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The Adsorption of Phloretin to Lipid Monolayers and Bilayers Cannot Be
Explained by Langmuir Adsorption Isotherms Alone

Richard Cseh and Roland Benz
Lehrstuhl fur Biotechnologie, Theodor-Boveri-Institut (Biozentrum) der Universitat Wirzburg, D-97074 Wirzburg, Germany

ABSTRACT Phloretin and its analogs adsorb to the surfaces of lipid monolayers and bilayers and decrease the dipole
potential. This reduces the conductance for anions and increases that for cations on artificial and biological membranes. The
relationship between the change in the dipole potential and the aqueous concentration of phloretin has been explained
previously by a Langmuir adsorption isotherm and a weak and therefore negligible contribution of the dipole-dipole
interactions in the lipid surface. We demonstrate here that the Langmuir adsorption isotherm alone is not able to properly
describe the effects of dipole molecule binding to lipid surfaces—we found significant deviations between experimental data
and the fit with the Langmuir adsorption isotherm. We present here an alternative theoretical treatment that takes into account
the strong interaction between membrane (monolayer) dipole field and the dipole moment of the adsorbed molecule. This
treatment provides a much better fit of the experimental results derived from the measurements of surface potentials of lipid
monolayers in the presence of phloretin. Similarly, the theory provides a much better fit of the phloretin-induced changes in
the dipole potential of lipid bilayers, as assessed by the transport kinetics of the lipophilic ion dipicrylamine.

INTRODUCTION

The change in Volta potential observed by spreading lipidohloretin, has been described as a molecule that reduces the
monolayers at air-water interfaces is caused by the unifornexisting positive dipole potential by its adsorption to the
orientation of the lipid molecules and/or their ability to alter membrane (or monolayer) and induces a dipole potential of
the orientation of water dipoles. The magnitude of change irpolarity opposite that of the preexisting one (Andersen et
potential depends on lipid structure (Paltauf et al., 1971) andl., 1976; Melnik et al., 1977; Reyes et al., 1983). This
on the surface density of the lipid molecules, which meansneans that the positively charged end of phloretin is di-
that it increases dramatically when the monolayer turnsected toward the aqueous phase and the negatively charged
from the gas phase (no uniform lipid orientation) into theend toward the hydrocarbon layer. The effect on the alter-
liquid phase (uniform lipid orientation perpendicular to the ation of dipole potential is observed only with uncharged
surface), e.g., while compressing it on a Langmuir troughforms of phloretin and its analogs (Andersen et al., 1976;
(Mozaffary, 1991). This confirms the role of dipole mo- Reyes et al., 1983). In agreement with this, Andersen et al.
ments attached to the lipid molecules as being responsibl@976) found that phloretin does not change the conduc-
for the observed change in surface potential of monolayergance of lipid bilayers to either anions or cations when the
from neutral lipids. Bilayers should exhibit similar poten- aqueous pH is close to 10. Furthermore, only the uncharged
tials because they consist of two monolayers with essenform is able to adsorb to human red cell membranes (LeFe-
tially the same properties. In fact, permeability properties ofvre and Marshall, 1959). This indicates the role of phloretin
lipid bilayer membranes for anions and cations suggest thdjoth as adsorbate with lipophilic character and as a mole-
the membrane interior is positive by several hundred milli-cule bearing a dipole moment.
volts with respect to the surface (Haydon and Myers, 1973; Clearly, the change in dipole membrane potential de-
Hladky and Haydon, 1973; Szabo, 1976; Pickar and Benzpends on 1) the magnitude of the adsorbed molecule dipole
1978; Flewelling and Hubbell, 1986; Brockman, 1994). moment, 2) the angle between the direction of the dipole
This potential is caused by the orientation of dipoles withinmoment vector and the water/lipid interface, 3) the dielec-
the lipid-water interface and is therefore correctly namedric constant of the environment, and 4) the surface density
the dipole (or dipolar) potential (Haydon and Hladky, of the adsorbed molecule. Whereas 1) and 3) are constants
1972). for a given molecule and for the medium of the adsorption
Several molecules have been found to change the dipolgiane, respectively, 2) and 4) are unknown. When we as-
potential within monolayers and bilayers. One of them,sume that the adsorbed molecules are aligned parallel to
each other, the change in dipole potential is a function of
their surface density. The effect of phloretin on natural and
Received for publication 12 August 1997 and in final form 2 Decembergtificial membranes has been studied in detail (Owen,
i?jz:éss reprint requests to Dr. Roland Benz, LehrstuhBfatechnologie 1974.; Jennings and SOIO”.]O”' 1976; A.ndersen etal,, 1976
Theodor-Boveri-Institut (Biozentrum) der Uni’vef?.iWUrzburg,Am Hub—’ Melnik et al., 1977; Cousin and Motais, ?‘978; Verkman,
land, D-97074 Wzburg, Germany. Tel.+49-931-8884501; Fax+49- ~ 1980; Verkman and Solomon, 1980; Awiszus and Stark,
931-8884509; E-mail: roland.benz@mail.uni-wuerzburg.de. 1988). In particular, a saturation effect of the potential
© 1998 by the Biophysical Society change has been observed for high aqueous phloretin con-
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between phloretin and the membranes could preferentiallgensity by the maximum potential change:
be controlled by hydrophobic interaction between phloretin

and membrane. Although De Levie et al. (1979) have also AV = AY.c
discussed the possible influence of dipole-dipole interac- c+k
tions on phloretin adsorption, they have suggested that it

adsorption is appropriately described by a Langmuir adsorpi)_ This might lead to some confusion, because phloretin, as

fuon isotherm if the' contrlbut!on of dipole-dipole interaction .a polar molecule, should alter the electric permittivity of the
in the membrane interface is much weaker than Langmw'bIane to which it adsorbs. This meaasn the adsorption

adlso':rr]).tlont adnd the'reforet'netglldglttr)lle. d i f bhloreti plane should depend on the phloretin concentration. But we
N this study we investigated the adsorption of phioreting,,, keep in mind that we refer only to the changes in

