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the Metal-Tetracycline/H Antiporter of Escherichia coli
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ABSTRACT. The bacterial tetracycline/Hantiporter (TetA) mediates active efflux of a chelation complex

of tetracycline with a divalent cation such as MgCc’*, or Mr?* [Yamaguchi, A., Udagawa, T., &
Sawai, T. (1990a). Biol. Chem 265 4809-4813]. The positive charge of Arg70 in the antiporter is
important for the transport function [Yamaguchi, A., Someya, Y., & Sawai, T. (1992B)jol. Chem

267, 19155-19162]. Out of six site-directed mutants of Arg70, only the Lys70 mutant retained moderate
transport activity, whereas the Ser70, Ala70, Trp70, Leu70, and Asp70 mutants had no or extremely low
transport activity. In this study, we constructed the Cys70 mutant and found that the Cys70 mutant showed,
unexpectedly, a significant activity comparable to that of the Lys70 mutant in the presenc& 0b/@x
whereas it showed very low activity as well as the Ala70 mutant in the presence?fdvIn?" ions.

Hg?*, which is known to be a cysteine specific modifier but has no ability to form a complex with
tetracycline, caused a dramatic increase irMhg value of C8*-dependent tetracycline transport mediated

by the Cys70 mutant without affecting ti&, value, whereas activities of the wild-type and the Lys70

and Ala70 mutants were not affected by%g Hg?" alone without Cé" could not support the transport
activity at all, because Hg does not form a chelation complex with tetracycline. These observations
suggest that a mercaptide formed between the SH group of Cys70 dah@Hgd*™ works as a positively
charged side chain like that of Arg or Lys. When the SH group of the Cys70 mutant was masked with
modification by sulfhydryl reagents, the residual activity was no longer affected By. Hgversely,

when the Cys70 mutant was preincubated witi#Hi was protected from the inactivation by sulfhydryl
reagents. These observations also confirm the mercaptide formation between the Cys70 and a divalent
cation as a functional side chain.

The metal-tetracycline/H antiporter [TetA(B)] encoded  all 10 amino acid residues composing the lpgmf TetA

by transposon Tn10 (McMurry et al., 1980; Yamaguchi et (Yamaguchi et al., 1992c). As a result, it was revealed that
al., 1990a) mediates high-level resistance to tetracyclinesonly 4 residues, Gly62, Asp66, Gly69, and Arg70, out of
(Mendez et al., 1990). This is composed of 401 amino acid 10 residues were important for the function or the mainte-
residues (Hillen & Schollmeier, 1983; Nguyen et al., 1983), nance of the protein structure. In spite of high conservation
which was estimated to have 12 membrane-spanaihg- among the major facilitator superfamily, mutations of Arg67
lices (Eckert & Beck, 1989; Allard & Bertrand, 1992), and and Arg71 caused no significant decrease in activity (Yamagu-
belongs to a major facilitator superfamily (Marger & Saier, chi et al., 1992c). As for Asp66, the negative charge is
1993). Extensive site-directed mutagenesis studies on thisessential for function because only the Glu66 mutant retained
protein have been performed (Yamaguchi et al., 1990b, 1991,very low but significant transport activity (Yamaguchi et al.,
1992a-d, 1993a-c; McMurry et al., 1992), and now this  1990b).

protein is a paradigm not only of bacterial drug e>§porters The loop_s of TetA contains four positively charged
(Neyfakh et al., 1991; Levy, 1992) but also of antiporters regjques and only one negatively charged residue. Among

and symporters. four positively charged residues, the importance of Arg70

It is well-known that transporters belonging to the major was strikingly conspicuous. When Arg70 was replaced with
facilitator superfamily have a unique conserved sequenceSer, Ala, Trp, Leu, or Asp, the transport activity was almost
motif on their putative cytoplasmic loop region (lgog) lost. Only the Lys70 mutant retained the transport activity,
between transmembrane helices 2 and 3 (Maiden et al., 1987which was about 30% of the wild-type activity (Yamaguchi
Henderson, 1990), which is represented as GXXXDRXGRR. et al., 1992c). Thus, it seemed that a positive charge at this
The precise role of this motif still remains unknown. We position was essential.

