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All of the transmembrane glutamates of Tet(L) are essential for tetracycline (TET) resistance, and E397 has
been shown to be essential for all catalytic modes, i.e., TET-Me2� and Na� efflux and K� uptake. Loop residues
D74 and G70 are essential for TET flux but not for Na� or K� flux. A cysteineless Tet(L) protein exhibits all
activities.

Tet(L) and Tet(K), sharing about 80% sequence similarity,
are group II tetracycline (TET) efflux proteins, which have 14
transmembrane segments (TMS) and are found predominantly
in gram-positive bacteria (23). In contrast, group I TET efflux
proteins, such as Tet(B), have 12 TMS and are found in gram-
negative bacteria. Both groups belong to the major facilitator
superfamily (MFS) (22) and confer TET resistance by trans-
locating a TET-Me2� complex in exchange for protons (11, 33,
35). Extensive mutagenesis studies on Tet(B) have been re-
ported, especially by Yamaguchi and colleagues. Several resi-
dues essential for TET translocation were identified, such as
three aspartates in TMS (30) and one aspartate in a cytoplas-
mic loop (31, 32). Recently finished cysteine scanning of the
whole Tet(B) molecule revealed that four amphiphilic helices
(II, V, VIII, and XI) and four partly amphiphilic helices (I, IV,
VII, and X) contribute to form a putative water-filled translo-
cation pathway, within which a permeability barrier was de-
fined (13, 15, 16, 17, 18, 19, 27). By contrast, limited mutagen-
esis and structure-function studies have been conducted on
14-TMS TET efflux proteins. It was shown that three gluta-
mates in TMS (E30, E152, and E397) and one aspartate in a
cytoplasmic loop (D318) are essential for Tet(K)-dependent
TET efflux (6, 7). That 12-TMS Tet(B) and 14-TMS Tet(K)
both require three carboxylates in equivalent TMS regions for
TET efflux led to the hypothesis that both groups of TET efflux
proteins may possess similar three-dimensional structures in
the core catalytic region (12). This interesting possibility was
one impetus for initiating a broad site-directed mutagenesis
screen of Tet(L). Moreover, the multifunctional nature of
Tet(L) increases the interest in such a screen inasmuch as it
may reveal residues or regions that are important for particular
catalytic modes of Tet(L). In addition to the TET-Me2�/H�

antiport mode, Tet(L) and Tet(K) have been shown to have an
Na�(K�)/H� antiport mode; i.e., they utilize Na� or K� as
alternate cytoplasmic substrates to TET (1, 2, 3, 4, 11). In the

third catalytic mode, a net K� uptake mode, Tet(L) and
Tet(K) use K� instead of H� as the coupling ion for antiport
of the cytoplasmic substrates (10). These additional catalytic
modes are of physiological significance, since they contribute
to Na� resistance (2, 3), K� acquisition (20, 29), and pH
homeostasis (3).

In this screen, we focused on the seven motifs that are
conserved in the 14-TMS MFS subfamily (25) and some addi-
tional charged residues of particular interest (Fig. 1). At least
one residue was selected from each motif as a representative.
Several charged residues, such as E30, E152, E397, D200,
R100 (all in TMS), and D74 (in the CII-III loop, motif A),
were replaced individually with a neutral residue. G70 (motif
A) was targeted since the corresponding glycine in Tet(B) was
shown to be critical for TET efflux (33). G155 (motif C) was
selected since conserved glycines within this motif were shown
to be important for TET efflux mediated by Tet(K) (9) and
Tet(B) (26). P175 (motif H), a proline located within TMS VI,
was replaced with cysteine. D318, which has been shown to be
essential for Tet(K)-dependent TET efflux (7), was replaced
with asparagine in Tet(L). Although they are not in any motifs,
R222 and K366, two positively charged residues within TMS
regions, were each replaced with a cysteine. In addition, three
cysteines of Tet(L) were replaced with alanines to evaluate the
usefulness of a cysteineless Tet(L) protein for further studies.

