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Mechanism of energization of uptake of the fluorescent dye
2-(4-dimethylaminostyryl)-1-ethylpyridinium cation [DMP ']
into an acrA strain of Escherichia coli
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The mechanism of uptake of the fluorescent dye 2-(4-dimethylammostyryl)-1-cthvlpyridinium cation (DMP ) into cells and
vesicles of the aerA strain AS-1 of Escherichia coli was examined. Uptake was cnergized by substrate oxidation and discharaed
by uncouplers. Uptake was enhanced by the presence of tetraphenylphasphonium cation. tetraphens Iboron amon and tributyltin
chloride. which may inhibit the efflux system for DMP ‘. Uptake was inhibited by 5-methoxyindole -2-carboxylic acid (MIC), By
the usc of jonophores with right-side-out vesicles loaded with monovalent cations it was shown that DMP ™ uptake could be
driven both by the establishment of a membrane potential across the vesicle membrane and by a H' DMP antiport system.
Attempts to demonstrate the latter mechanism in everted membrance vesicles were unsuccessiul.

Introduction

The fluorescent dye 2-(4-dimethvlaminostyryl)-1-
ethylpyridinium cation (DMP*) was introduced by
Bereiter-Hahn to measure ‘he metabolic state of mito-
chondria in situ [1]. He concluded that changes in the
fluorescence intensity of the dye were not due to ion
movements or pH changes. Subsequently. Rafael [2]
and Mewes and Rafael [3] concluded that the dve
responded to the transmembrane potential of mito-
chondria. Midgley and coworkers {4.5] examined the
response of DMP ™ in bacterial cells. They found that
the dye was taken up by the cells but was extruded on
addition of glucose. The uncoupler carbonyl cvanide
m-chlorophenylhydrazone (CCCP) blocked the extru-
sion process. Extrusion was blocked by tetraphenvl-
phosphonium cation (TPP ") also. It was proposed that
TPP® competed with DMP* for a lipophilic cation

Abbreviations: Bu ;SnClL. tributyltin chloride. CCCP, carhomy! cranide
m-chlorophenyhydrazone: DMP ©. 2-(4-dimethylaminostyryl)-1-cthyl-
pyridinium: MIC, S-methoxyindole-2-carboxy lic acid: PMS. phenazine
methosulfate; TPP °.| tetraphenylphosphonium,

Correspondence: P.D. Bragg. Department of Biochemistry. Univer-
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extrusion system. This hypothesis was further strength-
cned by subsequent studies [6]. It was suggested that
efflux of the lipophilic cations was driven by the trans-
membrane proton electrochemical gradient. possibly by
cation/ proton antiport. The efflux system for lipophilic
cations has been cloned from Sraphviococeus aurens
and expressed in E. coli {7].

No studies have been carried out to examine the
mechanism of uptake of DMP ™ by £ coli. The strain
used by Midgley was not suitable for such studies since
it possessed an intact outer membrane. In the present
paper we describe studies on the mechanism of DMP-
uptake using an acrAd strain of E. coli in which the
outer membrane is permeable 10 lLipophilic cations
8.9 We show that uptake is driven by the proton
electrochemical gradient.

Materials and Methods

Bacteriul strains

E. coli W30, a wild-tvpe E. coli K-12 strain. and
AS-1. an acr4 mutant derived from W3110. were ob-
tained from Dr. Yasuo Imae. Nagoya University, Japan.

Grow:h of cells
Bac:erial cultures were grown 10 stationary phase at
37°C with aeration from a 19¢ (v/v) inoculum on
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Penassay Broth (Difco) medium. The cells were har-
vested by centrifugation and washed once by centrif-
ugation from 30 mM potassium phosphate buffer. pH
7.5.
DAMP  fluorescence with intact coll pveparations

The fluorescence of DMP ™ was measured av 22°C
with un SLM-Aminco SPEF-300C spectrofluorometer,
using an eacitation wavelength of 467 nm and an emis-
sion wavelength of 557 nm. Washed celi pellets ob-
taincd by harvesting 30 ml of cultures were resus-
pended in 3 miE of 30 mM potassium phosphate buffer
(pH 7.5). 530wl of these cell suspensions were added 1o
2 ml of 50 mM potassium phosphate buffer (pH 7.5) in
cuvets of 1 em pathlength. The resulting suspensions
contained 1 mg of cell protein. Assays were started by
the addition of 12,5 uM DMP . Encrgy sources and
inhibitors were used at the concentrations iindicated in
the legends to the figures.

