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Importance of the GP Dipeptide of the Antiporter Motif and Other
Membrane-Embedded Proline and Glycine Residues in Tetracycline Efflux Protein
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ABSTRACT: Proline and glycine residues are well represented among functionally important residues in
hydrophobic domains of membrane transport proteins, and several critical roles have been suggested for
them. Here, the effects of mutational changes in membrane-embedded proline and glycine residues of
Tet(L) were examined, with a focus on the conserved®Pedipeptide of motif C, a putative “antiporter

motif’. Mutation of Gly!®°to cysteine resulted in a mutant Tet(L) that bound its tetracyelitiealent

metal (Tc-Me?") substrate but did not catalyze efflux or exchange of-We?" or catalyze uptake or
exchange of Rbwhich was used to monitor the coupling ion. These results support suggestions that this
region is involved in the conformational changes required for translocation. Mutations?f§ fesulted

in reduction (P156G) or loss (P156A or P156C) of-Te?" efflux capacity. All three Pri#® mutants
exhibited a K leak (monitored by¥*Rb" fluxes) that was not observed in wild-type Tet(L). A similar

leak was observed in a mutant in a membrane-embedded proline residue elsewhere in the Tet(L) protein
(P175C) as well as in a P156C mutant of related antiporter Tet(K). These findings are consistent with
roles proposed for membrane-embedded prolines in tight helix packing. Patterns of Tc resistance conferred
by additional Tet(L) mutants indicate important roles for another GP dipeptide in transmembrane segment
(TMS) X as well as for membrane-embedded glycine residues in TMS XIII.

Almost all transport proteins have membrane-embedded The MFS comprises about a quarter of all transport proteins
proline residues in some of the multiglehelices that are a (10, 11). The first three high-resolution structures of MFS
general feature of transporterd).( These residues are members, the oxalate/formate antiporter OXIT (fr@mxalo-
preferentially paired with glycine residues that are also found bacter formigengs(12), the lactose/proton symporter LacY
in abundance in TMSof transportersZ, 3). Membrane- (from Escherichia colj (13), and the inorganic phosphate/
embedded proline and glycine residues of transporters areglycerol 3-phosphate antiporter GIpT (froBh coli) (14),
hypothesized to promote helix kinks and swivels that play show clearly that many of the 12 TMS of these transporters
crucial roles in the conformational flexibility required for  are highly curved, with several of them having evident kinks.
transport mechanism@<-6). They are further hypothesized The positions of kinking in LacY are associated with six

to have roles in helix packing and associati@r9). These prolines, three glycines, and two alanind§)(
hypotheses have been stunningly supported for the largest

f?m'tl?/ Otf rrmlalml?r?rleC}r?rnsnportr?r(r)telr;s, rthke :\/IFtS a fnadmny_ glycine-rich motif in TMS V that is designated motif C and
ot structurally retated transporters ot prokaryotes and €u- ;o ot several motifs that have been identified in 12-TMS

karyotes that includes uniporters, antiporters, and SYMPpOrters., - /-1 4-TMS members of the superfamily¢ 19) (Figure

1). Motif C has been a focus of interest in structufienction
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Ficure 1: Topological model of Tet(L) highlighting the residues functionally probed in this study. The topology is based on the experimental
work of others on Tet(K)Z8, 29). The gray bars indicate the positions of motifs described by Paulsen &7pthét are either conserved
in both 12-TMS and 14-TMS drug/Hfamilies (motifs A, B, C) or conserved only in 14-TMS (motifs D1, H, E, F).

additional glycine residues of motif C for Tc transport has

In the present study, we sought to apply the experimental

also been shown in the Tet(K) protein by assays of mutantsadvantage of the inwaréfRb" flux assay to complement

with diverse substitutions at these positioRs)( Tet(K) and
closely related Tet(L) form a class of 14-TMS Tet proteins
in the MFS @8, 29). Both genes are found in plasmids of
Gram-positive bacterial species, e$taphylococcus aureus

Tc—Me?* efflux assays in probing the role of the motif C
GP dipeptide in 14-TMS Tet proteins. In addition, we
examined the effects on FdMe*" efflux of two new

mutations at another important residue of Tet(L) motif C,

with Tet(L) also being encoded in the chromosome of some E152D and E152C, and one new mutation at a site in the

Bacillus subtilisstrains 9, 30, 31). Tet(L) and Tet(K) share

sequence similarity to the 12-TMS Tet proteins in the
N-terminal domain comprising the first six TMS, but
structure-function differences in the two groups are evident

periplasmic half of TMS IV that is thought to interact with

motif C, R110K @4, 25). E152Q and R110C mutations were
earlier shown to result in complete loss of tetracycline
resistance4l). Finally, we tested the effect on tetracycline

even in this domain, including the presence of an essentiallesistance of Tet(L) mutations in membrane-embedded

acidic residue in motif C of Tet(L) and Tet(K) that is not
conserved in the motif C of 12-TMS Tet proteirk?).

