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The effect of phloretin on the carrier-mediated eiectrically silent ion fluxes through the bilayer lipid membrane
(BLM) was studied. The measurements were carried out according to our conventional technique, i.e. electrical
potential recording in the presence of a protonsphore, and by a new method - direct measurements of pH shifts in
the unstirred layers of the BLM by pH microelectrode. Both techniques gave similar results. It was shown that the
addition of phloretin increased the rate of cation /H* exchange induced by nigericin and decreased the rate of
anion /OH ~- exchange induced by tributyltin. The effect of phloretin was higher in the presence of cholesterol in
the BLM. Cholesterol decreased the nigericin- and tributyltin-induced fluxes under our experimental conditions.
The application of an external voltage to the membrane had no effect on the ion flexes thereby showing that these
fluxes were electroneutral. The most probable explanation of these results bases on the effect of the membrane
dipole potential on the electroneutral fluxes of ions. The possible mechanism of the dipole potential cffect on the
carrier-mediated electrically silent ion fluxes was discussed in terms of two competing hypotheses - the transloca-
tion through the membrane or the reactions at the membrane surface being the rate-limiting steps of the whole

transport process.

Introduction

It was shown previously that phloretin dramatically
increases the rate of cation and decreases the rate of
anion translocation through artificial and natural mem-
branes [1-3]. This effect of phloretin is a result of
reduction of the electric potential difference batween
the interior of :te mexrane and its surfaces which is
called a dipole poiential [1,2,4). I'he existence of the
dipole potential demonstrates itself in the difference of
the membrane permeabilities to cations and anions
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which can reach as high as 9 orders of magnitude [1).
The value of the dipole potential differs from one lipid
to another and was estimated as 460 mV for phospha-
tidylcholine and phosphatidylethanolamine [5].
Phloretin dccicased the dipoic potential by 150-200
mV [1). Cholesterol besides its effect on the membrane
viscosity can increase the value of the dipole potential
(6].

The nonelectrogenic ionophores such as nigericin
(K*/H* antiporter) or tributyltin (CI~/OH~ an-
tiporter) facilitate the transfer of ions through mem-
brancs in a form of electroneutral complexes [7-9].
This implies that contrary to the electrogenic transport
one does not expect the effect of phioretin in the case
of nonelectrogenic transport. However, the complexes
of nigericin-cation as well as of tributyltin-anicn due to
their structure are supposed to contain an eiectrical
dipole moment which may interact with the dipole
potential of the membrane. Therefore the transport
rate of these complexes may change upon variation of
the dipole potential. On the other hand, the influence



of the dipole potential on the ion during association
with or dissociation from the carrier at the interface
may take place also.

This paper deals with the action of phloretin on the
rate of the carrier-mediated electroneutral transport.
The measurements of the ion transport were carried
out partly in a way traditional for our laboratory [10,11]
and by a new technique - direct measurements of pH
shifts near the BLM by pH microelectrode. It was
shown that the decrease of the dipole potential led to
the decrease of the rate of CI”/OH™ exchange and
the increase in the rate of K*/H* exchange.

Materials and Methods

BLM was formed on a Teflon partition 0.4 mm in
diameter, by a conventional method [12]. A
membrane-forming solution contained 20 mg phospha-
tidylcholine from soybeans (Sigma) and 10 mg choles-
terol (Serva) in 1 ml of n-decane unless otherwise
stated. The thinning of the BLM was observed both
visually and by measuring its capacity. The main ele-
ment of the electrical scheme was a Keithley 301
amplifier. The experiments were carried out at room
temperature (21-23 © C). Ethanol solutions of nigericin,
monensin, calcimycin, ionomycin, lasalocid A (all from
Calbiochem), tributyltin (Serva), valinomycin (Sigina),
protonophores carbonyl cyanide m-chlorophenyl hy-
drazone (CCCP, Sigma) and tetrachlorotrifluorometh-
ylbenzimidazole (TTFB, a gift of Prof. E.A. Liberman)
weic added at both sides of the BLM. Phloretin,
phlorezin and buffers were from Serva. Other chemi-
cals were from Reachim (U.S.S.R.).

