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An Asp or Asn substitution for Gly247 in transmembrane helix 8 (TM-8) of Tet(B), the tetracycline efflux
protein, eliminated tetracycline resistance. Second site suppressor mutations which partially restored resis-
tance were located in TM-5, -8, -10, or -11 or in cytoplasmic loop 8-9 or loop 10-11. These results indicate
physical proximity or functional relationships between TM-8 and these other regions of Tet(B).

Tet proteins mediate tetracycline (Tc) resistance through
the energy-dependent efflux of the drug out of the cell. To
date, eight different classes of Tet proteins have been identified
among gram-negative bacteria. Predicted to consist of 12 trans-
membrane (TM) regions (alpha helices), the N- and C-termi-
nal (alpha and beta) halves of the protein, each with 6 TM
helices, are joined by a large interdomain cytoplasmic loop (1,
3, 10, 12). Both domains are required for Tet function.

Tet is a member of the major facilitator superfamily (MFS)
(15), which includes uniporters, symporters, and antiporters of
a wide range of substrates. While little is known about the
arrangement of the TM helices of Tet proteins, genetic evi-
dence suggests that the alpha and beta domains of Tet(B)
interact between TM helix 5 (TM-5) and TM-8 (18) and be-
tween TM-2 and TM-11 (11).

An inactive hybrid Tet protein consisting of a class C alpha
domain and class B beta domain [Tet(C/B)] could be rendered
functional by an Asp replacement of Gly247 (18), a residue
near the periplasmic side of TM-8 in Tet(B). However, the
introduction of the Gly247Asp mutation into Tet(B) caused a
200-fold loss of Tc resistance, with 40 to 80% reduction in the
amount of the mutant protein (18) (Table 1). The change of
Gly247 to Asn also led to loss of Tc resistance but little loss of
the protein (Table 1). These results suggest that changes at
residue 247 can affect both Tet stability and function. In the
present work, suppressor mutations which restored resistance
to the Gly247Asp or Gly247Asn mutants were found and char-
acterized.

Plasmid DNA (derived from pLR1068 [18]) which encoded
the Gly247Asp or Gly247Asn mutation in Tet(B) was mu-
tagenized as previously described (18) and transformed into
Escherichia coli DH5a cells. Since pLR1068 also encoded the
tet repressor TetR(B), the gratuitous inducer 5a,6-anhydrotet-
racycline (kindly prepared by Mark Nelson, Paratek Pharma-
ceuticals, Boston, Mass.) was added during the determination
of Tc susceptibility. Colonies resistant to 5 mg of Tc per ml
were selected, and the plasmid providing resistance was iso-
lated and retested. The entire tet(B) efflux gene was sequenced
as described earlier (18) to verify the presence of the original
mutation as well as to determine the site of a second mutation.
Analysis of 20 suppressor mutants of each of the two original

Gly247 mutations identified secondary mutations at 11 sites
(Table 1); no reversion to the wild-type codon was seen.

In many cases, the same secondary substitution suppressed
both the Asp247 and the Asn247 primary mutation. All of the
secondary mutations which suppressed the substitutions at po-
sition 247 in TM-8 were found in TM-5, -8, -10, and -11 or in
putative cytoplasmic loop 8-9 or loop 10-11 (Fig. 1 and Table
1). Of the 11 different residues replaced in the suppressor
mutants, 10 were conserved in at least six, if not all eight,
classes of gram-negative Tet proteins. Most of the suppressor
mutations replaced a Gly or Ala residue with a larger, some-
times charged, residue.

Three of the Gly247Asp suppressors, Gly132Asp and
Ala136Val (both in TM-5) and Ala262Thr (in TM-8), ap-
peared to increase protein amount and specific activity at least
severalfold, while the rest of the suppressors reduced protein
amounts severalfold, but enhanced specific activity almost to
wild-type levels (Table 1). The Gly247Asn suppressors acti-
vated the protein 4 to 7% of the wild-type specific activity in
TM-5 and 10 to 17% of the wild-type level in TM-8 and TM-11;
lesser effects on protein stability were also seen (Table 1).

