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ABSTRACT We measured the dependence of electrophoretic mobility of dipalmitoylphosphatidylcholine (DPPC) vesicles on
the agueous concentration of negatively charged ions of pentachlorophenol (PCP), dipicrylamine (DPA), and
tetraphenylborate (TPhB). The objective was to determine how the physical state of hydrocarbon chains of lipids affects
adsorption of lipophilic ions. The studies were done at 25 and 42°C to determine adsorption properties of DPPC membrane
in the gel and fluid state, respectively. From the analysis of {-potential isotherms in terms of Langmuir-Stern-Grahame model
we obtained the association constant, K, the area of the adsorption site, £,, and the linear partition coefficient, 8. Results: K,
(x 10°M~1): K(gel): PCP (0.49 + 0.28), DPA (25 = 10), TPhB (31 + 10); K(fluid): PCP (4.5 + 0.9}, DPA (74 + 21), TPhB
(59 = 14); P, (nm?): P(gel): PCP (5.4 + 2.3), DPA (5.9 = 2), TPhB (5.0 £ 1.7); Py(fluid): PCP (4.5 + 0.4), DPA (5.2 + 0.4),
TPhB (4.1 + 0.2); B, (x 1073 m): B(gel): PCP (0.15 + 0.09), DPA (7.1 + 0.3), TPhB (10 + 7); B(fluid): PCP (1.7 + 0.3), DPA
(24 + 7), TPhB (24 + 6). It was interesting to find that the adsorption site area for PCP, DPA, and TPhB were very similar for
both the gel and fluid membranes; also, the areas were independent of the size and molecular structure of the adsorbing
species. Using a simple discrete charge model the adsorption site areas for all species were consistent with a dielectric
constant of 8-10 and with an ion adsorption depth of 0.4-0.6 nm below the water/dielectric interface. The
AAG® = AG%gel) — AG (fluid) was found to be about twice as large for PCP than for DPA and TPhB. This indicates that
PCP will be significantly more adsorbed in the fluid and disordered regions of biomembranes, whereas the distribution of DPA

and TPhB is expected to be relatively more even.

INTRODUCTION

To describe the interaction of xenobiotics with biological
membranes, one needs to first understand their interac-
tion with lipid bilayers and develop insight into the
relationships between the molecular structure of both the
xenobiotic molecule and the lipid bilayer matrix.

The present study is concerned with pentachlorophenol
(PCP), a highly toxic environmental pollutant, and ad-
dresses two questions: (a) how does the physical state of
lipids in target membranes affect the adsorption of
negatively charged PCP~, and (b) how do the adsorption
characteristics of PCP~ compare with those of well-
known lipophilic ions used as membrane probes: tetraphe-
nylborate (TPhB™) and dipicrylamine (DPA ™). The an-
swers are expected to guide the development of molecular
mechanisms of chlorophenol’s toxicity to membranes
along with useful information for the biophysics and
biochemistry of lipid membranes.

Toxicity of PCP has been associated with its presence
in biomembranes and uncoupling of ATP synthesis from
the electron transport chain (1, 2). Small amphipathic
molecules such as PCP are expected to intercalate into the
lipid matrix of biomembranes and perturb their structure

Address correspondence to Pavel Smejtek.

as Maher and Singer (3) showed for 2,4-dinitrophenol.
Our earlier work (4) has shown that PCP decreases the
gel-to-fluid phase transition temperature of phosphatidyl-
choline (dimyristoylphosphatidylcholine [DMPC] and
dipalmitoylphosphatidylcholine [DPPC]) membranes.
PCP alters the physical properties of membranes and was
found to induce electrical conductivity in lipid bilayers
(5,6). Toxicity in algae (7) was related to induced
membrane conductivity by the transmembrane transfer of
protons (5-7). Solvatochromic shifts of absorption spec-
tra of PCP~ and changes in the pK, of PCP adsorbed to
phosphatidylcholine (PC) membranes suggested that the
adsorption sites of PCP~ are located at some depth below
the membrane surface (8).