The 12- and 14-TMS Tet proteins are hypothesized to have
evolved independently from each other on the basis of

genomic consideration82—34). They also have apparent
functional differences. Only FeMe?*/H" antiport has been
demonstrated for 12-TMS Tet proteins, and the antiport is
electroneutral, with no flux of charge occurring during an
antiport turnover 35). By contrast, Tet(L) and Tet(K)
proteins catalyze NgK*)/H* antiport, that supports alkaline
pH homeostasis and Naesistance, in addition to the Fc
Me?t/H* antiport that supports antibiotic resistance. All of
the antiport reactions catalyzed by Tet(L) and Tet(K) are
electrogenic; i.e., more than on€'lik translocated inward
per Na", K™, or monocationic TcY—Me?" complex trans-
located outward36—39) in contrast to the finding with the
12-TMS TrL0 Tet protein 85). Both Tet(L) and Tet(K) can
also substitute K for part of the H coupling ion comple-
ment, especially at high pH, thus catalyzing both nétakd

H* uptake under particular conditions of pH and Ktatus
(40—42). This use of K makes it possible to track the
movement of the coupling ion (via inward fluxes $Rb")

in a direct manner that is not possible when onlyislused

as coupling ion 40).

glycines and prolines of two additional regions that are in
the C-terminal domain of Tet(L): (i) a distinct GP dipeptide
in TMS X that is in a functionally important region of
subtilis multidrug resistance proteid8) and (ii) a glycine-
rich region of TMS XIllII, another helix that contains an
essential acidic residue in Tet(K) and Tet(4j1{ 44). The
residues studied are highlighted in Figure 1.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditionghe following
E. colistrains were usedE. coliDH5a [F~ $80AlacZAM15
A(lacZYAargF)U169 recAl endAl hsdR@Z™ mx™) supE44
A~ thi-1 gyrA relA] (GIBCO-BRL)(45) was used for cell
and vesicles assays of Tc resistance and transport, respec-
tively; E. coli IM109 and CJ236 (New England Biolabs)
were used for steps of the site-directed mutagenesis as
described previously4(Q); and E. coli TK2420 [irkD1
A(trkA) A(kdpABQ5 kugd, a Kt-uptake-deficient triple
mutant @6), was used for assays of Rluptake by right-
side-out (RSO) vesiclesk. coli strains were routinely
maintained and grown in LBK4(7).

Construction and Cloning of tet(L) and tet(K) Genes with
Site-Directed MutationdViutations were introduced into the
chromosomatet(L) gene fromB. subtilisand theS. aureus
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Table 1: New Mutational Changes Made in Tet(L) and Tet(K)

Protein  Mutant

Tet(L) E152D

Primer Sequence 5'-3'

CTGGTAGCAATGGGAGATGGTGTTGGGCCAGCT

De Jesus et al.

were fractionated on sodium dodecy! sulfapmlyacrylamide

gels and transferred to nitrocellulose membranes, Western
analyses were carried out using antibodies raised to synthetic
peptides corresponding to the N-terminus of Tet(L) or Tet(K),

G155A  ATGGGAGAAGGTGTTGGCCCAGCTATTGGCGGA as described earlie49). The signals were quantified by using
GMIA  GGCATTATTTTOCCOGCAMGAATGAGTGICATCA 'mageQuant software (Molecular Dynamics).

C302C  CGOATTATTTTCCOCTOTACAATGACTGTOATCA Transport Assays in Membrane_z Vesicles of E. coli. (i)
G398C  AGCTTTTTATCAGAGTGTACGGGTATTGCGA Assessment of FEC?" Efflux Capacity by Assays of Energy-
G400C  TTATCAGAGGGAACGTGTATTGCGATTGTAGGC (p-Lactate-) Dependent Uptake of FE*" into Everted
G405C  GGTATTGCGATTGTATGCGGTTTATTATCTATCGG (Inside-Out) VesiclesTc uptake was assayed at 3G in
1?:316((:: é\ggggzgﬁiigzg;zEg;gggg;wﬂTC reaction mixtures containing 50y of vesicle protein in 10
P156A GGAGAAGGTGTTGGGGCAGCTATTGGCGGAATG mM BTP bUﬁer'_pH 7.5, 2M [?H]TC’ and 10.QAM CoCl..
PI156C  GGAGAAGGTGTTGGGTGTGCTATTGGCGGAATG Energized reactions also contained 5 mM Faslactate (an
P156G  GGAGAAGGTGTTGGGCCAGCTATTGGCGGAATG electron donor to the respiratory chain via membrane-
P175A  TATTTGCTGCTTATTGCAACTGCAACAATTATC associatet-lactate dehydrogenase); this was included in the
P175G  TATTTGCTGCTTATTGGAACTGCAACAATTATC reaction mix so that the vesicles were energized when the
P183C TATTTGCTGCTTATTTGCACTGCAACAATTATC