first constructed a complete set of site-directed mutants of 1,4 example other than TetA for site-directed mutagenesis

studies of the loop s region of membrane transporters is
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site-directed mutagenesis study for the lpgpegion of the liquid scintillation counter. In some assays, 12 CoCl,

lactose permease, which also confirmed the importance ofwas substituted with 1.25 mM Cog£l12.5uM HgCl,, or a

this region although none of the basic residues was essentiamixture of 62.54M CoCl, and 12.5uM HgCl,. The kinetic

for lactose transport. constants for tetracycline transport were measured in the
The Cys70 mutant of the TetA protein was constructed at presence of 1 mM Cogland various concentrations<5

first in order to determine whether the side chain is exposed 100 uM) of [*H]tetracycline.

to the medium on the basis of the reactivity of the SH group  H*-Translocation in Inerted Membrane VesiclesH*

with N-ethylmaleimide. As a result, the SH group of the translocation across membranes was measured by monitoring

Cys70 mutant showed high reactivity kbethylmaleimide the change in fluorescence of acridine orange (excitation

(manuscript in preparation), confirming that position 70 is wavelength, 490 nm; emission wavelength, 530 nm) or

located on the surface of the membrane, exposed to thequinacrine (excitation wavelength, 440 nm; emission wave-

medium. In the course of this experiment, we noticed that length, 500 nm). Typically, 2@&L of inverted vesicles (2

the Cys70 mutant had unexpectedly significant tetracycline mg of protein/mL) was diluted with 1 mL of 50 mM MOPS

transport activity in spite of the side chain having no positive KOH (pH 7.0) containing 0.1 M KCI, 10 mM MgS{and

charge. In this study, we report the reason why the Cys70 1.254M acridine orange or 0.8M quinacrine. Membranes

mutant of TetA shows such significant transport activity.  were energized with a final concentration of 28 NADH.

At the end of one experiment, NBI was added to a final
EXPERIMENTAL PROCEDURES concentration of 2.5 mM.

Materials. [7-3H]Tetracycline was purchased from Du Other Methods. Measurement of the tetracycline resie-
Pont-New England Nuclear.af3P]dCTP was purchased tance level and Westem blotting were performed as described
from Amersham. All other chemicals were of reagent grade Previously (Yamaguchi et al., 1990b, 1992c).
and from commercial sources.

Bacterial Strains and PlasmidsEscherichia coliTG1 RESULTS
(Taylor et al., 1985) and W3104 (Yamamoto et al., 1981)  Construction of the Arg76—~ Cys Mutant of the TetA
were used for plasmid isolation and preparation of inverted Protein. The Cys70 mutant of TetA was constructed by site-
membrane vesicles, respectively. pER (Yamaguchi et al., directed mutagenesis described in Experimental Procedures.
1992a) is a subclone of titetAgene used for mutagenesis. E. colicells carrying a low-copy number plasmid, pLGR70C,
Low-copy number plasmid pLGT2 (Yamaguchi et al., encoding the Cys70 mutant TetA showed a moderate level
1992a), which was derived from pLG339 (Stoker et al., of tetracycline resistance (minimum inhibitory concentration,
1982), contains the entitetR andtetA genes. 12.5ug/mL), which was about half of the resistance level

Site-Directed MutagenesisMutagenesis for the Arg76- of the Lys70 mutant (2%g/mL). The expression of the
Cys (R70C) substitution was performed using the Amersham mutanttetA gene was detected by Western blotting using
kit (oligonucleotide-directed in vitro mutagenesis system, anti-TetA-C-terminal-peptide antiserum. There was no
Ver. 2.1) (Taylor et al., 1985). The nucleotide sequence of significant difference in the amounts of the mutant and wild-
the mutagenic primer was-SATTTGGTTGCAGGCCT- type TetA proteins (data not shown).