This battery of Tet(L) mutant genes was constructed by the
method of Kunkel et al. (21) with a bacteriophage M13mp19
template containing a 1.4-kb EcoRI/BamHI DNA fragment of
wild-type tet(L). All of the mutant genes were confirmed by
sequencing of the entire Tet(L) coding sequence. The EcoRI/
BamHI cassettes of the wild-type and mutant genes were
cloned individually into pGEM3zf(�) (Promega) under con-
trol of the T7 promoter (giving a low level of expression that is
useful in Na�-related assays) and into shuttle vector pBK15 (3)
under control of the ermC promoter (giving a higher level of
expression that is useful in TET- and K�-related assays and
Western analyses). The pGEM3zf(�) constructs were trans-
formed into E. coli NM81 (with the nhaA antiporter deleted
[24]) to test the effects of diverse mutations on the Na� resis-
tance and Na�/H� antiport of the Na�-sensitive strain. The
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attempt to use the complementation screen was unsuccessful
because the data were not consistent enough, so only transport
data on the Na� flux capacity of selected strains are presented.
The pBK15 constructs were transformed into E. coli DH5� to
test the TET resistance and TET transport of selected strains
and into E. coli TK2420 (deficient in three K� transporters [5])
to test the capacity to complement the K� uptake deficiency
and to assay 86Rb� transport of selected strains. Membrane
incorporation and transport activities were assayed in mem-
brane vesicles as described previously (14).

A mutant with a change in one of three glutamates in TMS,
E30C, E152Q, or E397N, showed significant membrane assem-
bly (more than 30% of the wild-type level) but conferred no
TET resistance (Table 1), consistent with the idea that these
three glutamates of Tet(K) are essential for TET efflux (6).
Interestingly, all three mutants also conferred a reduced ability
to complement the growth of E. coli TK2420 at low K� con-
centrations (Table 1), suggesting that these glutamates are
required for more than one catalytic mode. This notion was
supported by the transport analyses of the Tet(L) mutant,
E397N, which conferred no [3H]TET uptake in everted mem-
brane vesicles (Fig. 2A), no 22Na� uptake in everted vesicles
(Fig. 2B), and no 86Rb�(K�) uptake in right-side-out vesicles
(Fig. 2C). It is possible that while the E397N mutation abol-
ished transport, the mutant protein introduced a small K� leak
pathway that accounts for the residual complementation of E.
coli TK2420. Although the cytoplasmic substrates of different
modes range from a TET-Me2� complex (that includes hydro-
phobic ring structures) to much smaller monovalent cations, all
catalytic modes have in common the use of cationic substrates
with a single net charge, which may relate to the importance of
a negatively charged transmembrane carboxylate(s).

Mutation of other charged transmembrane residues pro-

duced a variety of transformant phenotypes. K366C, of all of
the mutants analyzed, is the only one that showed extremely
defective membrane incorporation (Table 1). All of the other
mutants, as shown by Western analyses, had significant mem-
brane assembly (more than 30% of the wild-type level), ex-
cept R110C (15%) and D200C (15%). The R110C mutant
conferred no TET resistance but did support normal K�

complementation. The mutant with a change in another
charged transmembrane residue, D200C, was earlier shown
to be active in Na� and K� transport but defective in TET
efflux mode, although it conferred some TET resistance (14).
However, not every charged transmembrane residue is critical
for at least one catalytic activity, since transformants of the
R222C mutant were not affected in any of the catalytic modes
(14).

It was reported that D318, in the cytoplasmic loop between
TMS X and XI of Tet(K), is essential for TET efflux (7).
However, the D318N mutant form of Tet(L), surprisingly, con-
ferred significant TET resistance and K� complementation
(Table 1). Results of assays of transport in membrane vesicles
confirmed that D318 of Tet(L) is not essential for TET efflux
or other modes: D318N conferred about 60% of the wild-type
level of TET uptake and wild-type levels of Na� uptake and
Rb� transport (Fig. 3, top panel).