In this work we have compared the interaction of PCP~
and two benchmark lipophilic ions TPhB~ and DPA~
with DPPC membranes. These lipophilic ions have been
extensively used in membrane studies (9-12). It is well
known that these ions, similar to PCP~, are adsorbed at
some depth within the membrane. Adsorption of posi-
tively and negatively charged lipophilic ions has been
successfully treated by the dipolar model of lipid bilayer
membranes developed by Flewelling and Hubbell (13).
Also, the interactions of small molecules with membranes
have been recently reviewed in reference 14.
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We have selected DPPC in studying the effect of
conformational order of hydrocarbon chains of lipids on
the adsorption of lipophilic ions in membranes. The major
reason for selecting DPPC membranes is that they are the
best understood model for phospholipid membranes (15).
Their gel-to-fluid phase transition temperature, ~41°C
(16), is conveniently positioned for experimental studies
of both the gel and fluid states of membranes. In the gel L,
state the hydrocarbon chains are fully extended and
tightly packed, resulting in 0.46 nm? (15) per lipid and a
membrane thickness of 5.6 nm (15, 17). In the fluid L,
phase the chains are disordered resulting in a thinner
membrane, 4.4 nm (17) with a significantly larger mem-
brane surface area per lipid, 0.71 nm? (18).

While taking into consideration the scatter of thermo-
dynamic data pertinent to adsorption of lipophilic ions of
our interest (e.g., Table 2 in reference 19), we concluded
to use one method of determination and one set of
experimental conditions to obtain meaningful results. The
adsorption characteristics as reported here were obtained
from the dependence of electrophoretic mobility of DPPC
vesicles on the aqueous concentration of adsorbing ions at
temperatures above and well below the gel-to-fluid phase
transition temperature of DPPC. The electrophoretic
mobility data were then analyzed in terms of the Lang-
muir-Stern-Grahame model (20, 21). The model contains
two adsorption parameters that can be derived from
experimental results: the association constant and the
membrane surface area per adsorbed ion. In this study we
show how the packing density and the conformational
state of hydrocarbon chains in DPPC membranes affect
the adsorption of ions; we also describe how a simple
mobile discrete charge model for ions adsorbed in the
membrane provides explanation for the areas observed as
ion adsorption sites.

MATERIALS AND METHODS

Materials

DPPC was obtained from Avanti Polar Lipids (Birmingham, AL) and
PCP, 99% pure, was obtained from Aldrich Chemical Co. (Milwaukee,
WI). Other chemicals were at least reagent grade.

Preparation of lipid vesicles

We used multilayered vesicles prepared by manually shaking the
suspending aqueous medium in a round bottom flask. The glass surface
of the flask had a thin film of DPPC deposited on it; the deposition was
accomplished by evaporating the chloroform of a chloroform-DPPC
solution in the flask using a Flash-Evaporator by Buchler Instruments
(Fort Lee, NJ). The temperature of the suspension medium was ~45°C,
i.e., higher than the gel-to-fluid phase transition temperature of DPPC.
Unless stated otherwise, the aqueous medium used in the electrophoretic
mobility studies contained 0.03 M KCI and a potassium phosphate/
citrate/borate buffer (0.002/0.002/0.0005 M) at pH 10. High pH

values are necessary to exclude adsorption of neutral PCP. Details are
described in reference 21.

Electrophoretic mobility
measurements

The electrophoretic mobility of DPPC vesicles was measured using a
model Mark-1 instrument with a thermally insulated water tank from
Rank Instruments (Bottisham, Cambridge, UK). The measurements
were done at 42 and 25°C, corresponding to the fluid and gel states of
DPPC, respectively. The electrophoretic mobility was converted into
{-potential using the Helmholtz equation u = e€,{’/n (22), where ¢ is the
dielectric constant of water, ¢, = 8.85 x 1072 F/m, and 7 the viscosity
of water at a given temperature. Each experimental data point was
obtained from ~20-30 measurements using alternating polarity of the
applied field and determining the drift velocity of vesicles as a function
of depth of focus of the microscope. The measurements were done in the
vicinity of the stationary layer and the drift velocity at the stationary
layer was obtained using linear regression.

Analysis of {-potential isotherms

{-potential is the electrostatic potential difference between the shear
surface where the aqueous medium moves with respect to the membrane
surface and the bulk aqueous solution. It follows from the numerical
integration of Poisson’s equation, using the method given in reference
23, that the changes of electric potential over short distances Ax for the
ionic content of aqueous medium used in our studies, are satisfactorily
approximated by exp (—Ax/d). Using this approximation the {-poten-
tial can be related to the membrane surface potential ¥, according to

{'_‘ Vmexp(_s/d)’ (1)

where d is the screening distance of the Debye-Huckel theory (24). The
sheer distance, s, was determined from the calibration given in reference
21, s = 0.255 nm for the solutions with 0.03 M KCI + buffer, and s =
0.33 nm for solutions with 0.002 M KCl + buffer. The membrane
surface potential is related to surface charge density o, by the condition
of electroneutrality, which in MKS-SI units is given by

Om + 12kTeey T Cy [exp (—zieVy /KT) — 11}2=0. (2)

C,, is the volume density of ions of charge zie in the bulk aqueous
solution and e is the dielectric constant of water.

