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            JOURNAL OF BACTERIOLOGY, 0021-9193/01/$04.0010 DOI: 10.1128/JB.183.8.2667–2671.2001 Apr. 2001, p. 2667–2671 Vol. 183, No. 8 Copyright © 2001, American Society for Microbiology. All Rights Reserved. Twelve-Transmembrane-Segment (TMS) Version (DTMS VII-VIII) of the 14-TMS Tet(L) Antibiotic Resistance Protein Retains Monovalent Cation Transport Modes but Lacks Tetracycline Efﬂux Capacity JIE JIN, ARTHUR A. GUFFANTI, CATHERINE BECK, AND TERRY A. KRULWICH* Department of Biochemistry and Molecular Biology, Mount Sinai School of Medicine, New York, New York 10029 Received 22 November 2000/Accepted 26 January 2001 A “Tet(L)-12” version of Tet(L), a tetracycline efﬂux protein with 14 transmembrane segments (TMS), was constructed by deletion of two central TMS. Tet(L)-12 catalyzed Na 1 /H 1 antiport and antiport with K 1 as a coupling ion as well as or better than wild-type Tet(L) but exhibited no tetracycline-Me 21 /H 1 antiport in Escherichia coli vesicles. The majority of the prokaryotic tetracycline (Tet) efﬂux pro- teins fall within structurally related families of the major facil- itator superfamily (MFS) of transporters that have either 12 transmembrane segments (TMS) or 14 TMS (21, 24). The 12-TMS Tet proteins include most of the tetracycline efﬂux proteins found in gram-negative bacteria, while the 14-TMS tetracycline efﬂux proteins are predominantly found in gram- positive bacteria (17). These two groups of Tet proteins are structurally similar to a larger group of drug and multidrug efﬂux proteins (DHAs) that also function by a secondary an- tiporter mechanism (16, 21, 22). The major and closely related examples of the 14-TMS Tet proteins are Tet(L), including the chromosomally encoded Tet(L) of Bacillus subtilis, and Tet(K), including that encoded in Staphylococcus aureus plasmids (17). Both Tet(L) and Tet(K) catalyze the exchange of extracellular H 1 for a cytoplasmic complex of Tet and a divalent metal ion that is optimally Co 21 (10, 27), as do 12-TMS Tet proteins (28). Because the reactions catalyzed by the 12-TMS and 14- TMS tetracycline efﬂux proteins are so similar, it has been suggested that the three-dimensional structures of the catalyt- ically active “cores” of these two types of Tet proteins will also be similar (12). Moreover, there is symmetry within structures of individual 12-TMS tetracycline efﬂux proteins, and comple- mentation between mutants in different halves of the molecule has been shown (23). This led to the proposal that the 12-TMS tetracycline efﬂux proteins arose from gene duplication of an ancestral 6-TMS-encoding gene (7, 16, 22, 23). It was further suggested that the origin of the 14-TMS DHA family was the incorporation of two TMS from another source into the middle of a 12-TMS precursor (7). In possible support of this proposal, it is interesting to note the displacement in 14-TMS proteins of a large, central cytoplasmic loop that is typically found in 12-TMS MFS proteins (Fig. 1). This loop has recently been demonstrated to promote membrane insertion of 12-TMS LacY (26). From a functional point of view, there are reasons to hy- pothesize that, as with eukaryotic multidrug efﬂux proteins, Tet proteins and other prokaryotic drug exporters possess (or evolved from proteins that possessed) physiological functions that are unrelated to their current drug substrates. First, chro- mosomes of several prokaryotes contain numerous genes with signiﬁcant sequence similarity to