GTGCTGT-3 (the codon for Cys70 is underlined), and  Tetracycline Transport Actity of Inverted Membrane
single-stranded DNA of pER was used as a template. TheVesicles. Figure 1A shows the tetracycline uptake by

mutation was detected by the appearance oStiksite and  inverted membrane vesicles containing the mutant or wild-
confirmed by DNA sequencing (Sanger et al., 1977) using type TetA proteins under our standard condition in the
an Amersham kit (Sequenase version 2.0). HueRV- presence of 1QuM [3H]tetracycline and 5M CoCl,.

EcoRlI fragment containing the R70C mutation was cut out Under this condition, the initial rate of the active uptake of
from the mutant pER plasmid and exchanged with the tetracycline by the wild-type vesicles was 2.7 nmol of
corresponding region of pLGT2 to construct pLGR70C.  tetracycline per milligram of membrane protein per 30 s.
Preparation of Inerted Membrane Vesicleslnverted The inverted vesicles prepared from the Ala70 and Ser70
membrane vesicles were prepared by pasgingpli\W3104 mutant cells retained less than 4% of the wild-type transport
cells harboring plasmids carrying the wild-type or mutant activity (<0.1 nmol per milligram of protein per 30 s), while
tetA gene through a French pressure cell, suspended in 50he Leu70 mutant vesicles had completely lost the transport
mM MOPS-KOH?! buffer (pH 7.0) containing 0.1 M KCI,  activity. In contrast, the Lys70 mutant vesicles retained the
and stored at-80 °C (Yamaguchi et al., 1992c). transport activity of 1.0 nmol per milligram of protein per
Transport Assay.[3H]Tetracycline uptake by inverted 30 s, which corresponded to about 40% of the wild-type
vesicles was assayed as described previously (Yamaguchgctivity. These observations were essentially the same as
et al., 1992c). Ten microliters of inverted vesicles (3.5 mg our previous observation, which indicated the importance
of protein/mL) was energized by adding @b of 250 mM of a positive charge at position 70 (Yamaguchi et al., 1992c).
B-NADH (for background uptake, this step was omitted) at However, although apparently the Cys70 mutant has no
30 °C. After 1 min, 40uL of 50 mM MOPS-KOH (pH positive charge at position 70, the Cys70 mutant vesicles
7.0), 0.1 M KCI containing 12..%M [3H]tetracycline, and  showed significant transport activity of 0.54 nmol milligram
62.5uM CoCl, (which gave final concentrations of 10 and of protein per 30 s, which corresponded to about 20% of
50 uM, respectively) were added, incubated at 8D for the wild-type activity and 54% of the Lys70 mutant activity.
the indicated times, and filtrated through a Millipore filter This observation was confirmed in the presence of high
(0.45um). The filter radioactivities were counted with a concentrations of Cogl(1 mM) (Figure 1B). Under this
condition, the initial rates of tetracycline transport by the

L Abbreviations: NEM,N-ethyimaleimide; MMTS, methyl meth- ~ Wild-type and the Lys70 mutant vesicles were similarly
anethiosulfonate; MOPS, 3{morpholino)propanesulfonic acid. increased by a factor of about-2.5, whereas the activity
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FicUrRe 1. Cc*"-dependent tetracycline (TC) uptake by inverted membrane vesiclesHranli W3104 cells expressing the Arg70 mutant
TetA proteins. Transport assays were performed in the presenceud [8H]tetracycline and 5@M CoCl, (A) or 1 mM CoCb (B). Solid
lines and broken lines represent the uptake in the presence and absence of NADH, respectively.
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FIGURE 2: Mn?*- and Mg "-dependent tetracycline (TC) uptake by inverted membrane vesiclesHramli W3104 cells expressing the
Arg70 mutant TetA proteins. Transport assays were performed in the presencedf [EBiJtetracycline and 1 mM MnGI(A) or 1 mM
MgSOy (B). Other assay conditions were the same as in Figure 1.