substrate was added. The reaction was initiated by addition

P301S AGCGGCATTATTTCCTCCGGAACAATGAGTGTC of [3H]TC—COC|2 from a 50 premixed stock (125 mM TC,

R110K ATTCTCATTCTAGCCAAATTTATTCAAGGAATTGG -
T303A  CATTATTTTCCCCGGAGCAATGAGTGTCATCATCTT 5 mM CoC}) that allowed formation of the substrate
complex. At intervals after initiation of the reaction, samples
Tet(K) GISSC ~ CTTTAGGTGAAGGGTTATGTCCTTCAATAGGGGGA were filtered on GSWP 02500 filters (Millipore), washed
G1558 CTTTAGGTGAAGGGTTAAGTCCTTCAATAGGGGGA . . . . .
PIS6C  GGTGAAGGOTTAGOTTGTTCAATAGGGGGAATA with cold reaction buffer, dried, and assayed by liquid

_ : — ~scintillation spectrometry. Parallel deenergized control reac-
_ @The bold letters in the primer sequence indicate the mutation tions were conducted for each type of transformant mem-
introduced. L . .
brane preparation in the absence of Fslactate and with
plasmid pT181tet(K) gene which had earlier been cloned addition of the uncoupler CCCP to a final concentration of
into the bacteriophage vector M13mp140); phage DNA 10uM. Substrate binding under these deenergized conditions
was used as template for site-directed mutagenesis by thewas subtracted from values obtained in the presence of
method of Kunkel et al.48). The mutants used in the study D-lactate and absence of CCCP. Vector controls were also
and the primers employed in their construction are shown conducted routinely.
in Table 1. Each construct was cloned into the shuttle vector (i) Assays of JH]Tc—Cc?":Tc—Co?" and KF—#RbH K+ —
pBK15 (obtained from K. Zen), which contains EbmY Rb" Exchange in RSO VesicldgSO vesicles were prepared
markers, a pBD42-pBR322 joint replicon, and a multiple in 10 mM BTP buffer, pH 7.5. ForfH]Tc—Co?": Tc—Co?*
cloning site. Theet genes were cloned under control of the exchange they were passively loaded withi80 CoCl, and
ermCpromoter; experiments were conducted without added 25 uM Tc or with 50 «uM choline chloride. Samples were
Em using the modest level of basal expression. The sequenceliluted 1:10 in buffer containing 50M CoCl, and 25uM
of each construct was verified by sequencing of the whole [*H]Tc. At various times, 5Q:L samples, each containing
tet ORF in the institutional DNA Core Facility. 50 ug of vesicle protein, were filtered onto HAWP (0.45
Assays of Tc Resistance of E. coli Transformahts. um) filters (Millipore), and radioactivity was monitored as
assays of Tc resistance, L0 of stationary phase cultures described above. For K-8Rb":K*—Rb" exchange, the
of E. coli DH5a. transformants (with control or recombinant  vesicles were loaded with either 1301 KCI or 100 uM
pBK15 plasmids) was inoculated into 2 mL of LBK choline chloride. They were diluted and assayed as for the
containing various Tc concentrations in the range 82 other exchange except that the dilution buffer contained 100
ug/mL. TheAsoo after 15 h was plotted for determination of «M K*—8Rb". The binding control assays were conducted
MIC (49). All assays were carried out in duplicate in at least identically to the two exchange reactions except that the
two independent experiments. MIC values in this study are reaction mixtures contained 2% toluene to permeabilize the
taken to represent Tc resistance that is negligible aug/ vesicles. Correction was made for the choline controls at
mL, significantly defective at 512 ug/mL, and substantial ~ each point of the assay, and the data for the vector control
at >15 ug/mL. MIC values for Tc assayed in vivo do not are shown.
correlate precisely with transport levels assessed in vi8p ( (iiiy Assays of Energy-Dependent Uptake8eRb" into