The hydrogen ion electroneutral flux (J;,) was mea-
sured by the method described earlier [10,11]. The pH
gradient in the unstirred layers was determined from
the difference of the electrical potentials on BLM in
the presence of a protonophore in the open circuit
mode. It was shown that under these conditions the J,
flux is proportional to the membrane potential [10]. J,
was calibrated against the potential by adding the
increasing concentrations of sodium acetate at differ-
ent pH values as described earlier [10].

In the other set of experiments the direct measure-
ments of pH shifts near the BLM were carried out. A
pH microelectrode with a tip of about 3 wm was made
according to Remis, Bulychev and Kurella [13]. Typi-
cally the slope of the electrode was 50 mV /pH. This
method had beer: applied previously for the measure-
ments of pH shifts near the surface of an immobilized
chloroplast [14]. Fig. 1A presents a scheme of mutual
positions of u pH microelectrode and a membrane.
The electrod: was brought close to the membrane
through a holz in a side window made of plexiglas. To
prevent the soiution leakage the empty space between
the electrode shank and the hole rim was filled with
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Fig. 1. (A) The scheme of mutual positions of the pH microelectrode
(1) and the membrane (2). 3, A cell support; 4, a magnetic bar; 5, a
rotating magnet. The directions of the electrode movements aré
indicaied by arrows. (B) The pH profile near the BLM measured
upon hringing the electrode close to it (left side till the arrow) and
taking the electrode away from it (after the arrow) after the addition
of 20 mM KCl at the side of the BLM opposite to the electrode and
in the presence of 0.1 uM nigericin. The pH shift was alkaline.
Curves 1 and 2 were measured with and without stirring the solution,
respectively. The solution was 1 mM Tris, 1 mM Mes, 100 mM
choline chloride (pH 6.6). The electrode movement speed
was 6 um/s.

vaseline. Fig. IB shows a pH profile near BLM in the
presence of {.i uM nigericin and 20 mM KCl at the
side of the membrane opposite to the elecirode side.
Smooth movements of the electrode were performed
by a hydraulic system based on the step-wise motor
with a2 step of 1 um. The existence of a pH shift near
the surface of the BLM was claimed in a number of
works (Refs. 15,10; and for a review, see Ref. 16).
However, as far as we know this was the first direct
experimental detection of this phenomenon. Fig. 2B
shows that as the electrode approached the membrane
(curve till the arrow) at a speed of 6 um/s, the pH
started to increase in accord with the scheme of
K*/H™" exchange. However, after a certain distance
the electrode movement brought about a steep change
in pH electrode potential of opposite sign. Further
approach of the electrode led usually to the BLM
breakdown. A phase of the apparent pH decrease was
observed alsc in the absence of KC' gradient and
extended for about 10 um from the peak of pH profile
(data not shown). It may be concluded that this phase
was duc to the interaction of the electrode with the
membrane and was not associated with a pH change
near the membrane. At the moment marked by an
arrow the withdrawal of the electrode started. The
symmetry of the curves presented in Fig. 1B gave
evidence that the movement of the electrode had a
negligible effect on the unstirred layer. It is seen from
curve 2, Fig. 1B that the stirring of the solution re-
duced the thickness of the diffusion layer significantly.
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Linear approximation of the pH profile in the presence
of the solution stirring with the limit at the pH maxi-
mum gave the estimation of the unstirred layer thick-
ness of 130um. This value is in good agreement with
literature data derived from permeability measure-
ments [15]. The addition of up to 20 uM TTFB did not
change the pH shift (data not shown). The measure-
ment of the BLM potential unde. these conditions in
the presence of TTFB protonophore gave 46 mV which
corresponded to ApH = 46/58 = 0.8 while the estima-
tion of the pH shift at one side of the membrane from
Fig. 1B, curve 2 gave ApH =24/50 = 0.48. The latter
value is roughly two times lower than the former which
summed pH shifts at two sides of the BLM. These
results confirmed the conclusion previously made that
the BLM potential in the presence of a protonophore
was accounted for by pH changes in the unstirred
layers.