established DHA-12 or DHA-14 members whose products do not show comparable activities (19). Also, the chromosomally encoded DHA-12 or DHA-14 proteins are often expressed at levels that would confer little if any drug resistance, suggesting that they may have other roles that are well served by that expression level (24). Studies from our laboratory have shown that Tet(L) and Tet(K) are indeed multifunctional, having the capacity to con- fer resistance to low levels of tetracycline (Tc r ) and also having two other modes of antiport activity (1–4, 11, 25). They cata- lyze electrogenic Na 1 (K 1 )/H 1 antiport (with H 1 /Na 1 or K 1 of .1), which is physiologically important for Na 1 resistance and for Na 1 - and K 1 -dependent pH homeostasis in B. subtilis (1–4, 25). Tet(L) and Tet(K) also catalyze an electrogenic antiport of the cytoplasmic solutes in exchange for K 1 rather than H 1 , such that net K 1 uptake occurs (11, 14). This mode has a physiological role in K 1 acquisition in B. subtilis (14, 25). These ﬁndings raise the possibility that some tetracycline efﬂux proteins may have evolved from housekeeping antiporters that catalyze monovalent cation/H 1 (K 1 ) antiport. It was thus of interest to take advantage of a pair of strategically located restriction sites that facilitated removal, from the 14-TMS Tet(L) protein, of the middle two TMS, VII and VIII: i.e., the ones proposed to have been inserted late in the evolution of the Tet(L) and Tet(K) family. Figure 1 provides a diagrammatic representation of the Tet(L) protein from B. subtilis drawn by using topological data that were obtained for Tet(K) by others (6, 12). The diagram shows the cleavage sites, a pair of MslI sites, that were used to cleave and religate to form the Tet(L)-12 construct. Shaded in the diagram are the two charged amino acids, D200 and R222, that are in TMS VII and VIII but are deleted in the Tet(L)-12 construct. D200, but not R222, is conserved among the 14- TMS Tet proteins. The deletion construct was fully sequenced to conﬁrm that it was correctly constructed and contained no additional mutations. Separate individual site-directed muta- tions were made in tet(L) to change the two charged residues D200 and R222 to cysteines. This was achieved by the method * Corresponding author. Mailing address: Box 1020, Department of Biochemistry and Molecular Biology, Mount Sinai School of Medicine, 1 Gustave L. Levy Place, New York, NY 10029. Phone: (212) 241-7280. Fax: (212) 996-7214. E-mail: [email protected]. 2667 on April 26, 2019 by guest http://jb.asm.org/ Downloaded from 
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 Apr. 2001, p. 2667–2671 Vol. 183, No. 8
 Copyright © 2001, American Society for Microbiology. All Rights Reserved.
 Twelve-Transmembrane-Segment (TMS) Version (DTMS VII-VIII) ofthe 14-TMS Tet(L) Antibiotic Resistance Protein Retains Monovalent
 Cation Transport Modes but Lacks Tetracycline Efflux CapacityJIE JIN, ARTHUR A. GUFFANTI, CATHERINE BECK, AND TERRY A. KRULWICH*
 Department of Biochemistry and Molecular Biology, Mount Sinai School of Medicine, New York, New York 10029
 Received 22 November 2000/Accepted 26 January 2001
 A “Tet(L)-12” version of Tet(L), a tetracycline efflux protein with 14 transmembrane segments (TMS), wasconstructed by deletion of two central TMS. Tet(L)-12 catalyzed Na1/H1 antiport and antiport with K1 as acoupling ion as well as or better than wild-type Tet(L) but exhibited no tetracycline-Me21/H1 antiport inEscherichia coli vesicles.
