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The lc!rm.yclmu resistngy pmmin (Tcm) endoded by tmmpman Trl0 medintex the emnm of divnlem m!mn:lewaﬁyeline chelating corplexes

[Yamaguchi, A., Udigawa, T, and Suwal, T, (1990) J. Biol. Chen. 265, 48004813} [t was conlirmed thut protons were antiposted with the conm-

plcxes through 4n electriealiy-neutra} process becuuse the antiport consumed JpH but not dy, The Quantitative relationship beiween dpH and
‘ s:pTC determined by 4 Mowdinlysis method clearky indieated & 111 slmehmmew of the m«bnduhanw mclalmlatracyclincﬁH’ exehnnuu. :

Telmeys.lunem‘ umipmier' Tﬂrneyc!mc- Slaichmmelry. ‘T’e:rucy&:hne resistance prolcm Antiporn; Flaw dmlysls ‘

I. INTRODUCTION

‘The'.tetr'dcyc[i.‘né resistance encoded by tra_dsp'asbh
‘Tnl0 is based on the efflux of the drug [1]. The efflux

is driven by a proton motive force and is thought toin-

volve an antiport with protons (I, 2]. We reported that
the antiport is electrically neutral because (i} the telra-

cycline uptake by .inverted membrane vesicles prepared :

- from E. coli cells producing the tetracycling resistance
.- protein (TetA) was inhibited by the K*/H" antiporter,
nigericin, but not by the K* ionophore, valinomycin,
‘and (i) the etracycline uptake by the inverted vesicles
was driven by an artificial 4pH but not by an artificial

Ay [3]. On the other hand, tetracycline moleculés are
present as a neutral or monoanionic form under physio-

logical conditions [4]. 1f such a neutral or monoanionic
molecule is antiported with protons, the process should

be electrogenic and driven by Ayw. This obvious conflict

between experimental evidence and the theoretical con-
- clusion was resolved by our discovery that the substance

pumped out is not the free tetracycline molecule but a '

.moenocationic complex of tetracycling and a divalént ca-

tion {5]. However, there has been no direct evidence

- that protons are really antiported by TetA and, if they
are, it is not known whether ot not the stoichiometry of
the antiport is 1:1, as expected from the electrically-

‘neutral model Recently, we first succeeded in detecting

protons anuporied with tetracycline usmg quinacrine as
a fluorescent indicator [6).

. In this paper, the propertics of the proton annport S
w1th tetracycline, mediated by TetA, were investigated -

using a ApH indicator, quinacrine, and a Ay indicator,
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“onoxol V. Then the stoichiometry of the exchange of
‘the metal-tetracycline complex with protons was deter-
~mined. In principle, the stoichiometry can be determin-

ed in 2 different ways: (i) as the ratio of the initial rates
of tetracycline and proton transport and (ii) as'the rela-

tionship between the concentration gradients of tetra-
‘cycline and protons across the membrane in equilibrium.
- The latter can be more accurately determined than the

former, In this study, the stoichiometry was determined
by measuring the tetracycline and proton gradients
across energized membrane vcswlcs by means of a flow-
dlalyms method ‘

2 MATERIALS AND METHODS

2, Bac!m il stmhzs and plasinids’

E. coli W3104 [7) was used for the p1cparanon of inverted vcsnclcs ;
pOTB (R3BB: ' Tnl0) [B] was klndly provided by T. lino,

2 2 Mafermls

Quinacrine and oXonol V (NK~2047) were purchased trom ngmn
and Nippon Kankoh-shikiso Kenkyusho Co., Okayama, Japan. :
respectively, ["‘C]mcthylnmine and [7-*H]tetracycline were purchased

. from New England Nuclear: Other chenllcals were commercml pro-
‘ductb of the highest grade avallable, S

2.3, Preparation of inverted membmne vesmlea.

E. coli W3104/pOT3 cells were grown in a mifimal medlum sup-
plemented with 0.2% glucose and 0.,1% casamino ‘acids in the
presence of 4 pg/m! of tetracyeline, At the mid-log phase, the cells
were harvested and washed once with 0,1 M phosphate buffer (pH
6.6) or $0 mM MOPS-KOH buffer (pH 6.6) containing 10mMEDTA, -

and then resuspended in the same buffer. Then, after the addition of '
- DNase I (40 pg/ml), the .cells were disrupted with a French press:

(Amicon) under 5000 psi. Undisrupted cells were ‘removed by ‘cen-
trifugation ai i3 000 Fpiti and Uien the vesicles were collected by ulira- ‘
Lentrlfuganon at 36000 rpm. The vesicles were washed once with 50
mM potassium phosphate buffer {pH 7.5) or 50 mM MOPS-KOH