Prepuaration of membrane vesicles

Right-side-out membrane vesicles were prepared by
osmotic Ivsis of spheroplasts. Spheroplasts were pre-
pared by the method of Withelt et al. [10). and were
converted to right-side-out vesicles by osmotic ivsis in
distilled water. The vesicles were collected by centrif-
ugation at 1430600 xg for 2 h. washed and resus-
pended in an appropriate buffer as indicated in the
figure legends. In some experiments right-side-out vesi-
cles were loaded with K° or Na* by resuspending the
vesicles in 05 M potassium or sodium  phosghate
buffers at pH 8.0 and incubating the suspension at
40°C for 30 min. The suspension was cooled on ice and
MgSQ, was then added to 10 mM prior to collecting
the “loaded’ vesicles by centrifugation at 30000 x g for
1 minutes. The vesicles were washed onee and resus-
pended in 0.4 M sucrose containing 10 mM MgSO,
(phi &.4) or n an appropriate buffer as indicated in the
figure legends.

Everted membrine vesicles were prepared by Urench
press treatment of cell suspensions as previoushy de-
seribed [11]. Vesicles were washed once and resus-
pended in 30 mM potassium phosphate. pH 7.5,

Aliguots of right-side-out or everted membrane veui-
cle suspensions were added to DMP ™ fluorescence
assay systems to give a final protein concentration of
0.5-1.0 mg/ml. DMP"~ fluorescence was measured ds
described for intact cell experiments.

Preparation of rat liver mitochondria

Rat liver mitochondria were prepared by the method
of Johnson and Lardy {12] and resuspended in 0.25 M
sucrose. 100 ul of this suspension was added 10 the
DMP ™ fluorescence assay systems as described in the
legends to the figures.

A

Determination of protein
Protecin was measured by the method of Lovry et al.
[13] using bovine scrum albumin as a standar.

Results

Experiments with intact cells

In the eaperiments described in this paper we have
followed the uptane and offlov of DMP' trom in-
creases or decreases in the fluorescence intensity of the
dve. The work of Midgley and coworkers indicates that
this is a satisfactory procedure [4-6). Furthermorc, we
have examined spectroscopically the possibility that
DMP * interacts directly with the various reagents used
in our cxperiments. No evideace for interactions was
obtained.

Fig. I compares the response of intact cells of the
parent strain W3110 with that of its acr4 mutant AS-1.
These cells were grown to the stationary phase and had
a low rate of cndogenous respiration. In a similar
manner to that described by Mirigley and coworkers
[4-6). addition of p-lactate or glucose to a cell suspen-
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Fig. 1. Eftect of substrates on the floorescence of DMP™ in cell
suspensions of W3LH and AS-1. The procedure is described in
Materials and Methods. Additions to the cell suspensions were as
follows: D. DMP ™ (123 M) L. b-lactaie (10 mM): G. p-glucose (10
mM) The dissobhed oxvgen is exhausted at the star. In (B). CCCP(C)
was added ta 125 oM. Changes m fluorescence intensity are shown
on the sertical was. The arrow indic ey 200 s on the time scale.



sion of W30 resulted in a decrease in the fluores-
cence intensity of DMP ' as it was expelled from the
cell. Additionally, we observed that the dye was reaccu-
mulated when the dissolved oxygen in the cuvet had
been exhausted. By contrast, these substrates caused
uptake of DMP"' into cells of AS-1. Uptake ceased
and dyc was lost from the cells on exhaustion of oxygen
in the medium. Addition of 25 uM CCCP abolished
oxidation-dependent efflux of DMP™ in W3110 and
oxidation-depcndent uptake of this dye in AS-1 (see
accompanying paper, Ref. 14). We conclude that both
oxidation-dependent uptake and efflux arc encrgy-cou-
pled rcactions. The initial phase of fluorescence in-
creasc on addition of DMP™ to the cell suspension
appears to have 2 non-cnergy-coupled component as
well as an ¢nergy-coupicd component since addition of
CCCP after decay of the oxidation-dependent uptake
resulted in further loss of DMP ™ but did not cause
complete abolition of the fluorescence response (Fig.
1B). Furthermore. addition of CCCP to the ccil sus-
pension in the presence of DMP’, but prior to the
addition of substrate. resulted in some quenching. This
suggested that metabolism of endogenous substrates
maintained a certain level of fluorescence enhance-
ment. Titration of the initial phase of fluorescence in
the presence of CCCP gave a half-saturation value of
0.1 pmol DMP*/mg protein. The fluorescence re-
sponse following addition of glucose to AS-1 shows
biphasicity in the results shown in Fig. 1B. This be-
haviour was variable, being shown by some but not sl
cell suspensions. The explanation of this phenomenon
has not been determined.