 The majority of the prokaryotic tetracycline (Tet) efflux pro-teins fall within structurally related families of the major facil-itator superfamily (MFS) of transporters that have either 12transmembrane segments (TMS) or 14 TMS (21, 24). The12-TMS Tet proteins include most of the tetracycline effluxproteins found in gram-negative bacteria, while the 14-TMStetracycline efflux proteins are predominantly found in gram-positive bacteria (17). These two groups of Tet proteins arestructurally similar to a larger group of drug and multidrugefflux proteins (DHAs) that also function by a secondary an-tiporter mechanism (16, 21, 22). The major and closely relatedexamples of the 14-TMS Tet proteins are Tet(L), including thechromosomally encoded Tet(L) of Bacillus subtilis, and Tet(K),including that encoded in Staphylococcus aureus plasmids (17).Both Tet(L) and Tet(K) catalyze the exchange of extracellularH1 for a cytoplasmic complex of Tet and a divalent metal ionthat is optimally Co21 (10, 27), as do 12-TMS Tet proteins(28). Because the reactions catalyzed by the 12-TMS and 14-TMS tetracycline efflux proteins are so similar, it has beensuggested that the three-dimensional structures of the catalyt-ically active “cores” of these two types of Tet proteins will alsobe similar (12). Moreover, there is symmetry within structuresof individual 12-TMS tetracycline efflux proteins, and comple-mentation between mutants in different halves of the moleculehas been shown (23). This led to the proposal that the 12-TMStetracycline efflux proteins arose from gene duplication of anancestral 6-TMS-encoding gene (7, 16, 22, 23). It was furthersuggested that the origin of the 14-TMS DHA family was theincorporation of two TMS from another source into the middleof a 12-TMS precursor (7). In possible support of this proposal,it is interesting to note the displacement in 14-TMS proteins ofa large, central cytoplasmic loop that is typically found in12-TMS MFS proteins (Fig. 1). This loop has recently beendemonstrated to promote membrane insertion of 12-TMSLacY (26).
 From a functional point of view, there are reasons to hy-pothesize that, as with eukaryotic multidrug efflux proteins, Tet
 proteins and other prokaryotic drug exporters possess (orevolved from proteins that possessed) physiological functionsthat are unrelated to their current drug substrates. First, chro-mosomes of several prokaryotes contain numerous genes withsignificant sequence similarity to established DHA-12 orDHA-14 members whose products do not show comparableactivities (19). Also, the chromosomally encoded DHA-12 orDHA-14 proteins are often expressed at levels that wouldconfer little if any drug resistance, suggesting that they mayhave other roles that are well served by that expression level(24). Studies from our laboratory have shown that Tet(L) andTet(K) are indeed multifunctional, having the capacity to con-fer resistance to low levels of tetracycline (Tcr) and also havingtwo other modes of antiport activity (1–4, 11, 25). They cata-lyze electrogenic Na1(K1)/H1 antiport (with H1/Na1 or K1
 of .1), which is physiologically important for Na1 resistanceand for Na1- and K1-dependent pH homeostasis in B. subtilis(1–4, 25). Tet(L) and Tet(K) also catalyze an electrogenicantiport of the cytoplasmic solutes in exchange for K1 ratherthan H1, such that net K1 uptake occurs (11, 14). This modehas a physiological role in K1 acquisition in B. subtilis (14, 25).These findings raise the possibility that some tetracycline effluxproteins may have evolved from housekeeping antiporters thatcatalyze monovalent cation/H1(K1) antiport. It was thus ofinterest to take advantage of a pair of strategically locatedrestriction sites that facilitated removal, from the 14-TMSTet(L) protein, of the middle two TMS, VII and VIII: i.e., theones proposed to have been inserted late in the evolution ofthe Tet(L) and Tet(K) family.
 Figure 1 provides a diagrammatic representation of theTet(L) protein from B. subtilis drawn by using topological datathat were obtained for Tet(K) by others (6, 12). The diagramshows the cleavage sites, a pair of MslI sites, that were used tocleave and religate to form the Tet(L)-12 construct. Shaded inthe diagram are the two charged amino acids, D200 and R222,that are in TMS VII and VIII but are deleted in the Tet(L)-12construct. D200, but not R222, is conserved among the 14-TMS Tet proteins. The deletion construct was fully sequencedto confirm that it was correctly constructed and contained noadditional mutations. Separate individual site-directed muta-tions were made in tet(L) to change the two charged residuesD200 and R222 to cysteines. This was achieved by the method
 * Corresponding author. Mailing address: Box 1020, Department ofBiochemistry and Molecular Biology, Mount Sinai School of Medicine,1 Gustave L. Levy Place, New York, NY 10029. Phone: (212) 241-7280.Fax: (212) 996-7214. E-mail: [email protected].