D74C, the Tet(L) mutant with a change in an aspartate
located in the CII-III loop (motif A) confers K� complemen-
tation and some TET resistance, albeit lower than that of the
wild type (Table 1). As with the D200C mutant (14), D74C
conferred no TET uptake in transport assays (Fig. 3, middle
panel), suggesting that D74 is essential for active TET efflux,
even though residual TET resistance was observed. A discrep-
ancy between antibiotic resistance level and transport activity
observed in some mutants (this study and reference 14) has

FIG. 1. Topological diagram of Tet(L). The topology shown is based on experimental findings for the closely related protein Tet(K) (8, 12).
Seven conserved motifs of 14-TMS members of the MFS (reviewed by Paulsen et al. [25]), A, B, C, D1, E, F, and H, are highlighted with gray bars.
The residues mutated in this study are shaded in black.
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also been observed by others in several Tet(K) (7) and Tet(B)
(13) mutants. The bases for this kind of discrepancy are in-
completely understood but may relate to effects of TET-Me2�

trapping at the surface and/or effects of certain mutant pro-
teins on cell surface properties beyond the protein itself.

The importance of the D74 residue is consistent with the
findings that a corresponding aspartate in Tet(B) is essential
for TET efflux (31) and D74 of Tet(K) is important for TET
efflux (a mutant retains only 5% of wild-type transport activity
[7]). Aspartates in cytoplasmic loops play a role in TET efflux
in both Tet(L) and Tet(K), but the different aspartate residues
may differ in relative importance. While D74 of Tet(L) is
essential for TET transport, it is not essential for other modes.
The D74C mutant conferred about 30% of the wild-type level
Na� transport and conferred higher activity of K� transport
than the wild type (Fig. 3, middle panel). The different effects
of the D74C mutation on TET, Na�, and K� transport may
indicate that the role of this cytoplasmic loop (motif A) is to
interact with cytoplasmic substrates such as TET and Na� but

not with an outside substrate such as K�, which had the role of
a coupling ion in these assays. This is supported by the analysis
of a glycine mutant with a change in the same motif, G70R,
which behaved almost exactly the same as D74C in three trans-
port assays, conferring no TET transport, reduced but signifi-
cant Na� transport, and a wild-type level of inward K� trans-
port (Fig. 3, bottom panel). The TET efflux data for the D74C
and G70R mutant Tet(L) transformants are consistent with the
finding that motif A of Tet(B) is critical for TET efflux (34).
Since G70S does confer low but significant TET resistance
while G70R does not (Table 1), replacing G70 with a small
uncharged residue, such as serine, may still allow maintenance
of the local structure of motif A required for TET-Me2� bind-
ing or flux. This structure of motif A is apparently not essential
for Na� or K� transport. Since TET and Na� are both cyto-
plasmic substrates [while Rb�(K�) is an alternate coupling ion
to H� in the assays conducted here], these transport data
suggest that motif A, located in an intracellular loop, may be
especially critical for the most complicated cytoplasmic sub-
strate, the TET-Me2� complex, but not absolutely essential for
monovalent cation cytoplasmic substrates.

G155S, a mutant with a change in motif C of Tet(L), con-
ferred reduced TET resistance and reduced K� complemen-
tation. Residual TET resistance had also been observed when
the corresponding glycine was mutated in Tet(B) (13) and
Tet(K) (9), although G155 is part of a GP dipeptide that has
been proposed to be an important element of this transporter
family (13, 28). A different transmembrane proline of Tet(L),
P175 of motif H, is unlikely to be important for transport since
P175C conferred significant TET resistance and K� comple-
mentation (Table 1).

Finally, the cysteineless mutant form of Tet(L) conferred
TET resistance and K� complementation (Table 1). It was
shown to be active in all transport modes (Fig. 4). Relative to
the wild type, the cysteineless mutant showed faster initial Na�

uptake but the uptake was not sustained after 1 min (Fig. 4B).