Results

Fig. 2 shows the effect of phloretin on the rate of
K*/H* exchange induced by nigericin (Fig. 2B) and
on the rate of CI~/OH™ exchange induced by tri-
butyltin (Fig. 2A). The measurements were carried out
by the method of the potential recording in the pres-
ence of TTFB. It is seen that the addition of phloretin
increased nigericin-induced potential (stimulation 2.7
and 1.4 times in the presence and in the absence of
cholesterol, respectively) and decreased the tributyltin-
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induced potential (the inhibition being 3.5- and 2.1-
times in the presence and in the absence of cholesterol,
respectively). The comparisca of curves 1 and 2, Fig, 2
and curves 3 and 4 shows that in order to attain the
same potential as in the presence of cholesterol, higher
concentrations of ionophores should be added com-
pared to the membrane without cholesterol. Other
experiments showed that the addition of cholesterol to
the membrane-forming solution (the concentration is
indicated in Fig. 2) reduced tributyltin-inauced flux
two times and nigericin-induced flux eight times. The
addition of 10 mM CaCl, had no effect on the effuct of
phloretin in the case of nigericin (data nct shown). The
electrical current measurements showed that the addi-
tion of phloretin decreased the TTFB-induced current
about 100 times. This observation indicated that the
BLM could lose the proton selectivity in the presence
of phloretin and the potential would not reflect the
clectroneutral hydr..gen ion flux through the mem-
brane. To exclude the effect of phloretin on the TTFB
permeability from the analysis of the data, we mea-
sured pH shifts independently with the help of pH
microelectrode.

Fig. 3A shows a pH profile near the BLM which was
induced by nigericin in the presence of KCl gradient.
The addition of phloretin increased a pH shift four
times (curve 2). Fig. 3B shows the effect of phloretin
on the CI~/OH ™ exchange. Due to the opposite direc-
tion of the H* flux in this system the direction of the
steep electrode -membrane response was the same as
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f‘ig. 2. The effect of phloretin (260 .M) on the rate of Cl~ /OH™ (A) and K*/H* (B) exchange measured by means of the potential recording
in the presence of a protonophore TTFB (10 uM). The membranes were formed from the decane solution of phosphatidylcholine and
cholesterol 20 and 10 mg/ml (curves 1 and 3) and from phosphatidylcholine only (20 mg/ml, curves 2 and 4). (A) The concentration of tributyltin

was 6 !n.M (curve 1) and 3 uM (curve 2); the solution was i mi{ Tris,
potential had plus sign where the concentration of KCi was higher. (B)

1 mM Mes, 1 mM B-alanine, (pH 7); KCI gradient was 80/50 mM; the
The concentration of nigericin was 66 nM (curve 3) and 10 nM (curve 4);

the solution was as in the caption to Fig. 1; KCl gradient, 10/0 mM; the potential had a plus sign where the concentration of KCl was lower.
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Fig. 3. The effect of phloretin (control, curves 1; 260 M phloretin,
curves 2) on the rate of C1”/OH~ (B) and K* /H ™ (A) exchange
measured by means of pH-shift recording with a pH microelectrode.
The conditions were the same as in Fig. 2, curves 1 and 3; the data
presented as in the Fig. 1. The electrode movement speed was 6
pm/s, at the right side after the arrow on B the speed was 3 um/s.
The measurements were carried out under the conditions of stirring
the solution.
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Fig. 4. The dependence of the rate of CI~/OH™ (A) and K*/H*