FO lipid mon olayer.s by surface potep tial measuremgnts ang;pole potential (see Discussion), and therefore to the ef-
!ts adsorptlgn to bilayers .by measuring the effect C.)f INCTEAStacts induced by single phloretin molecules. The permittiv-
N9 phlprgtm concentratpns. on the tr.an.sport Kinetics 0fity of the region of one adsorbed dipole molecule has the
“pOph.'“C lons. We found 5|g'n|f|cant dewatpns between th'"?same magnitude as the permittivity of many adsorbed dipole
expenrr!enta}l results and a f't.Of them b.y using the I‘angmu'rmolecules (like a parallel circuit of capacitors, each with the
adsgrptlon isotherm, especially for' lipid mopolayers. Insame dielectric). In other words, as long as we consider the
Ipargcu:ar, tf|1e use of 'the Langtmut[r Iadzorptlon ISOthermadsorption of dipole molecules as a uniform process with
ca stod? owtir r:;ammgm po efr:r:a N ang@\lf(oi),l Zst uniformly aligned dipoles, the electric permittivity of the
expected from the dependence ot the experimental data gion that contributes to the dipole potential change (i.e.
phloretin concentrgtlon. Furthermore, the concentration det'he environment close to the adsorbed dipole molecules and
per)dence of the dlpolg potentla! chgnge was not vyell de'Ehe dipole molecules themselves) is not dependent on the
scribed by the Langmuir adsorption isotherm. For bllayerst:oncentration of adsorbed dipole molecules. Therefore it
the deviations between experiment and Langmuir adsorpéppears reasonable to takéo be a constant

tion isotherm were less pronounced but still present. A The dissociation constaktis given by the free energy of
much better fit of the experimental data was achieved Whe%dsorption'

we took into account a much stronger effect of the dipole- '

dipole interaction between membrane and phloretin than has ‘ p(—AGO>
= ex

®)

Equation 3 implicitly takes as constant (compare Equation

previously been proposed (De Levie et al., 1979). RT (4)

AG, is the standard free energy of adsorptiBrandT have
ELECTRICAL CONTRIBUTION OF DIPOLE their usual meanings. In the _follow_ing we separate the
MOMENT TO LANGMUIR _standard free energy of a(_jsorptldfGO, into two parts_. One
ADSORPTION ISOTHERM is the Langmuir interactionAG,, and the other is the

standard free energ\G,,, of the interaction of the dipole
The Langmuir adsorption isotherm assumes a monomoleanolecule with the existing dipole field in the membrane-
ular adsorption layer with a maximum number of equivalentwater interface. The entire free adsorption energy is given
binding sites, each of which can be occupied by one molpy
ecule. The surface densily of adsorbed molecules is a

function of their concentratiorg, in the aqueous phase: AGy = AGg + AGq ©)
This means that the dissociation constéantan also be split
I = I.c 1) into two parts. One of them is dependent on the dipole
c+k potential, and the othek,, is given by exp{-AG,/RT).
where I, is the maximum surface density amdis the k= ko ex —AG 6
dissociation constant. The change in the dipole potential, B RT ©)

AW, by the adsorption of the molecules is a linear function

of their surface density: AG,, has to be replaced by a potential term. For this we

assume that the parallel aligned dipoles form a simple
4T sin® capacitor. The energyy, in the electrical field can be

AV c (2) expressed by the total dipole momepi, normal to the
water/lipid interface and the field strengih
where w is the dipole moment of one molecul®, is the wE
angle between the direction of the dipole moment vector W= o (7)

and the water/lipid interfacd, is Avogadro’s number, and

e is the effective dielectric constant in the adsorption planeThe field strength is the dipole potential divided by the
The surface density of the adsorbed molecules can be exhickness of the dipole layer or by the length of the dipole
pressed by the potential change, and their maximum surfadéthe angle between the dipole moment vector and adsorp-
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tion plane is 90°. When we use the ratio dipole momentwvas dissolvedri 1 M and 0.1 M NaOH; the stock solutions contained 1
divided by dipole length, we automatically normalize the mM, 10 mM, and 300 mM phloretin, respectively. Dipicrylamine was used

angle of the dipole to the adsorption plane. Thus the energ®> & L MMstock solution in ethanol. After membrane formation, dipic-
. . lamine solution was added in final concentrations betwegn1® ° and
per mole adsorbed dipoles is

3 X 1077 M. The ethanol content in the aqueous phase did not exceed

0.05% (v/v), which did not influence membrane properties.