of the Cys70 mutant was increased more than 4-fold Table 1: Kinetic Constants for Tetracycline Uptake by Inverted
compared with that in the presence of @l CoCh. As a Membrane Vesiclés

result, the rate of transport by the Cys70 mutant (2.1 nmole Vinax [nmol
per milligram of protein per 30 s) corresponded to about mutations H§"  Km(uM)  (mg of proteiny* min~']
30% of the wild-type activity and about 80% of the Lys70 none (wild-type) ¢) 24.8+7.3 43.1+ 4.8
mutant activity (2.7 nmol per milligram of protein per (f) 314435 46.1+ 2.0
30 s) Arg70— Cys ) 26.6+5.7 10.7+£ 0.8
) _ . (+) 19.7+6.0 225+2.2
In order to determine the affinity of these mutants for the  Arg70— Lys () 186+27 19.24+ 1.0
tetracycline-Co?™ chelation complex, initial rates of tetra- (+) 10.3+4.2 175+ 1.9
cycline transport were measured in the presence of excessArg70— Ala (=) 227+31 4.4+£0.3
Arg70— Ser ) 23.8+98 2.3+ 0.4

(1 mM) CoCh and various concentrations GH]tetracycline.
The K, and Vmax Values were calculated from nonlinear aThe rat.es of activé[—l]tetracygline uptake for Fhe initial 30 s were
regression (Table 1). All the position 70 mutants showed rln;ahjUé%o(ljlbn(t_h;aoprrisrir,\l;%gfc\/lza;;Sgslgzr'\l/lct}a_irggtzlc(ﬂioth[:aérilﬁ]yectlilge and
Km values comparable to the wild-type values, suggesting constants were calculated from nonlinear regression.
that Arg70 is not involved in the direct interaction with the
cationic substrate. The Cys70 mutant had/@x value  that the Cys70 side chain behaves like a positively charged
significantly higher than those of other neutral mutants (Ala side chain only in the presence of Tdon.
and Ser) and seemed to have a property similar to that of Effect of H§* on the Transport Actity of the Cys70
the Lys70 mutant having a positive charge at position 70. Mutant. One possibility for such an unexpectedly high
The chelation complex of tetracycline with ¥for Mg?* activity of the Cys70 mutant is that the mercaptide ¢CH
also acts as a substrate for TetA (Yamaguchi et al., 1990a).SCc") formed between the SH group and a cobalt ion
However, the unexpectedly high activity of the Cys70 mutant (Weissbecker, 1956) behaves like a positively charged side
was not observed in the presence of Wor Mg?" (Figure chain. Hg" is known to have high reactivity with the SH
2). In the presence of these two divalent cations, the group, to produce a mercaptide (€¥Hg"). Contrary to
transport activity of the Cys70 mutant was very low, Co&*", Mn?", and Mg", Hg?t did not form a chelation
comparable to that of the Ala70 mutant. Therefore, it seems complex. This was confirmed by the following experiments.
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Ficure 3. Tetracycline (TC) uptake by inverted membrane vesicles in the presenceudd HyCl,. Tetracycline uptake was measured
in the presence of 10M [3H]tetracycline and 1@&M in HgCl, in the absence (A) or presence (B) of @&l CoCl,. Other assay conditions
were the same as in Figure 1.

When tetracycline forms a chelation complex with a divalent NADH

cation (Cé*, Mn?*, or Mg?"), there is a bathochromic shift

from 360 to 395 nm (Yamaguchi et al., 1990a). However,

there is no such bathochromic shift of the absorption spectum

of tetracycline even in the presence of 5 mM Hg(Qlata

not shown), indicating the inability of Hg to form a

chelation complex with tetracycline. Therefore, #gs

useful to distinguish between the effect of the formation of

a mercaptide with an SH group and the effect of the 250 uM
formation of the chelation complex with tetracycline. We

tested the effect of Hggbn the tetracycline transport activity

(Figure 3). In the absence of other divalent cations, HgCl

did not support the tetracycline transport, mediated not only

by the Cys70 mutant but also by the wild-type TetA and the

Lys70 and Ala70 mutants (Figure 3A), due to the inability

of Hg?" to form a chelation complex with tetracycline. On 50 uM
the contrary, in the presence of B CoCl, 10u4M HgCl,
caused a large stimulation, which was specific to the Cys70 10 uM
mutant-mediated transport (Figure 3B). Under this condition, 2uM
the initial rate of tetracycline uptake by the Cys70 mutant 1 min 0 um
was 1.8 nmol per milligram of protein per 30 s, which was
about 3-fold higher than that in the absence of Hg@id
corresponded to about 65% of the wild-type transport activity FIGURE 4: Effect of HgC} on DpH formed by NADH-dependent