50), but the semiquantitative correlation between the lowest RSO Vesicles and Its Dependence on the Presence of a Tet(L)
and highest group of values is strong. or Tet(K) Efflux Substrate Inside the VesidRSO vesicles
Preparation of Membrane Vesicldsverted vesicles were  from E. coli TK2420 transformants were prepared in 10 mM
prepared fronk. coli transformants in 10 mM BTP at pH  BTP buffer, pH 7.5, and were passively loaded with either
7.5 using the French pressure cell method of Ro5éhds 100uM choline chloride [nonefflux substrate for Tet(L) or
described previously40). RSO membrane vesicles were Tet(K)] or 100 uM KCI (an efflux substrate). Assays of
prepared by the lysozyme method of KabaBR)(and were  Tet(L)- and Tet(K)-dependeffRb"™—K ™ uptake were initi-
preloaded with either 100M choline chloride or KCI 42). ated by dilution of 25(L of the vesicle suspension into 500
Protein assays were conducted by the method of Lowry etuL of 200 mM Tris-HCI (pH 7.5), containing 10 mM Tris
al. (63) using egg white lysozyme as the standard. p-lactate and 10QuM 8Rb*—K*. The final membrane
Western Analyses of Membranes from E. coli Transfor- concentration was 50@g of membrane protein/reaction
mants.After everted membrane samples (& of protein) mixture. Binding controls were carried out without added
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Table 2: Effects of Tet(L) and Tet(K) Mutations on Protein G155A
Assembly into the Membrane and Tc Resistanc&.ircoli DH502 A Kin + lactate
Tet(L) % &K -lactate | ]
or location of protein  membrane MIC of Tce +lactate
Tet(K) mutation property  assembly  (ug/mL) o f*;g‘ci?;ig- -
none (vector 2 o wild type
control) o 20;22\ -ﬂ
Tet(L) none wild type 100 30 n
© motif B, TMS IV R11008 18 2 AdieS 157 Tet(L) wt 7 G185C
R110K 82 4 061 -
motif C, TMSV  E152C 30 2 = ‘D 1.0 i
E152D 49 12 o g
E152Q 98 3 g o
G155A 134 16 o £ 059 .
G155C 100 8 £ 2
G155S 152 8 e g o
P156A 60 2 £ £ ! ! ! !
P156C 94 2 = S 1.59 vector control 7 G155S
P156G 121 2 s s
motif H, TMS VI P175A 89 8 S 5 10 i
P175C 88 16 s M
P175G 74 16 © e
TMS X P301G ND >32 T 8 054 4
P301S 86 2 @,
G302A 76 8 M
G302C 62 2 O-M -
T303A 66 8 0 2 4 0 2 4
TMS XIlI G398C 80 16 Time (minutes) Time (minutes)
gjggg Zg g FIGURE 2: Transport assays of Tet(L) Gy mutants in comparison
GA06C 65 8 with wild-type Tet(L). Left panel: Uptake ofH]Tc—Cc?* into
Tet(K) motifC, TMSV  wild type 100 12 everted vesicles from the indicated transformantg.adoli DH5a
' G155C 105 4 was carried out as described qnder Materials and Methods. The
G155S 88 values shown, with standard deviations, are the averages of duplicate
P156C 98 2 determinations on at least two independent vesicle preparations.

The values shown were corrected for the binding control of
2All values are the average of duplicate determinations in at least deenergized (CCCP-treated) vesicles from each of the same strains.
two independent experiments, with standard deviatiod5% of the Right panels: Uptake offRb" was assayed in RSO vesicles of
mean.” Percentage of the wild-type values (set at 100) as evaluated transformants expressing the same plasmids used in assays of
by Western analyse$MIC is the minimal Tc concentration at which  [3H]Tc—Ca? uptake, but the bacterial strain wis coli TK2420.
there was no growth of th&. coli DH5a transformant after a 15 h  The results for each transformant are shown in separate panels
incubation in rich medium41). ¢ These values have been reported because assays were conducted under several different conditions
previously and are shown here for comparisbNot determined. that distinguish an electrogenic leak from antiport (the conditions
are listed in the box above the wild-type panel).