 2667
 on April 26, 2019 by guest
 http://jb.asm.org/
 Dow
 nloaded from
 http://jb.asm.org/

Page 2
						
						

described by Kunkel et al. (15), followed by complete sequenc-ing. The three mutated tet(L) forms, tet(L)-12, the D200Cmutant, and the R222C mutant, were each cloned intopGEM3Zf(1) (Promega) under control of the T7 promoter;this gives low-level expression that is optimal for Na1-relatedassays that were carried out with transformants of the anti-porter-deficient Escherichia coli NM81 strain (DnhaA) (20).The three tet(L) forms were also cloned into the shuttle vectorpBK15 (obtained from K. Zen) under the control of the ermCpromoter; this gives a higher level of expression that is optimalfor tetracycline-related assays carried out in transformants ofE. coli DH5a and K1-related assays that were carried out in anE. coli mutant, TK2420, that has mutations in each of three K1
 uptake systems (5). Tetracycline-Co21/H1 antiport andNa1/H1 antiport activities were assessed by energy (Tris D-lactate)-dependent uptake of the radioactive solute intoeverted membrane vesicles of the appropriate E. coli transfor-mant. Everted vesicles were prepared and assayed as describedpreviously (10), except that 5 mM dithiothreitol was used dur-ing preparation, and instead of a potassium phosphate buffer,the preparation and assay buffer was 10 mM BTP {1, 3-bis [tris(hydroxymethyl) methylamino] propane}. Data are correctedfor a control experiment in which the uncoupler carbonyl cy-anide-m-chlorophenylhydrazone (CCCP) was present at 10mM. The net K1 uptake mode was assayed in right-side-outmembrane vesicles that were prepared by the method ofKaback (13). The assay, described previously (11), comparedenergy (Tris D-lactate)-dependent, net 86Rb1 uptake by vesi-cles loaded with 100 mM KCl, as opposed to choline Cl, underconditions in which there was no chemical gradient ofK1(Rb1) across the membrane. The data presented are aver-ages of assays conducted in duplicate in at least two indepen-
 dent experiments. For determinations of the amounts of dif-ferent mutant Tet(L) proteins that were incorporated into themembrane relative to wild-type levels, Western analyses wereconducted with membrane vesicles from E. coli DH5a trans-formants with an antibody that had been raised to a peptidecorresponding to the Tet(L) N terminus (4). Detection bychemiluminescence was accomplished with the AmershamECL (enhanced chemiluminescence) kit (Amersham), andquantification was carried out with ImageQuant software (Mo-lecular Dynamics). As shown in Fig. 2, Tet(L)-12 and theR222C mutant protein were incorporated into the membraneat approximately one-third the level of the wild-type Tet(L),
 FIG. 1. Topological diagram of Tet(L) highlighting the region deleted in construction of Tet(L)-12. The gray bars show the positions of motifsthat were noted by Paulsen et al. (21) in 12- and/or 14-TMS drug/H1 antiporters. The two MslI sites used in construction of Tet(L)-12 are indicatedby the scissors arrowheads.
 FIG. 2. Western analyses of everted membrane vesicles from E.coli DH5a transformed with either a vector control or recombinantpBK15 plasmids bearing genes encoding the indicated forms of Tet(L).Mr values are indicated to the left, and the percentage of proteinincorporation relative to wild-type Tet(L) is shown for Tet(L)-12 andthe two site-directed mutant forms at the bottom of the figure.
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whereas the incorporation of the D200C mutant was significantbut lower.
 As shown in Fig. 3, Tet(L)-12 supported almost no Tcr in adirect comparison with wild-type Tet(L) and a vector control(Fig. 3A) but exhibited a wild-type capacity to complement theK1 uptake-deficient E. coli strain TK2420 (Fig. 3B) and torestore Na1 resistance to Na1-sensitive E. coli NM81. Trans-port data correlated with these findings. As shown in Fig. 4,everted vesicles from Tet(L)-12 exhibited no energy-depen-dent Tet uptake (Fig. 4A), whereas it exhibited wild-type levelsof Na1 uptake (Fig. 4B). Presumably the modest Tcr conferredby Tet(L)-12 results from retention of some tetracycline bind-ing capacity. Net K1 uptake activity was assayed in a protocolin which energy-dependent Rb1 uptake was monitored inright-side-out membrane vesicles; net K1 accumulation wasdependent upon the presence of intravesicular K1 (as opposedto choline). As shown in Fig. 5, Tet(L)-12 exhibits more rapidand extensive Rb1 uptake. Since the results are normalized tototal vesicle protein and the Tet(L)-12 vesicles contain less Tetprotein than found in the wild-type vesicles, the difference iseven greater than drawn had it been it normalized to Tetcontent.