Midgley and coworkers showed that ¢fflux of DMP~
was blocked by competition with TPP* {4-6]. In agree-
ment with this hypothesis. addition of TPP™ to a
respiring cell suspension of AS-1 resulted in a marked
increase in tluorescence intensity which slowly decayed
on exhaustion of oxyvgen in the cuvet (Fig. 2). the rate
of decay was slower in the presence of TPP™ than in
its absence. This is coasistent with TPP™ blocking the
efflux pathwav by competition with DMP*. However.,
the mechanism for the TPP™ effect may be more
complex than proposed by Midglev. Addition of (ri-
butyltin chloride (Bu,SnCl and tetraphenylboron an-
ion also increased the uptake of DMP™ (Fig. 3).
Bu ,SnCl catalyzes chioride-hydroxyl ion exchange to
uncouple proton electrochemical gradients [15]. How-
ever. it affected the uptake of DMP ™ in the absence of
chloride ions. Thus it is unlikely that it is acting as an
uncoupler. Moreover. its effect was blocked by the
uncoupler CCCP (Fig. 3). It is possibie that Bu,SnCl
and the tctraphenylboron anion cxert their effects by
interacting with a lipophilic site on the lipophilic cation
efflux system,

S-Mcthoxyindole-2-carboxylic acid (MIC) is an in-
hibitor of lipoamide dehydrogenases in animal cells
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Fig. 2. Eftect of TPP on DMP " fluorcescence ina el suspension

of AS-1. The procedure s deseribed 1o Materials and Methods.,

Symbois and concentrations are as in Fig, 1. T, TPP T added to
0125 gL

and bacteria [16.17). Richarme [17] has shown that it
inhibited binding protein-dependent treasport in L
cofi without affecting lactose permease or the phos-
photransferase svstem. MIC blocked upake of DMP -
driven by oxidation of glucose, p-lactate. succinate. and
formate in the presence of TPP™ (Fig. 4). An effect on
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Fig. 3 EHect of Bu.SnCt and retraphemyiborop on DMP T fluores-
cence g ccH suspension ot AS- T The procedure as desertbed an
Materials and Methods. Ssmbaols and concentrations arv asin Fig 1
TB. Bu . SoC) added 1o 125 w8ZE TPB- wiraphensiboron added o
P23 .M
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Fig. 4. Effect of S-methowvindole-2-carboxslic acid (MICY on TPP ~-
induced DMP 7 fluorescence chunges in @ cell suspension of AS-1.
The inittal fluorescence level was atiained in the presence of 123
aM DAMP 7. Substrates were added to o final concentration of 10
mM. G, p-glucose: L o-lactate, So suecinate: F, formate. T, TPP -
added 1o 0125 p M. The © symbol indicates that MIC (4.7 mM} was

present i the svstem. Dissolved oxveen was exhausted ar the star.

lipoamide dehydrogenase is unlikely to be the mecha-
nism of action of MIC on DMP * uptake in our cxperi-
ments.

Experiments with vesicles and mitochondria

DMP "~ was taken up in right-side-out mcmbrane
vesicles of AS-1 (and W3110) driven by oxidation of
ascorbate with PMS {or p-lactate. result not shown).
Uptake was increased if TPP® was present to block
efflux (Fig. SA). Succinate drove the uptake of DMP-
in rat-liver mitochondria. DMP* effluxed on exhaus-
tion of oxvgen. Similar data were  obtained by
Bereiter-Hahn [1]. By contrast with membrane vesicles
of E. coli addition of TPP" blocked uptake of the dve
or caused immediate cfflux (Fig. 3B). This is consistent

with the discharge of the transmembrane potential of
the mitechondrion and agrees with the proposal of

Mewes und Ralfael [3] that the transmembrane poten-
tial is the driving foree tor DMP* uptake in mito-
chondria. Furthermore. the results suggest that an ac-
tive cfflux system for lipophilic cations. which can be
competitively inhibited by TPP . does not occur in
mitochondria in contrast with £. coli.,