(Figure 3B). In contrast, the transport activities of the other respiration in inverted membrane vesicles. trhnslocation across
) ' inverted vesicles was measured by monitoring the change in

TetA proteins, including the wild-type and the Lys70 and g orescence of acridine orange. Twenty microliters of the vesicles
Ala70 mutants, were not affected by 1M HgCl; at all (2 mg of protein/mL) prepared frof. coli W3104 cell sharboring
(Figure 3B). As a result, the transport activity of the Cys70 pLGT2 (wild-type plasmid) was diluted into 1 mL of MOP&OH
mutant became almost 2-fold higher than that of the Lys70 buffer (pH 7.0) and energized with 6281 NADH. After 1 min,
mutant under this condition, indicating that the 24g HgCl, was added, which gave the indicated final concentrations.
mercaptide side chain at position 70 works better than Lys70.
HgCl, increased th&n.« value of the Cys70 mutant without
affecting theK, value (Table 1).

Hg?" is a potent inhibitor of the bacterial respiratory chain
so that we need to check the effect of Hg@h the energized
state of the inverted vesicles. The dissipation of the
respiration-dependemipH by addition of HgCJ was de-

AF/F (20%

ch|2

the wild-type activity by HgGl was due to the dissipation

of the energized state of the membrane. On the other hand,
the activity of the Cys70 mutant was once activated around
10 uM HgCl; and then inhibited by higher concentrations
of HgCl.. Therefore, it is clear that the inhibitory effect of
HgCl, on the energized state of the membrane and the

tected by the acridine orange fluorescence-quenching methodStimulation effect on the transport activity of the Cys70

There was no significant dissipation 4pH observed upon ~ Mutant were independent of one another.

addition of less than 1@M HgCl, (Figure 4). Effects of Sulfhydryl Reagents on Tetracycline Transport.
Then we measured the HgGloncentration dependence Out of seven site-directed cysteine mutants in the putative

of tetracycline transport activities of the wild-type and the cytoplasmic loop-; region hitherto constructed in our pre-

Cys70 mutant (Figure 5). The activity of the wild-type was vious paper (Yamaguchi et al., 1992c), only the Ser65

not affected by HgGluntil it reached 1«M. Upon addition Cys mutant was inhibited by\-ethylmaleimide (NEM),

of more than 1QuM, the wild-type activity was gradually =~ whereas the other six Cys mutants (at positions 63, 64, 67

inhibited, with an IR, of about 10uM. The inhibition of 69, and 71) were not affected by NEM at all. The
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g 4 4 Table 2: Effects of Sulfhydryl Modification on Hg Activation for
8 the Arg70— Cys Mutant
£ initial rate of
° 3 3 tetracycline uptake [nmol
: —e— Wild-type (mg of proteinjt per 30 s] activation
E » ) (Arg70) mutants SH reagents none  +Hg?" (+Hg/—Hg)®
E —a— Cys70 Arg70— Cys none 0.7 1.9 2.7
o 2 mM MMTS 0.3 0.3 1.0
§ 1 1 5 mM NEM 0.2 0.2 1.0
e wild-type none 29 2.9 1.0
o} 2 mM MMTS 2.9 2.6 0.9
e oL . e AN 5mM NEM 25 2.2 0.9
0 01 1 10 100 1000 a|nverted vesicles were pretreated with the indicated SH reagents
HgCl, CONC. (uM) for 5 min at 30°C, and NADH-dependent 30 s uptake of tetracycline

) . . was measured in the presence of @@ [*H]tetracycline and 5&M
FiIGURe 5: HgCk concentration dependence GHJtetracycline CoCl (none) or 5quM CoCl, and 10uM HgCl, (+Hg?*). ® Activation
transport activity of the wild-type and the Cys70 mutant TetA py p2+ was calculated as a ratio of the initial rates in the presence
proteins in inverted membrane vesicles. The net active uptake of 5ng ghsence of Hggl

tetracycline during the initial 30 s in the assay solution containing
10 uM [3H]tetracycline and 5@:M CoCl, in the presence of the
indicated concentrations of HgClwas plotted against Hg&l  inactivation (Yamaguchi et al., 1990b). Thus, the inactiva-
LS tion of the two Cys mutants occurs by different mechanisms.
inactivation of the Cys65 mutant was due to steric hindrance, 1he volume independence of the Cys70 inactivation suggests
which was dependent upon the volume of the substituent that the inactivation is not due to steric hindrance but based