(B) exchange measured by means of the potential recording in the

presence of a protonophore on the concentration of phloretin at two

pH values, 6.4 (curve 1) and 8.0 (curve 2). The conditions were the
same as in the caption to Fig. 2 (curves 1 and 3).
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that of the pH shift. Fig. 3B shows two approaches to
the membrane - one with usual speed and the cther
(after an arrow) with two times lower speed (3 um/s)
for a precise determination of the breakpoints.
Phloretin reduced the pH shift about four times in
agreement with the value obtained by the previous
technique. These experiments confirmed the opposite
directions of the effect of phloretin on cation and
anion fluxes.

The dependencies of the BLM potential on the
concentration of phloretin at pH 6.4 and 8 are shown
in Fig. 4. These dependencies were similar in the case
of nigericin while there was a significant difference in
the case of tributyltin: at pH 8 higher concentrations of
phloretin are needed to decrease the potential to the
same exwent as at pH 6.4,

Fig. 5 shows the effect of phlorezin, an impermeabie
analogue of phloretin [17), on the nigericin-induced
K*/H" exchange. Phlorezin was most effective in the
case of its addition at both sides of the membrane
while the addition at one side increased the flux only
by 40% irrespective of the flux direction.

The measurement of the pH shift by the pH micro-
electrode proved to be a convenient system for evalua-
tion of the effect of the membrane electrical potential
on the rate of CI"/OH~ and K*/H™ exchange. The
traces of pH shifts near the membrane are presented
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Fig. 5. The effect of phlorezin (250 uM) on the nigericin-induced (40

nM) potential on the BLM in the presence of TTFB as a percentage

of the control depending on the side of the phlorezin addition. 10

mM KCI was added at the cis side. Conditions were the same as in
the caption to Fig. 2, curve 3.
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Fig. 6. The effect of the applied electric potential on the rate of
K*/H* exchange induced by nigericin (curve 1), CI"/OH™ ex-
change induced by tributyltin (curve 2) and K*/H™* exchange in-
duced by a couple of valinomycin (0.3 uM) and a protonophcre
CCCP (3 uM) measured by pH-shift recording near the BLM with a
pH microelectrode. The values of pH shifts were 0.2, 0.05 and 0.27
for curves 1, 2 and 3, which were 93, 80 and 82% of the maximum
pH shifts, respectively. Conditions were as in the caption to Fig. 3
except for curve 1 where the KCl gradient was 21'/0 mM and the
concentration of nigericin, 20 nM. The condition: on curve 3 were
the same as on curve 1 except for ionophores. Recordings were
obtained without mixing the solution.

in Fig. 6 for the case of nigericin (curve 1), tributyltin
(curve 2) and a couple of CCCP and valinomycin (curve
3). The slopes of the traces were due to the drift of pH
electrode under the conditions of high sensitivity. The
source of the potential was a simulator of the electrode
potentials with an internal resistance of about 10*¢
Ohm. It was shown that the application of + /- 50
mV to the BLM had no effect on the flux in the case of
nigericin (less than 1%) and tributyltin (less than 3%).
On the other hand the application of + /- 20 mV
affected markedly the pH shift in the case of a couple
of carriers - CCCP and valinomycin (curve 3). It is
worth noting that the formation of the pH shift by a
couple of electrogenic ionophores valinomycin and
CCCP was observed for the first time as far as we
know. This couple performed the antiport of potassium
for hydrogen ions similarly to nigericin, however, this
time cations crossed the membrane in a form of charged
complexes.

A detailed analysis of the trace 1, Fig. 6 revealed a
small {less than 1%) effect of the application of —50
mV on the nigericin-induced pH shift which was irre-
versible after turning off the potential. This observa-
tion could be accounted for by the additiona! incorpo-

ration of nigericin into the BLM induced by the poten-
tial under the conditions of KCI gradient on the mem-
brane. Thus it may be concluded in general that the
application of the potential to the BLM had no effect
on the electroneutral fluxes through the membrane.