W — AV 6 (VIv) prop
AGg=p—— L (8)

_ o . _ Measurements of monolayer surface potentials

W, is the initial dipole potential of the membrane (mono-

layer), AW is the Chan,ge in dipole potentlzil!s the dipole Teflon trough (surface area 120 &nvolume 300 ml). The lipids were

Iength, andﬁ’“ is the d'DOIe_ moment of a S|_ng_]le aQsorbed spread on the surface with organic solvents, by the use of a Hamilton

molecule. When we combine Egs. 6 and 8, it is evident thakicrosyringe (Hamilton, Bonaduz, Switzerland). The surface pressure of

the dissociation constank, is a function of the dipole the monolayers was adjusted to 40 mN/m by adding the appropriate

Lipid monolayers were formed on the water-air surface of a buffer-filled

potential: amount of lipid to the air/water interface. The surface pressure was mea-
sured by the Wilhelmy plate method (Allan, 1958; Gaines, 1966). Surface
(_\I;O + A‘If)p,L potential measqrgment; of the monolayer. were performed by the yibrating
k=kyexp ———5=5=— 9) plate method originally introduced by Kelvin and improved by Yamins and
2RT Zisman (1933). This method has been described previously in detall

(Brockman, 1994; Gaines, 1966). We used a 2-cm-diameter, gold-plated
disk electrode adjusted to be less than 1 mm from the air-water interface.
The plate vibrated at-416 Hz, and the signal was measured with a
_ V‘L (10) laboratory-built lock-in amplifier (Btner et al., 1994). The dipole potential
2IRT was referenced to a Ag/AgCI electrode in the water phase. First the
potential of the aqueous phase was measured. Then the plate was raised and
Koo = ko eXF(_llfow) (11) the lipid was spread. After evaporation of the solvent, the plate was
lowered to the same distance from the interface as before spreading, and
koo contains both the contributions of Langmuir and thethe potential was recorded again. The Teflon trough contained a small hole

dipole field of the membrane. The combination of Egs. 3,9 in its side, through which small aliquots of stock phloretin solutions were

For simplification we define

w

10, and 11 leads to introduced into the sup_phase. The same bgffer volume was taken f_rom the
trough before the addition of phloretin solution to ensure a proper distance
between plate and interface. Whenever phloretin stock solution was added

AV.c Lot :
AV = (12) to the subphase, the vibrating plate had to be raised and lowered to allow
C + Koo eXF(A‘Ifw) stirring with a Teflon stirrer bar. The change in dipole potential was taken

after readjustment to zero as the difference between the new potential and
According to Eq. 12, the change in dipole potential iSthe reference. Surface pressure and surface potential measurements showed
dependent on both the aqueous concentration of the dipoktandard deviations of less tharl mN/m and+10 mV, respectively.
molecule and the change in the dipole potential. The disso-
ciation constantk, should decrease wheAW increases,
because of the adsorption of dipole molecules with a dipol
moment opposite that of the membrane.

Estimation of phloretin-induced bilayer dipole
epotential change

The phloretin-induced change in the dipole potential of lipid bilayer
membranes was measured from its influence on dipicrylamine transport

MATERIALS AND METHODS parameters in charge pulse experiments (Benz and Cros, 1978; Pickar and
Benz, 1978). These parameters are the translocation katend the
Materials partition coefficient, 8, which were derived as follows. The decay of

o ) ) membrane voltage with tim&/(t), after a brief charge pulse is given by the
Natural phospholipids, egg phosphatidylcholine (PC) and egg phosphatis;,m of two exponential relaxations (Benz, 1988):
dylethanolamine (PE) fronkscherichia coli were obtained from Avanti

Polar Lipids (Alabaster, AL). Phloretin was obtained from Sigma (St. V(t) = Vo(ay eX[X—t/'rl) +a, exFX—t/TZ)) (13)
Louis, MO). Benzene and-decane were spectroscopically pure and eth-

anol was analytical grade (Merck, Darmstadt, Germany). Dipicrylaminea,, &, (= 1 — &,), 7, and 7, (> 7,) are known functions ok;, the total
was obtained from Fluka (Buchs, Switzerland; purissimum). Ultrapureconcentration of the lipophilic ions per unit surfadg, and the passive RC
water was obtained by passing deionized water through Milli-Q equipmentime constant,r,,,, of the lipid bilayer membrane. The inverse relations
(Millipore, Bedford, MA). between the relaxation parameters &pd\,, 7,,,, and 3 are given by

ki = (a]_/’Tz + a2/71)/2 (14)
N, = 2RTG,(1/7, + 1/t, — 2k — 1/(27,7K))/F?k; (15)

In monolayer experiments, the lipids PC and PE were spread on the

Buffers and solutions

water-air surface in a mixture of benzene and ethanol (1:1 v/v) in a final T = 2K 71T (16)
concentration of 0.8 mM. In the lipid bilayer experiments, PC and PE were
used as a 20 mg/ml solution mdecane. The agueous phase was in all B =N/2¢c a7)

experiments the same and contained 0.1 M NaCl and 20 mM,R&

dissolved in ultrapure water. Other salt concentrations tested showed th&,, is the specific membrane capacitance &id the Faraday constant.
ionic strengths did not influence the dipole potentials. The pH was adjusted Black lipid bilayer membranes were formed from a 2% (w/v) solution
to 5.5, and the experiments were performed at 22°C throughout. Phloretiof PC and PE im-decane. The membranes were formed across circular
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holes with 1-2-mm diameter in the wall separating two aqueous comparttration, 3 X 1074 M. A much better fit of the experimental
ments in a Teflon cell. Dipicrylamine was added to the aqueous phase ipagy|ts was achieved when we used Eq. 12 for the fit of the

the form of concentrated (16 M) solutions in ethanol to give final . . . .
concentrations in the aqueous solutions betwean1® ®to 3 X 10~ M. experlmental data (See FIg.@. The points of Fig. 2A