Tris—p-lactate and with the addition of 5% butanol; butanol - gjgpificant Tc resistance that was still defective relative to
was empirically found to yield more consistent control values 4 type but also exhibited less membrane assembly than
in this particular assay than the 2% toluene used for the ;g type; E152C and E152Q mutants of Tet(L) did not
exchange assays. At intervals, samples were filtered andeonfer Tc resistance. Transport assays showed that the
proce_ssed as Qescribed under (i) except that HAWP (0'45[3H]TC—C02+ uptake activity of Tet(L) E152D in everted
pm) filters (Millipore) were used. membrane vesicles aftRb" uptake activity in RSO vesicles
were comparable to the wild-type activity, whereas the Tet(L)
E152C mutant exhibited no Tet(L)-dependent transport in
either assay (data not shown). Presumably, a negative charge

RESULTS

Mutants of Ardg'®in TMS IV and of GItP? and Gl in
the Motif C GP Dipeptide Earlier indications of the s required at this position.
importance of Arg®and GIu®? (41) were followed up with Three Tet(L) proteins with mutations of Gy of the
new mutants before the effort focused on the motif C GP GP%>%5¢dipeptide (G155A, G155C, or G155S) all assembled
dipeptide and other Gly and Pro residues in TMS domains. at wild-type levels or greater in the membranesEofcoli
A new R110K mutation of Tet(L), a more conservative when expressed from a multicopy plasmid (Table 2). Tet(L)
change than the original R110C mutation, allowed greater G155A conferred substantial Tc resistance while the G155C
membrane assembly than the original mutation, but no and G155S mutants were more deficient by this assessment
significant Tc resistance was conferred (Table 2). Transport (Table 2). Assays of3H]Tc—Co?" uptake by energized
assays showed that the initial rate &f[Tc—Co?" uptake everted vesicles, the surrogate assay of Tc efflux by right-
by Tet(L) R110K vesicles was indistinguishable from that side-out cell or vesicle systems, confirmed that the Tet(L)
of wild-type Tet(L) but was followed by cessation of uptake G155A retained significant, low activity whereas the G155C
after 30 s, which was not observed in the wild type (data and G155S mutants did not (Figure 2). None of the mutants
not shown). This uptake deficit probably accounts for the exhibited any activity in assays &fRb" uptake in RSO
negligible Tc resistance conferred by this mutant and might membrane vesicles; in these assay$-fRb' is used as
result from a coupling defect. By contrast, a charge- part of the extravesicular coupling ion complement that
preserving mutation of GK?in motif C, E152D, conferred  exchanges for an intravesicular substrate of the transporter
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(Figure 2). The values shown in Figure 2 were corrected for Trndcaton 207 o= 1.0-
binding controls conducted for each vesicle preparation. A : Ei Eo<BB| | Eé‘?’é‘é’c i
consistent difference in the magnitude GH[Tc—Co*" ]I@ ol . ]

i EBB EoBB S ]

binding was observed between the two inactive &ly
mutants, G155C and G155S, and the wild-type Tet(L); there : s-4l@ ®@|~e
was no significant difference between the binding control : I @|~e

of G155A and wild type. The binding assessed using i E Eo

86Rb* taken up (nmoles/mg protein)
P
1

[3H]Te taken up (nmoles/mg protein)
a
1

I
uncoupler- (CCCP-) treated vesicles averaged &:0504 | *~l® ol* ! 05 .
nmol of Tc/mg of membrane vesicle protein in the wild- | A EoA i 7
type vesicles whereas the G155C vesicles averagedd0.25 | le of . 0:

0.04 nmol of Tc/mg of membrane protein; the same binding ! Ei@T—,mio:mE" E o Ry ERR
difference was observed when butanol treatment was used----------------- - Time (minutes) Time (minutes)
in addition to CCCP treatment. Two experiments were con- FIGURE 3: Assays of {H]Tc—Co?*:Tc—Co*" and K" —8Rb":K*—

e hindi : .1 Rb™ exchange in RSO vesicles expressing Tet(L) G155C. Left:
ducted to assess the nature of this binding. First, the bmdngiagr‘,jlm of the reaction cycle for Tet(L); Bnd B respectively

of [*H]Tc alone, under the same conditions except for the represent the inward and outward facing conformations of the
absence of C0, was assayed and found to be identical and transporter; A is the efflux substrate (e.g.,-T€**), and B is a

in the low 0.05 nmol/mg of membrane protein in both wild-  coupling ion which could be eitherHor Rb*—K*. The B:A ratio
type and G155 mutant membranes. Second, experiments wer greater than unity4@); the precise stoichiometry is not known

