrations, a deficit that was comple-
mented by a plasmid expressing wild-type tet(L) (48). When
tranformants of B. subtilis AG112 were grown on TTM me-

TABLE 3. Na* exclusion by the A157T mutant of Tet(L)
compared to that of wild-type Tet(L) and Tet(K)

Transformant of Cytoplasmic Na* (mM)*

B. subtilis
AG112 1 mM K" 100 mM K+
Vector control 84.8 £ 2.3 82.7£9.0
tet(L) 255*+9.6 25.6 = 8.6
tet(K) 39539 77.5 £10.4
tet(L) A157T 347+ 144 77.0 £ 7.0

“ Cells were grown for 15 h in medium containing 1 or 100 mM K* supple-
mented with 100 mM *?NaCl. The values for cytoplasmic Na* are the average of
at least six separate determinations * standard deviations.
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dium containing 0.5 mM added K™, the following growth (as
Aggo) data were collected at 8 h: 0.57 = 0.01 for the control
transformant, 0.67 = 0.01 for the transformant with Tet(L)
restored, 0.71 = 0.1 for the transformant with Tet(K) restored,
and 0.78 = 0.01 for the transformant with Tet(L) A157T re-
stored. Thus, the mutant Tet(L) behaved in the natural host in
a manner that was comparable to that observed in E. coli with
respect to its capacity to confer a capacity for net K™ uptake
that was more comparable to Tet(K) than to Tet(L).

DISCUSSION

The present experiments demonstrate, for the first time, that
K" can serve as a coupling ion when TC-Co®" is the efflux
substrate for Tet(L)- and Tet(K)-mediated antiport. This ex-
tends mode 3, coupling to K™, to each of the three cytoplasmic
efflux substrates. Several features of the TC-Co?*/K™ antiport
were notable in the experiments in which an outwardly di-
rected TC-Co?" gradient supported Tet-dependent accumula-
tion of ®°Rb™ (Fig. 2). First, Tet(K) showed much more robust
Rb* uptake than Tet(L). This was consistent with earlier ex-
periments in E. coli vesicles with monovalent cation efflux
substrates (18). It was also consistent with the relative profiles
of these two transporters with respect to net K uptake in the
natural bacterial host (4). Second, as the pH was raised, Rb™
accumulation increased. This suggests that the protons and K*
ions are alternative coupling ions that exhibit competitive be-
havior, as has also been shown for the spore germination-
associated Na*/H'-K™ antiport activity of Bacillus cereus
GerN (45) and the Zn**/H*-K* antiport activity of B. subtilis
CzcD (19). Tet-dependent TC-Co?* or Na™ or K" antiport in
exchange with H* and K" is electrogenic, with more than one
coupling ion taken up for each singly charged efflux substrate
molecule that is transported outward (5, 18). The current stud-
ies do not show whether K™ can replace the full coupling ion
complement or whether at least one proton remains involved
even when K™ is also serving as a coupling ion. In either case,
the utilization of K* as a coupling ion is accompanied by an
enhancement of TC-Co®*" efflux at high pH (Fig. 3). This
suggests that the TC-Co?*/K™ antiport capacity enhances an-
tibiotic resistance under conditions in which the proton motive
force is reduced. Use of Na™ as a coupling ion is more typically
associated with bypassing a low proton motive force (2, 37, 38).
For antiporters that have toxic cations as their efflux substrates,
use and uptake of K™ as a coupling ion may be an adjunct to
the detoxification achieved by the efflux itself, since adequate
or elevated cytoplasmic K* levels are protective against the
toxic cations (19, 37). Additionally, the expression of house-
keeping antiporters that use K* as a coupling ion at elevated
pH may be a physiologically important part of the K™ acqui-
sition strategies of cells (48). We have noticed during our use
of the triple-K*-uptake mutant E. coli TK2420 that this strain
grows better on media containing low [K™] as the pH is raised.
The well-mined E. coli genome may contain additional dedi-
cated K" uptake systems that are yet to be discovered and that
are activated at elevated pH. It is also possible that housekeep-
ing antiporters that couple to K* play a role in this alkali-
stimulated K" acquisition in E. coli like Tet(L) does in B.
subtilis (48).

The capacity of Tet(L) and Tet(K) for coupling antiport to
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K" and the differences in K* preference between the two
closely related transporters have enabled us to make progress
towards our long-term goals of clarifying structure-function
and mechanistic properties of these important transport pro-
teins. Among the questions of importance with respect to mul-
tifunctional major facilitator superfamily antiporters (34), such
as Tet(L) and Tet(K) are the following. Do the different sub-
strates and different coupling ions use common or distinct
binding sites and translocation pathways? If common binding
sites, translocation pathways, or both are used, does every
substrate use all of the same features of the site or pathway to
the same extent, or is there variability among substrates? And
is a single translocation pathway used for the efflux substrates
and coupling ions in an alternating, ping-pong type of mecha-
nism, as is found for many antiporters (8, 16, 21, 29, 40, 44), or
are the efflux substrates and coupling ions translocated simul-
taneously through distinct translocation pathways, as in some
other antiporters (6, 40)? Complete resolution of these major
questions will require high-resolution structural data in addi-
tion to more detailed studies of binding and transport kinetics
and more extensive mutagenesis studies in combination with
approaches to provide additional structural information. How-
ever, the kinetic work and mutational work in this and other
recent studies of Tet(L) and Tet(K) (11, 13, 25-27), taken
together, do provide information that is relevant to these im-
portant issues.