Remarkably, of the 40 suppressing mutations examined, 17
were at one of two different sites, Gly254Ser and Ala262Thr, in
the same transmembrane helix (TM-8) as the original mutation
at Gly247 (Fig. 1). Gly254 is predicted to be on the same face
of TM-8 as Gly247 but displaced two alpha-helical turns to-
ward the C terminus. Ala262 is close to this face, displaced by
four helical turns. Functionally relevant hydrophilic residues
such as His and Asn located on this face may line a substrate
translocation channel (21, 22).

Three of the Gly247Asp suppressor mutants were in putative
cytoplasmic loop 8-9 and contained a Glu274Lys replacement
(Table 1). Glu274 is part of a conserved sequence motif. While
we found that the Glu274Lys mutation alone eliminated Tc
resistance (Table 2), a Cys or an Ala can be tolerated at this
position (23).

Of the suppressor mutants, 13 had mutations in TM-5 (Ta-
ble 1), a finding supporting our previous work (18) which
indicated a TM-5 and TM-8 interaction. For both the 247Asp
and the 247Asn mutations, the second mutation in TM-5 in-
creased the quantity of protein and raised the specific activity
to modest levels (Table 1). These substitutions of larger side
chain volume and/or charged residues into key positions in
TM-5 could restore or stabilize functional interactions between
TM-5 and TM-8. Gly residues 132 and 135 and Ala136 are
predicted to be on the same face of TM-5 which may interface
with TM-8, at or adjacent to Gly247. In particular, Gly150 is
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also on this side of TM-5; Gly150 of Tet(B) corresponds to
Gly152 of Tet(C), which appears to be a point of interaction
with TM-8 in active mutant Tet(C/B) hybrids (18). The current
functional model for the lac permease also holds that TM-5
and TM-8 are adjacent to one another (19) and participate in
lactose binding (4, 17).

From molecular modeling of the class C Tet protein, Varela
et al. (19) proposed that an amino acid motif conserved in
TM-5 among antiporters of the MFS could form a Tc binding
pocket devoid of side chains due to the many Gly residues in
the helix. Of note, the presence of the Pro146Leu mutation
alone in Tet(B) did not greatly alter the specific activity (Table
2), while this and other substitutions at the corresponding
residue (P156) of TetA(K), the class K efflux protein, greatly
lowered the resistance (5). Introduction of the other TM-5
mutations into Tet(B), however, greatly diminished or elimi-
nated Tc resistance (Table 2, residues 132, 135, and 136).

Two of the suppressors of Gly247Asp involved amino acid
substitutions within TM-10 at position 320 (Table 1). To our

knowledge this is the first evidence that TM-8 and TM-10 may
interact in the tertiary arrangement of helices in Tet(B). In a
study of the lactose permease, He and Kaback (7) presented
evidence that specific amino acid residues within TM-8 and
TM-10 interact and serve to stabilize an interface between
TM-5 and TM-8 to promote substrate binding. The location of
mutations in either TM-5 or TM-10 which suppress defects in
TM-8 suggests a close proximity and/or a functional interaction
between these three regions of Tet(B).

Two additional second site mutations were located within
TM-11 (Table 1). Also, at the junction of cytoplasmic loop
10-11 and TM-11 (13) is Gln335Lys. The isolation of these
mutants could indicate that TM-8 and TM-11 are adjacent to
one another in the membrane. To date, however, there is no
other genetic evidence which supports this interpretation, al-
though these two helices face each other across the putative
transport channel in the symmetrical arrangement of trans-
membrane segments in a model for MFS members (6).

Evidence suggests that the two halves of the lac permease

FIG. 1. Topological model of Tet(B). The location of Gly247 is designated with an X, and second-site mutations which suppress mutations at position 247 are
indicated with black circles.