; ; ; . . and is shown here as 2B:A for diagrammatic purposes. The reaction
conducted in which the vesicles were incubated in a St"’md"’lrdcycle illustrates an alternating access or ping-pong model in which

reaction mix containing’H]Tc—Cc?* and then washed with  effjux substrate A binds to;Bn step 1 followed by hypothetical
buffer containing 10tM nonradioactive Te-Co?" using a tight binding (step 2) that may be detected in the G155C mutant
protocol described by others$4); no reduction in the because of a defect in subsequent translocation (step 3) that usually

membrane-associatetH] Tc was found. No such difference ~ occurs immediately after tight binding. This is followed by
hypothesized release from tight binding (step 4) and final substrate

in binding, as compared_ to V_V'ld type, was observed with release (step 5). The Tc:€oexchange reaction assesses this set

any other Tet(L) mutant in this study. of reactions (steps-15, dashed box), starting with unlabeled Tc:
The profile of two Tet(L) Gly* mutants suggested that Cc?" inside and labeled Tc:Co outside and proceeding forward

these mutant Tet(L) forms were able to bind the cytoplasmic and reverse. A comparable half-reaction, going in both directions,

with the top half cycle (reactions-610, dotted box) is assessed by
efflux substrate but were unable to carry out a subsequentthe K*—8Rb* K —Rb* exchange. Middle and right: Experi-

step in the transport cycle. Assays of batfRb":Rb" mental data for the two exchange reactions. The assays were carried
exchange and®H]Tc—Co?":Tc—Co?* exchange were con-  out as described under Materials and Methods in comparison with
ducted on wild-type Tet(L) and the Tet(L) G155C mutant. wild-type Tet(L) and control membranes. The data are the averages
These two exchange reactions, respectively, involve flux from two independent preparations and are shown with standard
across the membrane of the radiolabeled coupling ion (into 9€viations.
RSO vesicles) or substrate (into everted vesicles), dissociation
of the coupling ion or substrate from Tet(L), and then
transport of the unlabeled coupling ion or substrate across A Kin, + lactate
in the return direction. Each exchange reaction therefore 0 o, oetate
assays a segment of the complete reaction cycle that includes R ;;fj;‘i
a conformational switch and that can support bidirectional ~ lactate
flux of either the coupling ion or the substrate across the o orpe
membrane (in the absence of a complete substrate efflux = P156A
cycle). As depicted in the model in Figure 3 (left), the | |ARee 159 Tet(L) wt P156C
[BH]Tc—Co*":Tc—Co?*" exchange antfRb™:Rb" exchanges,
respectively, assay back and forth flux through step$ 1
and 6-10. As shown in Figure 3 (middle and right), wild-
type Tet(L) exhibited activity in both exchange reactions,
but Tet(L) G155C exhibited neither exchange activity.
Mutants of Pré> in the Motif C GP DipeptideMutation
of Tet(L) Prd®8led to significantly reduced FeCc?* efflux
in the P156G mutant and to complete loss of efflux relative
to the control for the P156A and P156C mutants (Figure 4).
There was no indication of increased substrate binding in
the assays. In the assays BRb" uptake, a remarkable
pattern was observed for all three Pfomutants. In this
assay,®Rb" uptake into the RSO vesicles by wild-type 0 : T :
Tet(L) depends on both the addition of the electron donor 0 1 2 0 2 4 0 2
and the presence of an efflux substrate for Tet(L) inside the Time (minutes) Time (minutes)
vesicles; no Tet(L)-dependeffiRb" uptake was observed  Ficure4: Transport assays of Tet(L) PFémutants in comparison
in the absence of addesdlactate (the electron donor) and with wild-type Tet(L). The assays were precisely as described in
or intravesicular K (the efflux substrate loaded inside the the legend to Figure 2.
vesicles in this experiment) (Figure 4). Earlier work showed antiport that is electrogenic and it could be supported by the
that the net Rb—K™* uptake in this assay is a mode of the presence of either Kor Tc—Cc?t inside the vesicles4(,

P156A

o
o

1.0 -

o
w0
1

0.5+ -

o
i
1

1.59 Vector control 1 P156G

o
[
1
86Rb+ taken up (nmoles/mg protein)
<

[3H] Tc taken up (nmoles/mg protein)
=3 =]
- w
1 1

» -
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FIGURE 5: Assays off®Rb" uptake by RSO vesicles @&. coli Time (minutes)

TK2420 expressing wild-type Tet(K) or Tet(K) mutants G155C or FIGURE 6: Assays off®Rb* uptake by RSO vesicles d. coli

P156C. Assays were conducted as described for the right-handTK2420 expressing wild-type Tet(L) or Tet(L) P175C. Assays were
panels of Figure 2. conducted as described for the right-hand panels of Figure 2.