The surface charge density of DPPC membrane is determined by the
surface density of adsorbed organic ions (4 7),,

O = _e(A_)m' (3)

The surface density of adsorbed ions (A4 ~),, depends on the strength of
ion-membrane interactions given by the association constant, K, the
concentration of the adsorbing species on the aqueous side of the
interface, [4 ~],., and the number of unoccupied sites per unit area.
(A7), is obtained from the Langmuir adsorption model according to

(A_)m = (K/Ps)[A_]m/(l + K[A_]m)v (4)

where P, is the membrane surface area associated with the adsorption
site.

The repulsion of negatively charged adsorbing species from the
negatively charged membrane is accounted for by a Boltzmann factor

[47]n/[A7]o = exp (eVn/kT), (5)

where {A7], is the bulk concentration.
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The adsorbing ions are distributed between the membranes of the
vesicles and water. If [L] is the molar concentration of lipids and [47],,
is the total concentration of 4~ species in the suspension, then their
distribution between membranes and water is accounted for by

[A7]yq = [47]0 + (A7 )m[LINav Py, (6)

where P, is the area per lipid in the membrane and N, is Avogadro’s
number.

The adsorption parameters X and P, were obtained by x? minimiza-
tion method based on a gradient expansion algorithm described in
reference 25. Their standard deviations were obtained as the square root
of the diagonal elements of the error matrix.

Two quantities of interest can be derived from the adsorption
parameters K and P,: (@) the linear partition coefficient, 8,

8 =K/P, ¢)

which relates the surface density of ions, (47),, to their volume density
at the aqueous side of the membrane/water interface, [47],. The
definition of 8 follows from the linear portion of the Langmuir
adsorption isotherm (Eq. 4). (b) The Gibbs free energy change, AG®, is
related to the ratio of volume densities of adsorbing species within the
membrane adsorption layer (47),,/6 to that at the aqueous side of the
membrane/water interface [47],,.

exp (—AG°/RT) = 8/s, ®

where § is the width of the membrane adsorption layer. According to
arguments given in reference 19 and to make our results comparable
with those given in the literature (13, 19) the estimates of AG® given in
this paper are based on § = 0.4 nm.

RESULTS AND DISCUSSION

{-potential isotherms and adsorption
characteristics

Adsorption characteristics of PCP~ and of lipophilic ions
TPhB~ and DPA ™ are characterized by two parameters:
the association constant, K, and the membrane surface
area of adsorption sites, P,. In Fig. 1, we illustrate how
these two adsorption parameters affect the {-potential
isotherm. On semilogarithmic plots, the changes in K
result in shifts of the isotherms along the concentration
axis (Fig. 1 a). The variations of P,, within the intermedi-
ate range of concentrations, alter the slope (Fig. 1 b) of
the {-potential isotherms. We have selected realistic
ranges of parameters and plotted the theoretical values of
the {-potential up to —50 mV, which represents a typical
upper limit of the magnitude of the experimental {-poten-
tial.

Although it was not possible to establish reliable
saturation levels of {-potential isotherms due to solubility
problems, the plots shown in Fig. 1 indicate that one can
distinguish the changes of the association constant from
the changes of the area of adsorption sites on the
transition from the gel to the fluid state of the membrane.
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FIGURE1 Characteristic features of the {-potential isotherms due to
the adsorption of negatively charged ions X~. The broken curves show
the isotherms computed from the adsorption model. The solid lines
illustrate the main feature of the isotherms within the typical range of
experimental {-potential values. (a) Shift of the isotherms due to the
change of the association constant K for a fixed value of the area of
adsorption sites, P;: K = 1.0 x 10% 1.0 x 10% 1.0 x 10* M~ (left to
right), P, = 3.5 nm’ (b) Change of the slope of the isotherms due to the
change of the area of adsorption sites P, for a given K: P, = 1.4,2.8, 5.6,
11.2 nm? (left to right), K = 7.5 x 10° M.