Right-side-out membrane vesicles were loaded with

potassium ions by incubation with 0.5 M potassium
phosphate, pH 8, at 40°C {18]. DMP" uptake by the
vesicles was measured following addition to a potas-
sium-free choline chloride buffer at pH 8. There was
little uptake until valinomycin was added (Fig. 6). Ad-
dition of nigericin (or CCCP) caused more rapid efflux
of the dye. Uptake of DMP* on addition of valino-
mycin did not occur if the external medium contained
potassium phosphate buffer. Surprisingly, addition of
nigericin to potassium  phosphate-loaded vesicles in
choline chloride buffer also resulted in uptake of
DMP *. Valinomycin caused cfflux. In the first experi-
ment, DMP* uptake must be driven in response to the
transmembrane potential, ncgative inside, formed on
addition of valinomycin. In the second experiment,
nigericin would acidify the vesicle interior by elee-
troncutral K*/H " exchange. Uptake of DMP* could
then be driven by H' / DMP ™ antiport. The presence
of both valinomycin and nigericin would be expected to
discharge the ion gradients driving uptake.
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Fig. 5. Effects of substrate and TPP™ on DMP ™ fluorescence in a
suspension of right-side out vesictes of AS-1 (A) and rat-liver mito-
chondria (B). Vesicles prepared as described in Materials and Meth-
ode were resuspended i sodium phosphate. pH 8. and assayed in 50
mM sodium phosphate buffer (pH 8). Mitochondria were assayed in
10 mM Hepes-KOH butfer (pH 7.5). containing 03 M KCl. The
following sdditions were made as indicated: AP, ascorbate (10 mM)
end PMS (S uME T TPP S (125 M) S. succinate (10 mM): D,
DMP - (12,5 gu My Dissolved oxygen was exhausted at the star.
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Fig. 6. Etfect of the ionophores valinomyein and nigericin on the
PMP* fluorescence in a srenension of K -loaded. right-side-out
vesicles. The vesicles were prepared at pH & as described in Materi-
als and Methods. The assav system contained 50 mM choline chio-
ride buffer. pH 8.0. V. valinomycin (1.25 gg /mb: N, nigericin (125
pe/mb C.CCCPAZS uM).

Further verification of the two routes of encrgiza-
tion of uptake of DMP* into right-side-out membrane
vesicles was obtained using non-loaded or Na*-loaded
vesicles. Addition of valinomycin to vesicles prepared
in a K*-free buffer at pH 8 and suspended in potas-
sium phosphate buffer, pH 8. induced efflux of DMP-
in response to the transmembrane potential, positive
internally (Fig. 7A). Monensin, which catalvzes the
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Fig. 7. Effect of ionophares on DMP ™ fluorescence a1 a suspension
of K -free (A) or Na -loaded (B) right-side-out vosicles. Vesicles
were prepared as described in Matenals and Mcthods. In (A)
valinomyecin (V. 120 e nb was added 10 K *-free vosicles prepared
at p. oo suspended in s dium phosphate buffer, pH 8. and assaved
in SO0 mM potassium phd sphate buffci. pH X In (B1). monensin (M.
56 M) was added 1o Na -loaded vesicles prepared at pH 8 and
assaved in (b4 M sucroc: 1 mM MgSQO, (pH 6.4) (trace 1) 1o B2
K "-loaded vesicles we' - - wayed in 30 mM sodium phosphaie butter
(ptl 8} (trace 20 L. DMP " 2.8 o MEC.CCCP 23 M.
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clectroneutral exchange of Na ™ and H ™. caused DMP
uptake v right-side-out vesicles loaded with sodium
phosphate, pH 8. and assayed in Na *-free bufter (Fig.
7B1). The uncoupler CCCP caused efflux of the DMP .
Uptake of DMP ™ did not occur if K '-loaded vesicles
were treated with monensin in sodium phosphate buffer
{(Fig. 7B2). These results are consistent with a mecha-
nism in which monensin causes acidification of the
vesicle interior by mediating exchange of H™ for Na .
DMP " would then be taken up into the vesicles by
H*/DMP’ antiport,

In a further sct of experiments. everted membrane
vesicles prepared by French pressing were examined
particularly to establish the role of H /DMP ™ an-
tiport in the cfflux system. Addition of DMP" to
everted vesicles gave a level of fluorescence intensity
which could not be altered by oxidation of NADH (or
ascorbawe with PMS), hydrolysis of ATP. or by attempt-
ing to establish transmembrane H' or charge gradients
in either direction by means of ionophore addition to
pre- or non-preloaded vesicles. as described above for
right-side-out vesicles. Addition of TPP ™ ;o block the
cfflux system had no cffect.