 The small periplasmic loop between TMS VII and VIII that
 is deleted does not contain any residues of known importancein the transport mechanism. Therefore, in identifying candi-date residues whose loss in Tet(L)-12 might relate to the lossof tetracycline transport capacity, we focused upon the twocharged amino acids that are predicted by topology studies tobe in TMS regions, D200 and R222. As shown in Fig. 6, theR222C mutant Tet(L) exhibited tetracycline transport activitythat was less than that of the wild type but significant, whereasthe D200C mutant protein exhibited no tetracycline transportactivity. Even though less of the Tet(L) D200C protein wasincorporated into the membrane, activity would have beendetected were the protein active. Indeed, the D200C mutantprotein was found to bind tetracycline well, as evidenced bymuch higher tetracycline binding controls than were observedwith wild-type Tet(L) or R222C. Transport assays were con-sistent with the growth experiments, with the R222C mutantexhibiting all three transport modes but with D200C exhibitingonly Na1/H1 antiport and net K1 (Rb1) uptake capacity. It ispossible that D200C is an essential residue for tetracycline-Co21/H1 antiport but not for any of the other activities ofTet(L). Either its alteration or its deletion together with thecentral two TMS might then account for the absence of thatactivity in Tet(L)-12. However, the excision of two entire TMSis likely to have had global effects on the protein, and even thesingle mutagenic change of D200 might affect activity indi-rectly. The basis for the change in the activity spectrum upon
 FIG. 3. Complementation capacities of Tet(L)-12 compared to thatof wild-type Tet(L). The growth of the indicated transformants of E.coli DH5a on different concentrations of tetracycline (A), E. coliTK2420 on different concentrations of added KCl (B), and E. coliNM81 on different concentrations of added NaCl (C) are shown as theA600 measured after 15 h of growth. The results are the mean values ofat least three independent experiments conducted in duplicate.
 FIG. 4. Transport of tetracycline (Tc) and Na1 by everted vesiclesof Tet(L)-12 compared with that of wild-type Tet(L). (A) Evertedvesicles from the indicated transformants of E. coli DH5a were as-sayed for tetracycline-Co21/H1 antiport via the energy-dependent ac-cumulation of radiolabeled tetracycline (25 mM) in the presence of 100mM CoCl2. (B) Everted vesicles from the indicated transformants of E.coli NM81 were assayed for energy-dependent Na1/H1 antiport via22Na1 uptake.
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formation of Tet(L)-12 is thus likely to be complex. Whateverthe details of how the change develops, the retention of robustNa1/H1 activity and net K1 uptake activity by Tet(L)-12 res-onates with suggestions that ancestral forms of current antibi-otic efflux proteins may have had different topologies and may
 have had a different spectrum of activities that included phys-iologically important transport capacities.
 Finally, two truncated forms of the wild-type Tet(L) wereprepared as part of this study in view of the finding of othersthat approximately the N-terminal one-quarter to one-half ofthe Tet(B) and Tet(K) proteins, respectively, was sufficient tocomplement K1-deficient E. coli strains (8, 9,18). An earlierconstruct that we had prepared to resemble the reported trun-cated Tet(K) had not shown K1 uptake activity, but we had notassessed membrane incorporation of that protein (11). Newconstructs were made of wild-type Tet(L) that retained eithersix or eight full N-terminal TMS; incorporation of these pro-teins into the membrane was shown to be close to wild-typelevels, but neither Tcr nor complementation of E. coli K1
 uptake was observed. Thus, Tet(L)-12 is the only smallerTet(L) form for which we have so far been able to confirmactivity.
 This work was supported by research grant GM52837 from theNational Institute of General Medical Sciences.
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