(pH 7.5), and then suspended in the same buffer and stqred at -80°C: . -
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a4, Mcrmmnm.' af the jnmn:wm'r auf qnmwrifrw ﬂnd axunel ¥

de and 4 sevoes the invericd membrane vesicler were mannumi‘ ‘
ax the v:hanges invthe Miorescence o quinaerine {9) and oxanel v (10F,

respeetively. A suspension (100 ) of invereed vesicles (2 my pros
ein/ml; prepared and suspended in MOPSKOH bulfer as deseribed

abave) was dituted with 2 ml of 30 mM MOPS-KOM (pH 7.8 and 10

mM M0, Alter the additlon of 10 pi af & quinserine (189 pMj or
oxenol V(100 uM ) selutlon, the Muoreseenee emistlon of quinagrine

was measured a1 SO0 nim with excilation at 440 nim, and that of axene}

V &t 433 naw with exchiavion at 580 nin. Five pl of 250 mM NADH, §

ul of 2 mb tetrneyehine und 1 sl of 10 M CCCP were srevessively

addcd at abaul 2 min imewal;

3.4 Dﬂvrminmlun of dpk und apTC by ﬂaw amlym

Flow dialysis was performed as deseribied by Tekuda and Unemoto .

[1Y]. Inverted membrane vesicles (10. mg prowin; prepared and
‘suspended In phosphate Bufler ns descrived above) suspended In 0.4
ml of 30 mM patassium phesphate (pEL 7,3) containing 10 mM
MgS0Qy, inthe presence of absence of 2 pg/ml valinamyegin, were pul
into the upper chamber of & Mow ¢l and then dialysed againyt a cons
tinuous Now of 50 mM phosphate: bulfer {pH 7.5} in the lower

chamber, whichwas sepurated from the upper chamber by a eellulose

membrana, The flow rate was | mi per min. The ssluiions in bath the
‘ppcr and lower chambers were stirred with a magnetie silrrer.

HiTewracyeling (30 M) or [*C)methylamine {236 jm) was ackied
to the vesicle suspension in the upper chamber and the radioactivity

of the buffer fowing oul from the lower chamber was continuoualy.
monitored with 'a Flow-one radleactivity monitor (Radiomatie Ine

struments and Chemical Co., Tampa, FL, USA) using a liquid scin-
tillator {flow rate; 4 mi per min) for *H or a solid swintillator for ¥¢.
Counts accumulated in one min were printed out. The eoncenirations
af the radioactive compounds in the vesicles were caleulated taking
the inner volume of the vesicles to bé 1 ul/mg protein [12). Avthe
tmes indicated, 20-mM (final) ascorbate and various concenirations

of phenazine methosulfate (PMS) (ranging from [ to 50 uM) were .

simultaneously added, and affcr aboul 20 min, 20 uM CCCP was
acldcd ‘ .

3. RESULTS AND DISCUSSION

3.1. The effects of proton antiport with rerracyclme ‘
on ApH and Ay across inverted vesicles

ApH and dy across inverted membrane vesicles

prepared from £, coli cells carrving transposon Tnld

were monitored as to fluorescence changes of quinacrine -

and oxonol V, respectively. When the vesicles were

energized by the addition of NADH, the fluorescence
of both quinactine and oxonol V decreased because .
ApH and Ay were generated through respiration (Fig.

1). The generation of 4pH was slower than that of Aw.
When 5 uM tetracychne was added to the energized
vesicles, the quinacrine fluorescence increased (Fig.
14A), indicating the abolition of 4pH. The tetracycline-
induced fluorescence increase in quinacrine was direct
“evidence that protons were antiported with tetracycline
by TetA. It is clear that. the protons were antiported
-with .a divalent: cation-tetracycline chelating complex
‘because the fluorescence of quinacrine-was not changed

by tetracycline in the absence of a divalent cation (data |

not shown). In addition, when CCCP was added o the
- energized vesicles,  the fluorescence of quinacrine

returned to the same level whether tetlacychne and

‘divalent cations were added or not, confirming that the

tetracycline-induced fluorescence change was due to the
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‘Fig. 1. Thc‘cf.fc‘ct_s of ;:rot611 antiport \Qittl tetracycline on ApH and.

A, ApH (A) and Ay (B) across inverted membrane vesicles prepared.