These concentrations were chosen to obtain a linear relationship betwedPresent the experimental re_su“s taken from Flg. 1-_ Curve
the concentrations of the lipophilic ions in the aqueous phase and in thd Shows the least-squares fit of the data points with the

membrane (Benz et al., 1976; Benz anduger, 1977) and to avoid Langmuir adsorption isotherm using Eq. 8%, = —246
boundary potentials (Andersen et al., 1978b). _ ~ mV andk = 5.4 uM), and curve 2 the fit using Eq. 12
The charge pulse experiments were carried out as described previous AW = —326 mV and koo - 21 ,U«M)- The fit was

by using short current pulses of 5-10 ns duration (Benz et al., 1976). | .
brief: one Ag/AgCl electrode was connected to a fast commercial pulseperformed in a two-step procedure because the parameter

generator (Philips PM 5712) through a fast diode (reverse resistance includes the dipole momenji(= 5.6 D; Reyes et al., 1983)
10** Q), and the other electrode was grounded. A resistor of IDwas  and its lengthl, as constants. Because the dipole length was
introduced between the two electrodes to define a passive RC time constagjnknown. we fitted the data including as a fit parameter

for the membrane (Benz, 1988). The voltage between these two electrod . :
was measured with a fast high-input-resistance voltage amplifier (bandtitsi afirst step, and then, in a second step, we used the mean

width 200 MHz) based on a Burr Brown operational amplifier and a digital value of w as a constant. Using th'_s procedure, we ca]cg-
storage oscilloscope (Nicolet 4094). The voltage decay was analyzed usidg@ted a dipole length of 0.18 nm, which should be a realistic
a personal computer, as has been described previously (Klotz and Bengalue.

1993). It should be noted that the specific capacitance of lipid bilayers is |t jg noteworthy that curve 2 of Fig. & provided a much

voltage dependent because of the pressure on the membrane caused Egtter fit of the experimental data than curve 1. The fit of the
transmembrane potentials. However, the membrane capacitance is charge ’

in the charge pulse to voltages 610 mV, which means that,,, can be
taken as constant (Benz and Janko, 1976).

A
RESULTS 0.3 ' ' '
Phloretin-induced surface potential
change of monolayers 02 4 1
Fig. 1 shows the phloretin-induced decrease in the surface < f
potential, AW, of PC monolayers as a function of the phlor- E
etin concentration in the subphase (full points). The fit of ' o1 4 |
the experimental data by a least-squares fit method using the ' 8
Langmuir adsorption isotherm (Eq. 3) was not satisfactory,
as Fig. 1 clearly shows. In particular, the deviation between
experimental data and fit according to Langmuir was con- 0 . . .
siderably high in the concentration range between 20> 107 10° 10° 10* 10°
and 10 * M phloretin and at a very high phloretin concen- Phloretin concentration (M)
B
025 1 1 1
0.20 - L
1
_ 0.15 - =
s 2
. )
S ¥ 0.10 1 =
3
7
0.05 - 3 =
0 T T T
4 107 10°® 10 10°* 103
0 T T Phloretin concentration (M)
1x10™ 2x10™ 3x10™
Phloretin concentration (M) FIGURE 2 Change in dipole potential versus phloretin concentration of

PC (A) and PE B) monolayers. The surface pressure of the monolayers was
FIGURE 1 Change in dipole potential versus phloretin concentration of40 mN/m. The data represent the means of at least three individual
PC monolayers. The full line represents a Langmuir fit according to Eq. 3.experiments; the standard deviations were belal® mV. Curve 1 shows
The dashed line represents only the connection of the data points and h#tse Langmuir fit according to Eq. 3; curve 2 shows the improved fit
no physical significance. The fit shows typical deviations from the exper-according to Eq. 12. Curve 3 is obtained with Eq. 3, in which,, is taken
imental data, which are observed at all monolayer and bilayer potentiafrom the corresponding improved fit ardis from the calculated, (see
measurements without exception. Table 1), which corresponds only to adsorbens-adsorbate interaction.
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experimental data using Eq. 12 yielded two parameters, thBABLE 1 Adsorption parameters of phloretin to PC, PE
maximum dipole potential changd¥.., and the apparent _monolayers and b_ilayers derived frqm ITangmuir adsorption
dissociation constanty,. It is possible to calculate the Sotherm and the improved adsorption isotherm

maximum surface densityl,,,, of the adsorbed phloretin AP, Koo I ko

molecules from the maximum change in the dipole poten- W M (umolif)®  (uM)"  kofkoo
tial. For this it is necessary to know the angle between thasonolayer PC — — 0.202 142 69
dipole moment vector and the adsorption plane of the ad-angmuir fit ~ —0.246 5.41 — — —
sorbed phloretin molecule and the dielectric constant of jtdmProved fit - —0.326 205 - - -
environment (see Eq. 2), which are both unknown. As aNyonolayer PE . o 0186 385 50
approach to the order of magnitude Iof, we assumed an [ angmuir fit ~0.209 141 _ _ _
angle of 90° between the dipole moment vector and themproved fit -0.301 7.7 — — —

adsorption plane. The value of the effective dielectric con-

; ilayer PC - — 0.12 50 12
stant can range from 2 (hydr.ocarbon region) to 20 (polarfangmuirfit o164 9.05 = 7 -
headgroups) (Coster and Smith, 1974). We assumed a MGiproved fit _0.188 431 B B B
dium value of 10 for the relative dielectric constant. It
should be noted that the fit paramelgp does not depend Bilayer PE — — 0.1 187 8.8
on the choice ofe and ©, but only on the calculated Llangmuirfit — —0.132  29.8 - - —