Phloretin was less effective in the absence of choles-
terol in the BLM (Fig. 2) especially in the case of
nigericin. Phloretin had no effect on the nigericin-in-
duced potential for the BLM made from egg yolk
phosphatidyicholine but was active in the case of trib-
utyltin (data not shown).

Discussion

Ciur results showed that phloretin stimulated
cation/H* exchange and inhibited anion/OH~ ex-
change. It was known previously that the main effect of
phloretin on the BLM is the decrease of its dipole
potential, which affects the rate of electrogenic fluxes
induced by carriers [1,2). However, in the case of
nigericin and tributyltin, electrogenic fluxes were or-
ders of magnitude less than the electroneutral H* flux
and did not contribute significantly to the total
H*transport [18-21]. Ou: data confirmed that the
ionophore-mediated H* flux is independent of the
applied potential (Fig. 6) and showed that phloretin
affected elertrically silent transport of ions.

It scemed unlikely that the effect of phloretin was
due to the direct interactions with the carriers for
several reasons. (1) The effect depended on the mem-
brane composition and was absent in the membrane
made frsm phosphatidylcholine. (2) The impermeable
analogue of phloretin was effective also.

Phloretin is a weak acid with pK, 7.3 and its action
on the membrane was shown to be accomplished by a
neutral form [1]. Nevertheless, the anionic form of
phloretin can bind to the membrane and change the
surface charge in the BLM. The change of the surface
potential can affect the rate of K*/H™" exchange [20,22]
and CI~/OH™ exchange [23] and therefore contribute
to our effect of phloretin. However, the addition of
high concentration of calcium isns had no effect on the
nigericin-induced transport in the absence and in the
presence of phloretin under our experimental condi-
tions (see Results) thereby indicating that the phe-
nomenon is independent of the surface charge. More-
over, at pH 8 much higher concentrations of phloretin
are needed to decrease the rate of CI~/OH ™~ exchange
to the same extent as at pH 6.4 (Fig. 4). The pH
independence of the effect of phloretin in the case of
nigericin can be due to different sensitivity of the rate
of K*/H™ exchange to the change in the dipole poten-
tial since at pH 8 and 6.4 different steps of ion trans-
port may be rate-limiting [24].

The correlation of the phloretin action with the
electrogenic an: nonelectrogenic fluxes (the stimula-
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Fig. 7. The schematic distribution of the dipole potential (A} and

electric field (B) across the membrane, as well as the energy of an

electric dipole with ceitain viicniativis for the cass of the transport

of cations and anions (C). (E) The sum of the energy from the dipole

moment (C) and from other sources (D). Solid lines, a control:

dashed lines, in the presence of phloretin. Arrows on (E) represent
the location of dipoles at the interfaces.

tion of cationic and the inhibition of anionic fluxes)
indicated the common mechanism of the action i.c.
through the dipole potential. Two different points of
view concerning the rate-limiting step of the nonelec-
trogenic transport were discussed in the literature -
the translocation through the membrane [20,25] and
reactions with cations at membrane /water interface
[26]. If one assumed that the reaction of the carrier
with ions at the interface was rate-limiting, the sign of
the effect (i.e. the reduction of for example anionic
fluxes upon the reduction of the dipole potential) would
suggest that exactly the binding of ions with carrier was
the raie-limiting step. In fact, if this step proceeded in
the zone of the drop of the dipole potential, then the
reduction of its value should decrease the rate of anion
and increase the rate of cation binding. However, the
decrease of the rate of ion fluxes by cholesterol (Fig. 2)
was more consistent with an alternative view that the
translocation of the carrier through the membrane was
rate-limiting.