(Yamaguchi et al., 1994). We have now tested the effect of UPOn the masking of the SH group. The fact that the level
sulfhydryl reagents on the newly constructed Cys70 mutant. of the residual activity of the_thlomethyl- or _N_EM-substltuted
As shown in Figure 6, NEM and methyl methanethiosul- Cys70 mutant was compatible to_ the act|V|t_y of the Ala70
fonate (MMTS), which gives a thiomethyl substituent smaller @nd Ser70 mutants supported this assumption.
than NEM, caused a similar degree of inactivation of the ~ Table 2 shows the effect of Hgbn the activity of the
Cys70 mutant. After the treatment of excess sulfhydryl wild-type and the Cys70 mutant before and after the
reagents, the residual activity was only about-18% of treatment of sulfhydryl reagents. When the Cys70 mutant
its original level before treatment with SH reagents. MMTS Wwas treated with NEM (5 mM) or MMTS (2 mM), residual
caused maximum inactivation at a lower concentration than activity was no longer stimulated by HgCIThis observation
NEM, suggesting higher reactivity of MMTS with an SH  clearly confirmed that the stimulation effect of Hg@Vas
group. When the mutant was at first treated with 2 mM due to the mercaptide formation with a free SH group at
MMTS, further treatment with NEM no longer caused any Position 70.
effect on the activity, suggesting that the reaction of Cys70  Effect of HF" on the Inhibition of the Cys70 Mutant with
with MMTS was complete. Thus, we concluded that the NEM. Quinacrine fluorescence in the energized Cys70
thiomethyl- or NEM-substituted Cys70 mutant still had a mutant vesicles was increased by addition of 2®
remaining low activity. tetracycline in the presence of 10 mM Mg&andicating
The substituent volume independence of the Cys70 mutantthe tetracycline/H antiport mediated by the Cys70 mutant
inactivation from sulfhydryl reagents was a completely (Figure 7A, trace 1). The degree of the tetracycline-induced
different feature from that of the Cys65 mutant inactivation fluorescence change was remarkably stimulated byNIO
(Yamaguchi et al., 1994). In the latter case, MMTS caused HgCl, (Figure 7A, trace 2), corresponding to the stimulation
only 40% inactivation, whereas NEM caused complete of the transport activity by Hg. On the other hand, the
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Ficure 6: Effect of sulfhydryl reagents on tetracycline uptake by inverted vesicles from the Cys70 mutant. Inverted vesicles were preincubated
with the indicated concentrations Nfethylmaleimide (NEM) (A) or methyl methanethiosulfonate (MMTS) (B) for 5 min afGbefore

the measurement of tetracycline uptake. Then the net active uptake was measured in the presenté [SH}®tracycline and 5aM

CoCk. Residual activity is expressed as a percentage of activity without sulfhydryl reagent. In the inset of panel B, the residual activities
of the Cys70 vesicles, when they were first treated with 2 mM MMTS for 5 mitCaand then treated with the indicated concentrations

of NEM for 5 min at°C, are shown.
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A NADH B NADH Figure 8 shows the3H]tetracycline uptake by inverted
Y membrane vesicles in the presence of 2 mM NEM. The
uptake mediated by the Cys70 mutant vesicles was almost
V\l completely inhibited with 2 mM NEM, whereas that of the

wild-type vesicles was not inhibited (Figure 8A). On the
other hand, in the presence of &M HgCl,, the uptake by
the Cys70 mutant was not inhibited by 2 mM NEM (Figure
8B), confirming that H§" protects the Cys70 from the
chemical modification with NEM.