Improved fit —0.167 21.4 — — —

maximum surface density,.. The apparent dissociation
constantk,, contains two contributions (see Eq. 11). OneThe table also shows values for the dissociation constentof only
is the dissociation constant of phloretin without the eIectri-f‘;isé’;’(?grsl;?;;gt?ﬁe ;gtf;aeigﬁ;‘ ?in rﬂtf t"g“gxfe”"ed from a theo-
cal pontrlbutlon,ko, and the other Conta,ms the_ dlp0|e p(_)- *The experimental data are fitted‘ using the dipole moment for phlogetin
tential, W, of the monolayer or of the bilayer times the fit _ 55 p (Reyes et al., 1983). The value assumeddfos 13 (see Eq. 10);
parameterw. This means that exp(V,w) represents the the corresponding dipole lengthis 0.18 nm.
contribution of the dipole potential to the adsorption of “For Langmuir fits ko, corresponds té (see Eq. 3).
phloretin. Clearly, dipole potentials of monolayers and bi-§Thet_aSS“|med_ar;%f”thbem’ee” ”;e dlipt(_"e g‘_olmet”_t Vec“;; ":_[‘;‘dléhe ad-
ayers are posiive and approximately on the ordeAdr, SO ST 5 3 he s e et corsa 10
the exact values are not known. We assumed here that they
are given byAWV_ (see Discussion).

The value ofAV_, = —326 mV suggested that electro-
statics made a considerable contribution to the free energy In addition to the experiments with phloretin, we also
of phloretin adsorption. In fact, the contribution of Lang- performed monolayer experiments with several phloretin
muir alone to the adsorption of phloretin to PC monolayersanalogs (Cseh and Benz, unpublished observations). Pre-
was presumably rather small, akgihad, under the condi- liminary analysis of these data showed deviations similar to
tions of Fig. 2A, a value of 142uM (¥, = —AW,). This  those of phloretin from the Langmuir isotherm and a better
means that the contribution of electrostatics to phloretirfit to the improved description according to Eq. 12. This
adsorption was 70 times higher than that of Langmuir. Thigndicates that the interaction of membrane surfaces with
can also be derived from curve 3 of FigA2which shows dipole molecules of different molecular structures can be
only the dependence of the Langmuir contribution on phlorireated in the same way as described here for phloretin (see
etin adsorption under the conditions described above (i.eDiscussion).
by assumingV, = 326 mV).

Similar effects were observed for the adsorption of phlor-
etin to PE monolayers (Fig. B). HereAW_, was—301 mV
(fit with Eq. 12), whereas from Langmuir we derived a
value of only—209 mV (using Eqg. 3). Similarly, the com- The dipole potential changes of lipid bilayer membranes
bination of electrostatics and Langmuir also provided in thiswere measured in an indirect way through the influence of
case a much better fit of the experimental data than Langphloretin on transport properties of the lipophilic ion dipi-
muir alone (compare curves 1 and 2 of Fig.B2 The crylamine. For this purpose, charge pulse experiments were
Langmuir adsorption isotherm suggested a valuk @fual  performed with PC- and PE-decane membranes at different
to 14 uM, whereask,, of the improved fit was 7.7uM. concentrations of phloretin in the aqueous phase. These
Again, Langmuir alone contributed little to the treatmentexperiments yielded the parameters of two exponential volt-
of the phloretin adsorption to PE monolayers (by assumingge relaxations (Eq. 13), from which, in turn, the translo-
v, = —A¥_ = 301 mV). This meank, had a value of 385 cation rate constant, and the partition coefficient,
uM that is almost two orders of magnitude larger thgp  could be calculated according to Egs. 14-17. Both the
The data of the fit of phloretin adsorption to monolayers aretranslocation rate constant and partition coefficient were
summarized in Table 1, which also provides a comparisorsimilar to those, which have been measured previously for
of the adsorption parameters of the Langmuir fits (Eq. 3)the same systems (Benz and Gisin, 1978). When phloretin
with those derived from fits using Eq. 12. was added to the aqueous phase, both decreased. In previous

Phloretin-induced dipole potential changes of
lipid bilayer membranes



1404 Biophysical Journal

investigations (Szabo, 1974; Andersen et al., 1978a; Benz
and Cros, 1978; Pickar and Benz, 1978) it has been dem-
onstrated that the change in dipole potential can be detected
by its influence on both the partition coefficiert, and the
translocation constank;. The consideration of both is nec-
essary because the location of the adsorption plane of li-
pophilic ions concerning the dipole potential is unknown.
This means that the change in the phloretin-induced dipole
potential is given by (Pickar and Benz, 1978)

RT  koBo
AV = In k@ (18)

kioBo is the product of both parameters for dipicrylamine
before andk;3 is the product after phloretin adsorption.

The dependence &f and on the aqueous concentration
of phloretin and the corresponding change in dipole poten-
tial are shown in Table 2. The results of phloretin-induced
dipole potential change on PC bilayers are shown in Fig. 3
A. Again, the use of Eq. 12 provided a better fit of the data
for dipole potential change than Langmuir alone, although
the deviation from Langmuir was less pronounced than for
monolayers (compare curves 1 and 2 of Figh)3This was
presumably caused by the smaller phloretin-induced change
in bilayer dipole potential as compared with the correspond-
ing change in monolayer surface potential and the therefore
smaller dipole potential (see Discussion). As in PC mem-
branes, we observed a smaller effect of phloretin on the
dipole potential of PE bilayers (Fig.B). But again, the use
of Eq. 12 provided a better fit of the experimental data, as
compared with Eq. 3. The parameters for the fit of the
phloretin-induced change in lipid bilayer membrane dipole,

-AY (V)

-A¥ (V)

A
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0.20

T T T
10°® 10° 10™
Phloretin concentration (M)

107

0.12

0.08 A

0.04 +

1 T T
10 10° 10™
Phloretin concentration (M)

10

FIGURE 3 Change in dipole potential versus phloretin concentration of

PC (A) and PE B) bilayers. The data are the means of at least three

potential are summarized in Table 1. The phloretin-inducedhdividual experiments; the standard deviations were beto#d mv.