42). It was therefore notable th#Rb" uptake by the mutant  As always 2Rb" uptake by wild-type Tet(L) depended upon
Tet(L) P156A, P156G, or P156C forms was as high or higher both electron donor addition and the presence of intrave-
under conditions in which the electron donor was present sicular K". By contrast, the Tet(L) P175C vesicles exhibited
but the intravesicular K was absent. This suggested that electron donor-dependeffRb" uptake that was at least as
these mutant Tet(L) proteins promote leakage tfifito the rapid in the absence as in the presence of intravesicular K
vesicles in response to the generation of the transmembranend the rate of transport was reduced relative to wild-type
potential, A¥, while such a leak is not observed in wild- Tet(L).

type Tet(L) vesicles or with other Tet(L) mutants (e.g., see  pytations in Additional Membrane-Embedded Gly and
Figure 2) @0, 41, 49). The activity in the complete assay, prg ResiduesThe PG!392dipeptide of TMS X is modeled
with both electron donor and intravesicular livas lower o pe in a comparable position near the periplasmic end of
than wild type in each P#& mutant (Figure 4). the helix to the position of G156 of TMS V in Tet(L)
Mutations in Gly®> and Prg>¢ of Tet(K) In the study of  (gjgure 1). Mutations in GRP? and neighboring TH#3
motif C mutants of Tet(K) by Ginn et al.2p), G155A,  gjgnificantly reduced the Tc resistance conferred by Tet(L),
G155S, and G155T mutants and P156A, P156V, P156G, andyhereas two different mutations in Bféresulted in opposite
P156S mutants were all found to have residual but greatly effects, with P301G conferring greater Tc resistance than
redgced Te-Co?" transport activity. In assays of]Tc— wild-type Tet(L) and P301S conferring no Tc resistance
Co?" uptake into everted vesicles under our conditions of (tapje 2). Single cysteine replacements in a pair of similarly
expression and binding controls, the G155S mutant of Tet(K) |gcated glycines, GAP54% as well as of GI§*® in motif F
exhibited 65% of wild-type Tet(K) activity whereas the of Ts Xjil, greatly reduced Tc resistance where as a mutant
G155C and P156C mutants exhibited no activity (data not j, Gy3% was less impaired.
shown). Assays of®Rb" uptake by the P156C mutant of
Tet(K) were carried out in comparison with wild-type Tet(K) p|ScUSSION
and the G155C Tet(K) mutant to assess whether mutations

in Pro®¢result in an apparent Kleak as observed with Tet- The functional importance of Pro and Gly residues in
(L) mutants at this position. As shown in Figure 5, wild- several TMS domains of Tet(L) reinforces the finding of
type Tet(K) exhibited a significantly greater rate $Rb" Tamura et al. Z4) that among the 13 essential residues that

uptake into RSO vesicles than Tet(L), as consistently are in the TMS domains of the TetA(B) protein there are 8
observed beforedQ, 42), and this uptake was dependent upon Gly and 2 Pro residues. The specific hypothesis that motif
energization and intravesicular*K By contrast, Tet(K) C is important in antiporters of the drugfHantiporter
G155C exhibited nd®Rb* uptake under any condition. families (18) and that the conserved GlyP¥®'>¢dipeptide
Tet(K) P156C exhibited a lower rate 8Rb" uptake than is involved in the permeability barrieR®) is supported by
wild type in the complete assay mix and exhibited a the effects of GI¥°> mutations in the current study. The
significantly higher rate in the absence of intravesicular K elevated binding of Tc by the deenergized transformant
consistent with aAW-dependent K leak. membranes of Tet(L) G155C and G155S, only whei'Co
Assessment of the'kRb" Leak vs Antiport-Dependent ~ was also present, indicates that substrate binding occurred
Uptake in a Prd’> Mutant The apparent Kleak conferred in this mutant and that some subsequent step was arrested
by mutations in Pr§¢ raised the question of whether such a by the mutation. The absence &f]Tc—Cc?":Tc—Cc?t and
leak would result from mutational change in a TMS proline #Rb":Rb* exchange activity for the G155C mutant Tet(L)
residue outside of motif C. Assays were conducted on Tet(L) further suggests that the arrested step is the conformational
P175C, a mutant Tet(L) in a membrane-embedded proline switching in which movements in the region of the perme-
residue of motif H of proton-coupled drug efflux transporters ability barrier allow the substrate and the coupling ions to
(TMS VI; see Figure 1 for position)l(7); this mutant Tet(L) be translocated, in a ping-pong fashid), to the opposite
had earlier been shown to be incorporated into the membranesides from where they start. Apart from these structure

and confer significant Tc resistancély. In assays of T€ function inferences, a mutant that binds substrate but does
Co*' uptake into everted vesicles, Tet(L) P175C vesicles had not undergo major conformational movements could be
43% of the wild-type level of activity. Assays ¢fRb" useful for structural studies, as shown by the successful