TABLE 1. Secondary amino acid substitutions which restore Tc resistance to Tet(B) Asp247 or Asn247 mutants

Original
mutation

Second-site
mutation

Location of second
mutation

No.
isolated

MIC
(mg/ml)

Protein detected
(% of wild type)

Relative sp
acta

Gly247Asp None 1 20 ,0.019
Gly132Asp TM-5 3 12 96 0.05
Ala136Val TM-5 4 12 63 0.07
Gly254Ser TM-8 1 24 12 0.8
Ala262Thr TM-8 4 24 139 0.07
Glu274Lys Cytoplasmic loop 8-9 3 16 7 0.9
Gly320Lys TM-10 1 24 10 0.9
Gly320Glu TM-10 1 12 7 0.7
Gln335Lys Cytoplasmic loop 10-11 1 12 7 0.7
Ser340Asn TM-11 2 12 7 0.7

Gly247Asn None 1 80 ,0.005
Gly135Arg TM-5 4 24 130 0.07
Ala136Val TM-5 1 12 120 0.04
Pro146Leu TM-5 1 24 125 0.07
Gly254Ser TM-8 11 24 57 0.17
Ala262Thr TM-8 1 24 69 0.14
Gly346Asp TM-11 2 24 90 0.1

a That is, the MIC divided by the percent protein detected, normalized to the ratio for wild-type protein (whose ratio is 2.6). Proteins were quantitated by Western
blot as described previously (18).
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interface between TM-2 and TM-11 (8, 9), as well as between
TM-5 and TM-8 (4, 20), and that reversible conformational
changes at these interface sites mediate lactose transport. A
mutation in TM-11 of the lac permease suppressed a
Phe280Leu mutation located at the cytoplasmic end of TM-8
(10). In that study it was proposed that a second-site mutation
within TM-11 could adjust the TM-2–TM-11 interface, which,
in turn, allowed the lac permease to make conformational
changes at the TM-5–TM-8 interface which had been pre-
vented by the original mutation within TM-8. In this case, the
effect of the suppressor mutation in TM-11 would be indirect.
Kawabe and Yamaguchi (11) recently proposed that loop res-
idues immediately flanking TM-2 and TM-11 in Tet(B) are
also sites of interaction between the alpha and beta domains. If
the hypotheses that functional interfaces between TM-2 and
TM-11 and between TM-5 and TM-8 exist in Tet(B) are true,
then substitutions in TM-11 which suppress position 247 mu-
tations in TM-8 could be mediating their effect via an indirect
mechanism similar to that proposed for the lac permease.

The second-site mutations which suppress the inactivating
mutations Gly247Asp or Gly247Asn in TM-8 of Tet(B) sup-
port our previous work which demonstrated an interaction
between TM-5 and TM-8. They also suggest intrahelical con-
formational interactions between residues scattered along one
face of TM-8, as well as an influence of TM-8 upon cytoplasmic
loop 8-9, TM-10, and cytoplasmic loop 10-11. Finally, they
demonstrate either a physical proximity or an indirect confor-
mational relationship between TM-8 and TM-11.

This work was supported by National Institutes of Health grant
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TABLE 2. Effects of subcloning second site mutations into wild-
type Tet(B)

Mutation MIC
(mg/ml)

Protein detected
(% wild type)

Relative sp
acta

None 260 100 1.0
Gly132Asp 1 10 0.04
Ala136Val 1 5 0.08
Gly135Arg 3 120 0.01
Pro146Leu 64 57 0.43
Glu274Lys 3 80 0.014
Gly320Lys 4 9 0.17
Gly320Glu 1 3
Gln335Lys 1 1
Ser340Asn 24 17 0.54
Gly346Asp 3 54 0.02

a That is, the MIC divided by the percent protein detected, normalized to wild
type (first row). Mutations in TM-5 of Tet protein were introduced into the tetA
gene on an EcoRI fragment. With the exception of Gly245Ser and Ala262Thr,
which could not be subcloned by existing restriction endonuclease sites, muta-
tions in TM-8, TM-10, TM-11, or loop 8-9 or loop 10-11 were introduced into
tetA on a BglI/PvuI fragment.
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