With respect to common or distinct binding sites, the inverse
relationship between the proton concentration and utilization
of K™ as a coupling ion suggests that these coupling ions
compete for a common binding site. Similarly, the competitive
inhibition between K* and each of the other cytoplasmic efflux
substrates suggests that a common binding site is used for all
three efflux substrates. Cross-inhibition between Na* and K*
had been observed earlier (5). The competitive relationship
between K and TC-Co?", which was not observed earlier,
could now be shown in transport assays of Tet(K) by using BTP
buffer (Fig. 4A). Competition between K* and TC-Co** as
efflux substrates is also indicated by the phenotypes of the
site-directed mutants of Tet(L). Those mutants in the A157
position of Tet(L) that had significantly enhanced capacity to
complement the K™ uptake defect of E. coli TK2420 relative to
wild-type Tet(L) (Table 2 and Fig. 5), also conferred lower Tc”,
i.e., a lower MIC of TC, than wild type Tet(L) in the K*-
replete LBK medium used for the MIC determinations (Table
2). This is consistent with competition between K* and TC-
Co®* on the cytoplasmic side. Dosch et al. (7) observed a
consonant effect in cells of a K* uptake mutant of E. coli
expressing fetC from pBR322. In the absence of added K™, the
MIC of TC was lower than in its presence. These authors
suggested that both the effect of K on the MIC of TC and the
complementation of the E. coli mutant’s K* uptake phenotype
by tetC expression reflected a transport capacity of TetC for
K™*. This is particularly interesting because it raises the likeli-
hood that the K* transport capacities exhibited by 14-trans-
membrane segment (TMS) Tet(L) and Tet(K) are also exhib-
ited by at least one major 12-TMS Tet protein. On the other
hand, no evidence exists currently for the same capacity in the
related and most extensively studied Tet efflux protein, 12-
TMS Tet(B) (46). We should note, though, that in our studies
of the reciprocal mutant, the MIC of Tet(K) S157A was not
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higher than that of the wild-type Tet(K): i.e., was more Tet(L)
like than the wild-type Tet(K) (Table 2). Such a finding would
have been most consistent with the other findings and inter-
pretations just discussed. Thus, some caution in interpretations
based on MIC determinations is warranted. The complexities
of evaluating Tet transporter function via an extended growth
period may sometimes yield less perfect reflections of actual
transporter function than assays of the early time points of
transport.

Although a common binding site for efflux substrate binding
is suggested for Tet(L) and Tet(K), it is most likely that dif-
ferent substrates depend more than others on specific proper-
ties of the site. Recent mutagenesis studies of Tet(L) included
several mutations in motif A, a conserved motif in the cyto-
plasmic loop region between TMS II and III that has been
implicated as having a role in TC-Co*" binding in Tet(B)
proteins (41, 49, 51). The two different mutations of Tet(L),
G70R and D74C, that abolished efflux of TC-Co?" also dimin-
ished Na* efflux, but the effect on the monovalent cation
substrate was much more modest than the effect on the more
complex antibiotic-divalent metal substrate (27). Other resi-
dues have been identified that are required for either TC-Co**
binding or translocation, but exhibit no apparent importance
for either Na™ efflux or K* uptake as a coupling ion (e.g.,
D200), which is near the cytoplasmic surface of Tet(L) (26).

It has been suggested that the 14-TMS Tet(L) and Tet(K)
proteins and the 12-TMS Tet(B) protein have a three-dimen-
sionally similar “catalytic core” that includes three carboxylates
in distinct TMS regions (11). Recent mutagenesis studies of
Tet(L) supported the notion of such a common set of crucial
acidic residues (27). Mutational studies of these residues fur-
ther indicated that they all had a crucial role in efflux of
monovalent cation substrates of Tet(L) and net uptake of K*
as a coupling ion in addition to TC-Co*" efflux (27). The
participation of a core set of residues in transport of multiple
efflux substrates and coupling ions is consistent with a ping-
pong mechanism of antiport in which a single translocation
pathway is used for both the efflux substrates and coupling
ions. The finding that mutations at the A157 position of Tet(L)
have parallel effects upon K" preference as both an efflux
substrate and coupling ion is further support for this type of
model. In both E. coli cells and vesicles and in B. subtilis cells,
assays that probed K" efflux or K* uptake all indicated that a
hydroxyamino at position 157 enhanced the preference of
Tet(L) and Tet(K) for K*. Even if future detailed kinetic
studies support a ping-pong model, however, we expect that
different features of the common translocation pathway are
particularly important for proper positioning and movement of
specific substrates of the transporter. This might be the basis
for observations made by others on the apparent association of
particular Tet(K) functions with regions of the molecule (15).
In the present study, the chemistry of the residue at position
157 had a strong effect on the preference of Tet(L) for K*, but
it had a significantly more modest effect on TC-Co** utiliza-
tion as an efflux substrate and no effect on Na™ transport (Fig.
6). Thus far, no mutations that affect only Na™ efflux have been
found in Tet(L). Possibly, the important contact points of this
efflux substrate are close to the minimal set that is shared
among all the substrates (and perhaps coupling ions) of
Tet(L).
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