FIG. 2. Transport activities of the transmembrane E397N mutant
form of Tet(L). (A) [3H]TET uptake assays were conducted with
everted membrane vesicles prepared from E. coli DH5� cells harbor-
ing the pBK15 constructs. (B) 22Na� uptake assays were conducted
with everted membrane vesicles prepared from E. coli NM81 cells
harboring pGEM3zf(�) constructs. (C) 86Rb�(K�) transport assays
were conducted with right-side-out membrane vesicles prepared from
E. coli TK2420. The net transport activities for both TET and Na�

uptake, presented with standard deviations, were each corrected for
the background derived with a vector control, and the net Rb� uptake
was corrected for the choline control, in which there is no active Rb�

transport. Circles represent the wild type (wt), and triangles represent
the E397N mutant.

TABLE 1. Effects of Tet(L) mutations on protein assembly into the
membrane, TET resistance in E. coli DH5�,
and K� complementation in E. coli TK2420

Location of mutation Protein
%

Membrane
assemblya

MIC of
TETb

(�g/ml)

[KCl]c

(mM)

Vector 0 2 24
Wild-type Tet(L) 100 30 13

Transmembrane regions
Charged residues

Motif D1 E30C 108 2.5 22
Motif C E152Q 98 2.5 18
Motif F E397N 32 2.5 18
Motif E D200C 15 10 13
Motif B R110C 15 2.5 14

R222C 90 28 16
K366C —d 2.5 20

Motif C G155S 152 8 22
Motif H P175C 88 16 15

Cytoplasmic loops
Motif A G70S 112 18 14

G70R 93 2.5 13
D74C 84 13 13

D318N 70 14 13

Cysteines C20A 64 32 10
C264A 70 26 13
C443A 60 33 14
Cysteineless 70 33 12

a The membrane assembly of each mutant protein was evaluated by Western
analysis, and results are shown as relative percentages of the wild-type protein.
ImageQuant was used for quantification.

b The MIC is the minimal tetracycline concentration at which there was no
growth of E. coli DH5� after a 15-h incubation in rich medium (14).

c The minimal concentration of KCl in a defined medium permitting E. coli
TK2420 to grow to an A600 of 1.0 after a 15-h incubation is shown. A range of
added K� concentration of 0 to 25 mM was examined. Values for wild-type
Tet(L) were reproducibly �15 mM K� for an A600 of 1.0 (14).

d —, The membrane assembly of the K366C mutant was too low for detection
by Western analysis.
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The cysteineless mutant may also have conferred higher activ-
ities than the wild type in TET (Fig. 4A) and Rb� (Fig. 4C)
transport, if activities are normalized to membrane assembly,
which is lower for the mutant (Table 1). These data suggest
that loss of Tet(L) cysteines may cause some subtle change in

folding and/or membrane incorporation that modestly affects
the pattern of membrane permeability to monovalent cations,
while the protein retains all of its catalytic activities. The re-
tention of activity by the cysteineless mutant makes it likely to
be a useful template for cysteine scanning and targeted cross-

FIG. 3. Transport activities of Tet(L) mutant proteins with changes in cytoplasmic loop residues, D318N, D74C, and G70R. Results of [3H]TET
uptake in everted vesicles (A), 22Na� uptake in everted vesicles (B), and 86Rb�(K�) transport in right-side-out vesicles (C) are presented for
D318N (top panel), D74C (middle panel), and G70R (bottom panel). Shown in each graph are the net activities corrected for controls as described
in the legend to Fig. 2. Circles represent the wild type (wt), and triangles represent the mutants.
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linking experiments intended to further investigate the struc-
ture-function relationships in this multifunctional TET efflux
protein.
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FIG. 4. Transport activities of a cysteineless Tet(L) mutant.
[3H]TET transport assays (A), 22Na� uptake assays (B), and
86Rb�(K�) transport assays (C) were conducted and results are pre-
sented as described in the legend to Fig. 2. Closed circles represent the
wild type, and open circles represent the cysteineless mutant.
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