Discussion

As previously documented by Midgley and cowork-
ers {4-6). the reaction of DMP™ with E. coli cells is a
balance between the processes of uptake ard efflux of
the dye. Normal wild-type cells are unsuitable for stud-
ics of uptake as the outer membrane imposes 4 perme-
ability barricr to lipophilic cations [9.19]. This barricr is
overcome in verA mutants like strain AS-1 used in our
intact cell studies. In AS-1 the rate at which DMP - (s
able o reach the inner membrane is not rate-limiting.
Thus. it 1s possible to measure uptake of the dye. The
uptake rate is greater than the rate of efflux so that net
accumulation of the dve is observed. That efflux ako
occurs is indicated by the enhancement in the rate of
uptake ot DMP ™ when TPP ™ is present. Midgley and
coworkers [4-6] have suggested that TPP competes
with DMP "~ at the cfflux system. thus reducing the rawe
of extrusion of DMP™. Bu ., SnCl and the lipophilic
anion tetraphenvlboron behave similarly to TPP - but
it is not clear if their mechanism of action is the same
as that of TPP ™. Bu;SnCl did not act through catalyz-
ing Cl " /OH  c¢xchange, its normal mode of action
{15].

Uptake of DMP™ in AS-1 is driven by oxidation of
substrates such as glucose. p-lactate. succinate. tor-
mate and ascorbate (in the presence of the electron
carrier PMS). Uptake ceases. and efflux occurs, when
oxygen has been exhausted in the system. The uncon-
pler CCCP abolishes uptake suggesting that the clec-
trochemical gradient of protons set up by respiration is
imvolved i the uptake process. CCCP decreases the
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level of DMP " to below thie produced by substrate
onvidation indicating that endoconcis nicianoiism nust
contribute to the uptike process. The uncoupler does
not reduce fluorescence to zero, This implies that o
portion of the observed fluorescence can be attributed
to passive binding of the dye to the cells

The use of unfoaded or monovalent cation-loaded
night-side-out vesicles in the presence of the iwonophaores
valinomyein, nigericin and monensin has shown that
uptake into the vesicles can be energized by the trans-
membrane potential (negative nside) and by H7/
DMP " uantiport, It is the presence of the latter system
which explams why addition of TPP to F. coli vesi-
cles does not cause imhibition of DMP ™ uptake such as
ocers with mitochondina, where presumably the onh
means of aptihe is the cquilibration of the lipophilic
DMP  across the membrane i response to the mem-
brane potential (negative inside mitochondrion). It as
not clear from our expermments if we are measuring as
an uptake sastem the HYCDMP 7 antiport systenm pos-
tolated by Mideley to be responsible tor efttus. Our
inability o set up an appropriate efflux svstem with
crerted membrane vesicles suggests that the upiake
H o, DMP ' anuport that we mcasure innght-side-out
vesicles is not the offfuy system. However, it is possible
that we cannot measure DMP T uptake diiven by the
acidic interior of the everted membrane vesicle be-
causce ob its small internal volume. Against this argu-
ment s the fact that we can readilv measure the
formation of an acidificd vesicle nterior on substrate
oxidation or ATP hydrolysis by uptake of the fluores-
cent probe quinacting 21] Cunpubiished resulis), Nev-
crthelesse it secems unlikely that there would be both a
H /7DMP untiport uptake and eftflux system. For
example. tetracyedine uptake and eftlux occur by ditfer-
ent mechamisms [22] Further characterization of the
cftlus system is needed to ostablish that it is indeed a
H™ 7 DMP ' antiport svstems

Although upicke of the hpophilic DMP© in re-
sponse to the transmembrane potential can oceur
through pussive diftision, antiport mechanisms reqguire
acarrier. Preliminary attempts o see if the cations

Iysine. arginine sacrmibing, putrescine, spermidine and
streptomyven would block DMPT uptake by competi-
tion for the antiport system inintict cells of AS-1 were
not suceesstul (results not shown). The identity of the
normal substrate for the antiport svstem used by DMP?
renuuns to be identified.
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