TABLE 2 Translocation rate constants, k;, partition
coefficients, 3, and the changes in dipole potential, AW,

dependent on the aqueous phloretin concentration, ¢, derived

from charge pulse experiments at PC and PE membranes

¢ Phloretin
(uM) k(s B (10 % cm) —AVY (mV)
PC bilayer

0 620 8.9 —

0.1 570 7.2 7.6
0.3 510 7.3 10
1 240 7.3 30
3 120 8.0 45
10 80 3.1 80
30 30 1.9 118
100 20 0.7 154
300 10 0.5 161

PE bilayer

0 5988 5.2 —

0.1 5567 4.7 4.6

0.3 4128 5.8 6.5

1 3629 5.8 9.8

3 3247 5.2 15.6

10 3049 2.3 37.8

30 1051 2.6 61.5
100 359 1.8 98
300 106 2.3 123

Curve 1 shows the Langmuir fit according to Eq. 3; curve 2 shows the
improved fit according to Eq. 12. Curve 3 is obtained with Eq. 3, in which
AWV is taken from the corresponding improved fit akds from the
calculatedk, (see Table 1), which corresponds only to adsorbens-adsorbate
interaction.

dipole potential change in bilayers was approximately half
of that derived from monolayers. This applied also to the
constank,, derived from the fit of the experimental results.
Table 1 also shows an estimation of the maximum surface
densities .., of bilayers, which were calculated using the
samee andO as assumed for monolayers (see abowand

O are determined by material properties and the kind of
lipid-phloretin interaction, but they are unknown. Note that
the translocation rateg;, and the partition coefficientsg,
presented in Table 2 do not depend on the choice of these
values (see Eqgs. 14-17).

DISCUSSION

Electrostatics has to be taken in account for
phloretin adsorption to lipid monolayers
and bilayers

The surface potential of lipid monolayers from PE and PC
is positive by several hundred millivolts (Paltauf et al.,
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1971; Haydon and Myers, 1973; Vogel and bigs, 1988; the Langmuir isotherm alone (see Figs. 2 and 3). The
Brockman, 1994). This is caused at least in part by thémproved fits of monolayer results in particular definitely
carbonyls of the lipid molecules, which become orderedmatch the data better in the full concentration range and
when the area per lipid molecule is decreased by compresonfirm our thesis that electrostatics has to be taken into
sion and the monolayer undergoes phase transition from theccount for the description of phloretin adsorption to lipid
gas to the fluid state. The use of ether instead of ester lipidurfaces. Similar but less pronounced considerations also
results in a strong decrease in the surface potential adipply to the experiments with bilayers, where Eq. 12 also
monolayers from neutral lipids (Paltauf et al., 1971) and theprovides a better fit than Langmuir alone. However, we
dipole potential of neutral bilayers (Pickar and Benz, 1978) have to admit that a smaller difference exists between both
which indeed argues for an important role of ester carbonyldits (i.e., those by Eqs. 3 and 12) for bilayers. This may have
for the creation of a positive dipole potential. In fact, whenled to the thesis of negligible electrical interactions for the
we assume that only one of the two ester carbonyls of a lipicadsorption of phloretin to bilayers (De Levie et al., 1979).
molecule (dipole momeni. = 1.8 D) (Flewelling and However, we would be surprised if there were a difference
Hubbell, 1986) is oriented in a condensed monolayeB(®  between the forces of phloretin adsorption to monolayers
nn? per lipid molecule) perpendicular to its surface and thatand bilayers.
the relative dielectric constard, of the dipole layer is-10,
the dipole potential of a monolayer is estimated totle46
V. A dipalmitoyl phosphatidycholine (DPPC) molecule has Lo . .
a total dipole moment of 0.82 D (Vogel and ias, 1988), :I:;vb?llg:e:i:he dipole potential of monolayers
which means that the dipole potential of a DPPC monolayer )
is, under the conditions used abowe= 10, 0.6 nnt per  Our simple estimation of the contribution of the carbonyls
lipid molecule),~700 mV. Both dipole potentials are in to the dipole potential demonstrated that the dipole potential
qualitative agreement with permeability properties of posi-of monolayers and bilayers is positive by at least several
tively charged lipophilic ions and their negatively chargedhundred millivolts toward the hydrocarbon chains. How-
structural analogs in neutral PC or PE bilayers. Severatver, its exact value is not known in both cases. This
studies have demonstrated that the permeability of posirepresents a problem for the separation of hydrophobic
tively charged ions through lipid bilayer membranes isinteraction from the electrical contribution, because the fit
orders of magnitude smaller than that of their negativelyparameterk,, depends on the value oF, (see Eq. 11),
charged analogs (Andersen et al., 1978b; Pickar and Benwhich influences the adsorption of phloretin at small con-
1978; Flewelling and Hubbell, 1986). centrations. To get an idea of its value, we consider the
When we accept the idea of positive dipole potentials inphloretin-induced maximum dipole potential change. It
lipid monolayers and bilayers, we have also to accept thashould depend on the preexisting potential, because the
this potential represents a considerable driving force for thelectrical part of adsorption energy dependsign(see Eq.
adsorption of negatively charged lipophilic ions and the8). The surface potential of monolayers after the lipid was
rejection of the positively charged ones. Such a dipolespread was-0.52 V for PC and 0.58 V for PE monolayers.
potential also has a considerable influence on the adsorptiowhen we assume that the contribution of water surface
of dipole molecules being dependent on the orientation opotential is~ —0.2 V, we can use the maximum phloretin-
the dipole moment within the molecule. The driving force, mediated dipole potential chang&¥ .., as a measure of the
aside from the Langmuir interaction, is for a small numberpreexisting potential¥,, to estimate exp{¥,w) and k.
of adsorbed dipole molecules, given by expif,w) when  (Until now there has been no agreement on the surface
the dipole moment has a direction opposite that of the dipolgotential of the water-air interface. The published values
potential (see Eq. 11 of our theoretical treatment). Thigange from 25 mV (Borazio et al., 1985) to 100 mV positive
represents a considerable contribution to the adsorption qParfenyuk and Krestov, 1992) to several hundred millivolts
dipole molecules, such as phloretin and its analogs. Assummegative (Davis and Rideal, 1961; Colacicco, 1988) toward
ing a dipole potential, of 200 mV, a dipole lengthof 0.2 air.) Although this represents an approximation, it is obvi-
nm, and a dipole moment of 5.6 D, which are all realistic ous that¥, should be at the right order of magnitude.
values, the factor exp(¥yw) is ~0.1, which means thatthe ~ As shown in Table 1, the values &f and kg, differ
contribution of the interaction of the dipole with the dipole considerably. Following our approach, we conclude that the
field cannot be neglected for such a case, as has been doarergy due to the adsorbens-adsorbate interaction is rather
in previous investigations of phloretin-mediated adsorptionow compared to the electrical part of adsorption energy. It
to monolayers (De Levie et al., 1979; Reyes et al., 1983). Ishould be pointed out that the ratios betwdgnand kg,
is noteworthy that aV, of 400 mV creates an electrical range from~10 at bilayers to 60 at monolayers, which
contribution of a factor of~0.01. indicates a smaller dipole potential of bilayers as compared
The combination of Langmuir and electric forces alsoto monolayers. However, also in this case, its exact value is
provided another aspect of the explanation of the experinot known. A rough estimate may be given if we assume
mental data. Clearly, the use of Eq. 12 yielded much bettethat the Langmuir part of the interaction (i.&;) between
fits of experimental data than those performed according t@hloretin and membranes is the same as that between phlor-