Fig. 7 presents the scheme of the effect of the dipole
potential on the translocation of neutral ion-ionophore
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complexes through the membrane. The ion-ionophore
complexes were considered as dipoles whose energy
was proportional to the value of electric field, dipole
moment and a cosine of the angle between them. Figs.
7A and B presenis the scheme of the distribution of
the dipole potential (A) and the electric field (B),
respectively. Thus the dipole energy depends on the
dipole orientation. It is natural to suppose that the
initial dipole direction is retained after the complex
formation and is mainly perpendicular to the plane of
the membrane. The orientation of the dipole is deter-
mined by the direction of the ion approach and the
position of the oppositely charged carrier, which must
be closer to the middle ~f the membrane. Accordingly
in the case of ion dissociation, the orientation of the
dipole moment should be reversed. The reorientation
of the dipole may take place in the inner part of the
membrane devoid of electric field. Fig. 7C shows the
energy profile of the dipole taking into account its
orientation. It is seen that in the case of cations the
protile has two troughs. In the case of anion transport
the initial orientation of the dipole should be reversed
and the energy profile should have two barriers in the
zones of dipole potential drops.

It may be proposed that besides the energy deter-
mined by existence of the dipole potential there is a
rart of znergy of other origin (Fig. 7D). This form of
energy profile implies the existence of the hydrophobic
barrier for the complexes of ion-ionophore. Fig. 7E
presents the sum of the energy profiles of Figs. 7C and
D derived with the appropriate ratic of C and D.
Assuming that the start and the end of the dipole
translocation are located at the interface troughs
(arrows on Fig. 7E) we can explain the oppcsite effects
of phloretin on the cation and anion fluxes. In fact, the
comparison of the solid and dashed curves in Fig. 7E
shows that phloretin reduces the barrier in the case of
cations and increases it in the case of anions. Thus the
above consideration qualitatively explains our experi-
mental data.

We can try to estimate the effect of phloretin quan-
titatively. Since phloretin decreased the TTFB-induced
current 100 times, then the reduction of the dipole
potential could be evaluated as 120 mV [6] under our
conditions. Taking into account that the energy of the
dipole equals to the product of the dipole moment and
the electric field and assuming that the dipole size
comprises 100% of the size of the zones of dipole
potential drops, the change of the energy should be
estimated as 120 meV. The experimentally observed
change of the fluxes amounted to 3-4 which corre-
sponded to the energy change of about 30 meV or 25%
of the maximal value. Apparently, the size of the
dipole was less than the size of the dipoie potential
drop or (and) the orientation of the dipoles was not
perpendicular to the plane of the membrane.
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Riddell and co-workers [26] did not observe the
effect of cholesterol on the nigericin-induced transport
and concluded that the rate-limiting step was the reac-
tion of potassium ion dissociation from the carrier at
the membrane surface. Such an interpretation was
inconsistent with the effect of cholesterol in our experi-
ments and failed to explain the requirement of
phlorezin at both sides of the membrane for the stimu-
lation of nigericin-mediated ion transpoit. It follows
from this discussion that the rate-limiting step of the
nigericin transport process may differ depending on
the experimental conditions (especially the lipid com-
position of the BLM). This might be the cause of the
absence of the eftect of phloretin in the case of egg
yolk phosphatidylcholine membrane.

Besides the action on the membrane viscosity
cholesterol is known to increase the dipole potential of
the BLM [6]. This factor may account for the sironger
inhibition of K*/H™* compared to C1~/OH "~ exchange
by cholesterol (see Results) in agreement with the sign
of the effect of phloretin.

Summing up this discussion we may conclude that
the effect of phioretin on the rate of the electrically
silent ion transport can bc accounted for by the reduc-
tion of the dipole potential. The niost probable scheme
of this phenomenon implies that the dipole potential
affects the rate of the iranslocation of the ion-carrier
complex across the membrane including the zones of
the dipole potential drops. The most important ele-
ment of this scheme is the orientaticn of the electrical
dipole moments of the couiplexes near the interface
which depends on the type of transporting ions and
carriers.
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