uptake by RSO vesicles expressing wild-type Tet(L) vs pursuit of a high-resolution structure of LacY using a mutant,
Tet(L) P175C showed distinct differences in pattern that were C154G, that binds substrate but is blocked in the confor-
similar to those observed for mutants in PfqFigure 6). mational changes needed for translocativ8 £5).
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As with Tet(L) G155C, deenergized control vesicles in but are often replaced during evolution by other residues,
transport assays of the TetA(B) G145C mutation [the e.g., alanine, concomitant with adaptations that retain the
equivalent position to Tet(L) G155 in the 12-TMS-FMe?t/ kink and its function in the protein5¢). Interestingly,

H* antiporter] as well as mutants in two other motif C Gly Buurman et al. §8) suggested that multiple “aberrant™K
residues of TetA(B), showed elevated binding compared to fluxes function as electrogenic uniport activitieskn coli
controls for other mutants2g). Tet(L) G155C or G155S  and may together comprise an observed low-affinity K
retained a modest capacity to confer resistance in the absencaptake capacity that has been termed TrkF. Perhaps some
of Tc—Co? efflux activity, just as Iwaki et al.43) found of these fluxes represent evolving transporters that are in
for the similarly located G145C mutation of TetA(B) G145C. the process of closing up small "Kleaks created as

It is not known whether these findings represent an effect membrane-embedded proline residues were replaced. Part
of these mutant Tet proteins on the coli host (e.g., of this aggregate, low-affinity Kflux in E. coliis also likely
increasing expression &. colitransporters with Tc transport  to be comprised of antiporters that, like Tet(L), CzcD, and
capacity or reducing Tc entry by modulating membrane others, are able to use bothHand K as part of their
properties) or whether these mutant Tet proteins may actuallycoupling ion complemen#@, 59, 60).

retain modest transport capacity under in vivo conditions of ~ The data collected here on effects of mutations in residues
ion composition etc. that are not reproduced in vesicles. Bothof the Tet(L) PGPY3% tripeptide of TMS X and Gly
here and in the study of Tet(K) motif C by Ginn et 8.7}, residues of TMS XllI indicate the importance of many of
significant transport activity was observed in a G155S mutant these residues in Tc resistance. The results witi°Pame
(and several other GKf mutants in the latter study) in  particularly intriguing, since the Tet(L) P301G mutant and
contrast to the absence of activity in Tet(L) G155S. Probably, P301S mutants conferred, respectively, greater than wild-
the closely related Tet(L) and Tet(K) have sufficient differ- type resistance and no resistance to Tc. These findings
ences in conformation to account for small differences in suggest that the PGT tripeptide of TMS X does not function
mutational profiles. We note that although the Tet(L) G155A identically to motif C but that it is likely be involved in
mutant retained some transport activity, ¥8b" uptake by different conformational states of the transporter that require
that mutant was observed, suggesting that the mutationalflexibility in the Pro®®! position. Both this region and motif

change may have lowered the preference for-RK* vs F merit further study; motif F is confined to 14-TMS Tet
H* so that higher pH values would be required to observe proteins (7) and has not yet been studied in detail in any
participation of Rb—K™* as the coupling ion (Figure 24Q). Tet(L) or Tet(K). The significant defect in Tc resistance that

The second major finding of the current study is that results from mutations of glycines in this motif, especially
mutations in the conserved P whether they completely  Gly*%, suggests that this region too may be involved in the
abolish Te-Co?* efflux or not, produce an electrogenicK  different conformational states of the transporter. Finally, the
leak, i.e., a Tet(L)-dependent, electron donor-dependent fluxnew mutations of the Tet(L) R110K mutation and E152D
of 8Rb" into RSO membrane vesicles in the absence of a mutation indicate that conservative mutations that preserve
preloaded efflux substrate {KNa", or Tc—Co?") inside the the original charge are tolerated better at the'@joosition.
vesicles. This flux is thus not coupled to efflux of an Among Tet proteins, the motif C GI#? is only conserved
intravesicular substrate, a coupling that is characteristic of in the Tet(L) and Tet(K) antiporters, and even this may not
antiport and is observed for such fluxes in wild-type Tet(L) be the rule. A new member of this group of Tet resistance
(40, 42). In assays of Tet(L) P#° RSO vesicles that were  proteins, Tet38, lacks Gléfand also Pr® (61); the catalytic
loaded with K, enhancement 6fRb" uptake by the electron  properties of this protein will be of considerable interest.
donor was observed with all three of the Pfgnutants and
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