1406 Biophysical Journal Volume 74 March 1998

etin and monolayers (e.g., 142 and 388l for PC and PE changeAW_ = —0.3 V) and calculated the dipole potential
respectively; see Table 1) and calculate the correspondinghange as a function of the aqueous concentration. Curve 1
preexisting potential by using Eq. 11. In this way we find of Fig. 4 shows the dipole potential change that should
values of 0.269 V and 0.222 V for PC and PE bilayers.occur when the adsorption behavior follows the Langmuir
These values are somewhat higher compared with the maxdsorption isotherm alone without electrical contribution.
imum dipole potential change\WV.,, of bilayers that we Curve 2 shows the effect of the adsorption of dipole mole-
used in Table 1 as a measure for the preexisting potentiatules on dipole potential according to Eq. 12 by using=
However, they are very similar to those that have beer. The adsorption of dipole molecules hinders further ad-
derived previously for positively and negatively chargedsorption of the dipole molecules to the surface, which re-
lipophilic ions of the same structure (0.224 V and 0.215 V,sults in a lower dipole potential change as compared with
respectively; Pickar and Benz, 1978). This means that theangmuir. The dashed line is the Langmuir fit of the data of
dipole potentials of monolayers are higher than those oturve 2. It shows the typical deviations that were also
bilayers, and we used for our calculation again the maxi-observed in fits of our experimental data. It is noteworthy
mum phloretin-induced potential change as a measure fdhat also in the case of a preexisting dipole potentigl=
the dipole potential of PC and PE membranes. 0, Eq. 12 provides a much better fit than Langmuir alone. In
particular, the maximum dipole potential changes differ
from one another, in addition to the effect that apparent and

The adsorption of dipole molecules changes the real dissociation constants are different by a factor-6f

dipole potential of monolayers and bilayers

Our theoretical treatment takes into account the fact that the

adsorbed dipole molecules change the existing dipole pdParameters of phloretin adsorption are different
tential of monolayers and bilayers. Furthermore, it is alsdbetween monolayers and bilayers

applicable when no dipole potential exists before the adW
;orption of the first dipole molecule.or when Fhe adsorption loretin to monolayers and its adsorption to bilayers are
increases the dipole potential. The first case is demonstrat

in Fia. 4. For thi dad i ‘ . fferent. Reyes et al. (1983) have reported the same result
INg. 2. For this We assumed adsorption parameters simiiagg, phloretin and analogs in a Langmuir treatment. This is
to that of phloretin (dissociation constakj = 100 uM,

. . d .. caused, to a certain extent, by the smaller dipole potential of
dipole momenty = 5.6 D, maximum dipole potential bilayers, as we have already discussed above. The dipole
potentials of monolayers and bilayers should be the same
when normalized for lipid packing density. However, they
are not. It has been discussed in several investigations that,
0.3 4 | e.g., a lipid packing-independent component of dipole po-
------------- tential measured in monolayers is responsible for this be-
1 3, havior (Brockman, 1994; Gawrisch et al., 1992). Vogel and
/ Mdbius (1988) assume a compensation of the dipole mo-
/ ments along the hydrophobic/hydrophobic contact line in
; bilayers, i.e., the contribution of the GHyroups of the
hydrocarbon chain to dipole potential disappears. On the
011 i other hand, we cannot exclude the possibility that the ad-
/ sorption of phloretin to monolayers occurs in a way that is
different from its absorption to bilayers. The maximum
0 = ' ; ' ' surface densities of phloretin as shown in Table 1 are still