! from £, coli cells carrying transposon Tnl0 were monitored for the
- fluorescence changes of quinacring ancd oxonol V, respectively, Ar-

~ rows indicate the times of addition of the reagents indicated.-

abolition of ApH generated by respiration. The change
in fluorescence caused by tetracycline did not oceur in

" -vesicles prepared fr om cells carrymg no p]asm;d (data
not shown)

On the other hand in contrast to qumacrme. oXonol

V¥ fluorescence was further decreased by the addition of

5 uM tetracycline (Fig. 1B). A decrease in the fluor-
escence of oxonol V also did not occur in the absernce of

~ a divalent cation (data not shown), indicating that the

decrease was due 1o divaleni’ cation-tetracycline/H™
antiport. Therefore, it can be concluded that the anti-

~ port does not consume Ay but rather increases Ay,

This phenomenon is not p]aumble if the antiport is

3 .di‘lven by A ln cormast it is reasonable to consider
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‘Fig. 2. Quantitative relationship beiween dp‘I‘C and dpH aerd:s‘in-‘ -

“vertedd vesigles prepared from £. coficells carrying transposon Tnlo.
. (A and B) Typical results of flow dialysis using {*H)iztracyeline {for
ApPTC) and [YCImethylaming (MA) {for ApH), respectively, when 50

UM PMS (final) was added, Arfows indicate the times of addition of

the reagents indicated, ‘Ascorbate was added simultaneously with
PMS. ApTC and ApH calculated from these data are shown in the

figure. APTC (V) = 58,8 10g([TC)in/ [TCloy) and 4pH (mV)=58.8 -
log((MA]iy/[MATg). (C) Plot of ApTC vs ApH. 4pTC and dpH .

ware caleulated from the resulis of ‘a number of flow: dialysis experi-

ments, when various concentrations of PMS were added. Each plot’

represents the average for duplicate experiments. Closed circles with
a solid line and open eircles with a broken line represent the plots in
the absence and presence of valinomyein, respectively, nand n(val) in-
dicate the slopes of the plots in the absence and presence of valino-

mycm respccuvely. the slopes being calculated by means of linear ' -

feast aquales regressxon

‘ that the ¢onsumption: of one component, ApH, of the

proton motive force by the electrically-neutral antiport

causes the shift of the proton motive force to ancther
component, -Aw. Thus, the tetracycline-induced de-
crease in-oxonol V fluorescence is strong ¢vidence for
‘the: electrlcaliy neutral nature of the tetral.r.‘yclu'n-':/I*Fr
annport :

3. 2 Quannmuve rex’at:onsklp between ApH and
ApTC across inverted vesicles
When inverted membrane vesicles prepared fmm

E coli cells carrying transpo‘so_n ‘Tnl0 were energized
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FI:. XA I | eachange mm!:«t of the meml-tetmeycimuﬂ* mttipun '
in P coll eeils, TCMp”, moneeatenie gomplex of # teuracyeling
- molecule ﬁnd ] ma:nﬂshm\ jan,

" with 20 mM ascorbate and various concentrations of
- PMS, the concentration gradients of tetrugycline and
puomns gtnemted across the inverted. vesicles were ..

measured, using a ApH indicator, [”H]methylamme,
and [’H]tctracyclme. respectively, by means of a flow--

dialysis method. Typical flow-diatysisdata are shownin =

Fig. 2A and B, when 50 pM PMS was used. 4pTC
(=588 log([TCl,/ITCla)) . and - ApH
log({H ]/ [H"]ow)) calculated From the data of Fig. -

2A and B were 54 mV and 52 mV, respectively.

‘When »# mols of protons are anuported with one moi ‘
of tetracycline, the cqunhbnum of the antiport reaction’
is:

'[Tc]mu + n[H+]|n - [TC]m + "[H |r]mu o

The equlllbt1um constant ch, can be 1epresented as
follows: ‘

[TC} w[H *]om

K TTClaud AN

- The equauon can be rearranged to:

g I +]Hl
H o

Thus, the s!ope of the plot of ApTC Vs ApH represems
the stoichiometry, ». The plot of ApTC vs ApH is

TClin _

Iog
[TClow. -

+ log ch

‘shown in Fig. 2C. Each plot was the averageof 2.in-
- dependent experiments. The slope was equal ta 0.96, in-

dicating that -the stoichiometry is 1. When dy was‘
abolished by the addition of valinomyein, there was no.
significant difference in the ApTC vs ApH plot, confir-
ming the electrically-neutral nature of the antiport. The
slope in the presence of valinomycin was equal to 1.13,
which is roughly equal to 1 within expenmemal error.
The experimental evidence presented in this paper

‘clearly indicates a 1:1 antiport model of a monoca-

tionic complex of a divalent cation and a tetracyclme .

mclccuie with a proton molecule (Flg 3)

. Acknaw!edgemem We are mds.hlc:d o Dr Ha_ume Tokuda for f‘low- o

chalysxs stuchcs
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