DISCUSSION
Although a positive charge at position 70 in TetA(B) is

4
1
A A 3 important for the transport function (Yamaguchi et al., 1992c)
A and a cysteine residue has a small neutral side chain, the
Arg70 — Cys mutant of TetA(B) showed unexpectedly
TC significant tetracycline transport activity in the presence of
FIGURE 7: I_Effect of preincubation With |'Pg' on NEM inhibitipn Co* ions (Figure 1). In this study, we revealed that such
of+tetracycl|ng-depende_ntﬂ-translocatlon in the Cys70 vesicles. behavior of the Cys70 mutant was due to the mercaptide
H* translocation across inverted vesicles was measured by monitor- . .
ing the change in fluorescence of quinacrine. Twenty microliters formed between the SH group of Cys70 and a divalent cation,
of the Cys70 vesicles (2 mg of protein/mL) was diluted into 1 mL Which provided a functional positively charged side chain
of 50 MM MOPS-KOH (pH 7.0), 0.1 M KCI, and 10 mM MgS© operational in tetracycline transport.
and energized with 626M NADH. Neither HgCh nor NEM was Co** is able to form tightly bound complex with a thiol

added in trace 1 of panel A. In trace 2 of panel A, the vesicles : : ; .
were preincubated WFi)th 10 mM HgClor 1 m?n prior to energi- group of cysteine and glutathione (Mam.es & Kappas, 1976;
zation. In trace 3 of panel B, the vesicles were preincubated with YWeissbecker, 1956) and a model protein (Regan & Clarke,

2 mM NEM for 3 min prior to energization. In trace 4 of panel B, 1990; Klemba & Regan, 1995), supporting the idea that a

AF/F (10%)

NH,CI
A ¢ NHCI

1 min

the vesicles were preincubated with 10 mM Hg@r 1 min mercaptide formed between &€ocand the SH group of the
‘;Or:'grwiezdati% incubation with 2 mM NEM for 3 min prior 1o cys70 residue works as a positively charged side chain. To
9 ' the best of our knowledge, there was no report about whether

tetracycline-induced fluorescence change was remarkablyMg?" and Mr#™ are able to form a mercaptide. As judged
inhibited by preincubation with 2 MM NEM (Figure 7B, trace from our result, the efficiency of the mercaptide formation
3) or 1 mM MMTS (data not shown). The inhibition of the of these cations should be very low. The activity of the
tetracycline-induced fluorescence change with the SH re- Cys70 mutant in the presence of KMnor Mg?" was very
agents was not observed in the wild-type or the Lys70 mutantlow, similar to or slightly higher than that of the Ala70
vesicles (data not shown); thus, it is clear that the inhibition mutant. The most effective cation to form mercaptide is
of the fluorescence change was due to the modification of Hg?". However, H§" does not form a chelation complex
the Cys70 side chain by the SH reagents. However, whenwith tetracycline, and thus, Hg alone did not confer TetA-
the Cys70 mutant vesicles were preincubated with 2 mM mediated tetracycline transport as expected. Whei tigs
NEM in the presence of 1@M HgCl,, the tetracycline-  added with C&f, Hg?t highly stimulated the Cd-dependent
induced fluorescence change in the Cys70 mutant vesiclestetracycline transport mediated by the Cys70 mutant but it
was no longer affected by 2 mM NEM (Figure 7B, trace 4) did not affect the activity mediated by the wild-type and the
or 1 MM MMTS (data not shown). This observation clearly Lys70 and Ala70 mutants. Surprisingly, theFigtimulated
indicated that a mercaptide formed between Cys70 arfd Hg activity of the Cys70 mutant was remarkably higher than
protected Cys70 from the chemical modification with SH that of the Lys70 mutant, indicating that the mercuric methyl
reagents and the mercaptide side chain acted as a functionainercaptide side chain at position 70 works better than the
side chain. aminobutyl side chain.
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Ficure 8: Tetracycline (TC) uptake by inverted membrane vesicles in the presence of 2 mM NEM (A) and 2 mM NEM pM$HdCI,
(B). Tetracycline uptake was measured in the presence @M @*H]tetracycline, 5quM CoCl,, and 2 mM NEM in the absence (A) or
presence (B) of 1&M HgCl,. Other assay conditions were the same as in Figure 1.
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