10 107 102 10° calculated with a constant dipole angle. They can be cor-

Aqueous concentration (M) rected according to Eq. 2 (e.g., if we assume an angle of 90°
in the case of monolayers, the corresponding angle at the PE

FIGURE 4~ Change in dipole potential, plotted as a function of the jyjiayar js 32° and that at the PC bilayer is 35° perpendicular
aqueous concentration of a dipole molecule. For the plots it is assumed that . .
the lipid layer does not possess a preexisting dipole potential¥iges 0. 0 the memb_rane Surface)', However, we consider .SUCh dif-
The adsorption parameters of the dipole molecule were similar to that of€r€nt behaviors of adsorption to monolayers and bilayers to

phloretin (dissociation constakg = 100 uM, dipole momentu = 5.6 D, be extremely unlikely.
maximum dipole potential changa¥, = —0.3 V). Curve 1 (plotted

according Eq. 3) shows the dipole potential change created by adsorption

of the dipole molecule following the Langmuir adsorption isotherm. Curve , . ... . .-
2 shows the change of the dipole potential according to Eq. 12, U&ing L|m|tat|_ons of OUI: theon?t'_cal description of the
0 (corresponding &, = 100 uM). The dashed lineourve 3 represents ~ Phloretin adsorption to lipid surfaces

a fit of the data of curve 2 to Eq. 3 (Langmuir alotke= 501 uM, AWY,, = . . .
—0.28 V). The comparison between curves 2 and 3 demonstrates thlg IS. nOteworthy that _Our t_heore_tlcal treatment SF'” represents
typical deviations when the contribution of the dipole potential created by@ flrgt-order approx!matlon. First, the adsorption of phlor-
the adsorption of the dipole molecules is neglected. etin is probably a discrete process, whereas we use a mac-

e have already pointed out above that the adsorption of

-AY (V)
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roscopic description of its effects on membrane propertiegluded from their study that the change in dipole potential
and assume that the effects are smeared across a largaused by the adsorption of phloretin and its analogs is not
surface. On the other hand, we measure the surface potentelsimple function of the dipole moment, but the location,
of monolayers with the Kelvin electrode, which averagesorientation, and/or maximum surface density of the dipole
the potential across a considerable area. Furthermore, we aaolecules also depend on their chemical structure. Bech-
not know whether the adsorption plane for phloretin mole-inger and Seelig (1991) pointed out that phloretin rotates the
cules is the plane where the lipid dipoles reside. This meansl™ end of the “"P-N* dipole of a phosphatidylcholine
that the plane of the lipid and phloretin dipoles could bemembrane closer to the hydrocarbon layer, which leads to a
inhomogeneous, such that the phloretin dipoles are shiftedartial compensation of the electric field of the dipole agent.
along the axial direction of the lipid dipoles. But this would Besides this structural change, phloretin also modifies the
not affect our mathematical model, because we refer only thydration layer at the lipid-water interface. This means that
the changes in dipole potential (see Egs. 2 and 12) anthe different effects of phloretin could influence our theo-
consider therefore only the potential effect caused by theetical treatment.
phloretin dipoles. For this the exact alignment of phloretin
dipoles in relation to the lipid dipoles is not critical. Bech-
inger and Seelig (1991) have observed that the phloretiﬁ;oN(':LUSIo"l
adsorption does not affect the hydrocarbon region of therhe adsorption of phloretin to lipid monolayers and bilayers
lipids, but only the polar headgroup region. It is thereforecannot be fully described by a Langmuir adsorption iso-
very likely that the adsorption plane of phloretin lies in this therm, because the electrical part of adsorption energy has
area. Another indication is given by surface pressure meao be taken in account. It depends on the dipole potential and
surements on a Langmuir trough that we carried out (datghe surface density of adsorbed dipoles, and therefore
not shown). Depending on the lipid and the surface preschanges at various phloretin concentrations in the aqueous
sure, we found an increase in the area per lipid molecule gbhase. When the electrical interactions between adsorbed
0.1-0.3 nMiat constant surface pressure when we added O.folecule and dipole potential are taken into account, a
mM phloretin to the buffered subphase. At constant area pamodified theoretical description was proposed that matched
lipid molecule, which corresponds to our experimental conthe experimental data better than the Langmuir isotherm
ditions, the surface pressure increased-®0 mN/m. This  does. The fits of the experimental data suggest that the
clearly indicates an integration of phloretin into the lipid electrostatic contribution is higher than that of Langmuir
monolayer. At higher surface concentrations of phloretinalone. This means that the adsorption behavior of molecules
the assumption of uniform aligned dipoles could be critical,with dipole moments, such as absorption of phloretin to
because the interaction between phloretin molecules coulghembranes, is influenced more by electrical interactions, as
take precedence over the interaction between phloretin anghs been discussed earlier.
lipid dipoles. The higher the phloretin surface concentration
iS,. t.he lower is the free energy of adsorption. Thus theThis work was supported by grants from the Deutsche Forschungsgemein-
dr,ng force that _hOId_S the dipole mOIeCUIe,S uniformly schaft (Graduiertenkolleg “Magnetische Kernresonanz in vivo und in vitro
aligned could vanish in favor of the repulsive force of t; gie biologische und medizinische Grundiagenforschung” and Project
dipoles close to each other. Consequently, neighboring ads7 of the Sonderforschungsbereich 176) and by the Fonds der Chemischen
sorbed phloretin molecules could be ordered opposite on@dustrie.
another. We cannot exclude such a behavior in principle,
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