¢-potential isotherms for gel and
fluid membranes

Semilogarithmic plots of the dependence of {-potential of
DPPC vesicles as a function of the aqueous concentration
of PCP~ at two different ionic strengths are shown in
Fig. 2. The upper sets of data were obtained at 25°C and
characterize PCP~ adsorption to the membrane in the gel
state whereas the lower data sets were obtained at 42°C
and reflect PCP~ adsorption to fluid membranes. In
reference to properties of {-potential isotherms illustrated
in Fig. 1, the major change in the transition from the gel
state to the fluid state is the shift of the isotherm along the
[PCP7],, axis. Because the {-potential is the measure of
the density of charge on the otherwise neutral membrane,
the data indicate much stronger adsorption of PCP~ to
the membrane in the fluid state. The solid curves repre-
sent the fits of the adsorption model described in Materi-
als and Methods when both sets of data for low and high
ionic strength were combined.

The association constant, K, the membrane surface
area per adsorption site, P,, and the linear partition
coefficient 8 of DPPC membranes and PCP~ obtained
from the fit of the adsorption model to the {-potential
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FIGURE2 {-potential isotherms of PCP~ and DPPC membranes. The
isotherms for the gel state and the fluid state were obtained at 25 and
42°C, respectively. Conditions: pH 10, phosphate/citrate/borate buffer
0.002/0.002/0.0005 M; (a) 0.002 M KClI, (b) 0.03 M KCL

isotherms are given in Table 1 a. .The parameters reflect
the one order of magnitude difference between the associ-
ation constant and the partition coefficient of PCP~
between the gel and fluid membranes.

In Fig. 3 we present the {-potential isotherms of lipo-
philicions DPA~ and TPhB~. These results were obtained
in suspensions containing 0.03 M KCl, i.e., under condi-
tions comparable to those applicable to the PCP results
shown in Fig. 2 b. With respect to PCP~, the {-potential
isotherms for DPA~ and TPhB~ are shifted along the
concentration axis toward the lower values indicating
higher affinity of the membrane to these ions as compared
with PCP™. This applies to both the gel and fluid state. A
notable difference between the PCP~ and other lipophilic
ions is the significantly smaller concentration shifts of the
isotherms between the gel and fluid states. The adsorption
characteristics of the lipophilic ions obtained from the fit
of the model (solid curves) to the experimental data are
summarized in Table 1 &.

TABLE 12 Adsorption characteristics of PCP~ and
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FIGURE3 {-potential isotherms of lipophilic ions and DPPC mem-
branes. The isotherms for the gel state and the fluid state were obtained
at 25 and 42°C, respectively. Conditions: pH 10, 0.03 M KCl, phosphate/
citrate/borate buffer 0.002/0.002/0.0005 M; (a) DPA-, () TPhB".

The adsorption site areas obtained from the Langmuir
model represent the membrane surface area occupied by
one molecule. In most of the past studies of adsorption on
lipid bilayer membranes the adsorption sites were not well
defined or were not the center of interest. In some cases,
such as adsorption of calcium and other inorganic diva-
lent cations, each negatively charged lipid molecule can
be regarded as the adsorption site as was concluded from
the existence of the reversal of polarity of the {-potential
(26). The assumptions of 1:1 or 1:2 binding stoichiome-
tries are expected not to be applicable to large molecular
ions that intercalate into the bilayer. As a result of
adsorption of PCP~, DPA~, and TPhB~ one would expect
formation of a domain of localized deformation of lipids
centered around the intercalated molecular ion. A region
defining the area of adsorption site was expected to

TABLE 15 Adsorption characteristics of lipophilic ions
and DPPC membranes

Assoc. constant Ads. site area Partition coeff.

KM P, nm? 8,m
DPPC membranes DPA-
. . gel (2.5 £ 1.0) x 10° 59+1.2 (7.1 £ 0.3) x 10~
Assoc. constant Ads. site area Partition coeff. fluid (1.4 = 2.1) x 10° 52+ 04 (2.4 £ 0.7) x 10~
KM P,, nm’ B,m TPhB-
gel (4.9 +2.8) x 10° 54 +23 (1.5+09) x 10~ gel (3.1 £ 1.0) x 10° 50+ 1.7 (10+0.7) x 107*
fluid (4.5 £ 0.9) x 10 45+04 (1.7 £ 0.3) x 1073 fluid (5.9 + 1.4) x 10° 41 +0.2 (2.4 £0.6) x 10°*
1288 Biophysical Journal Volume 58 November 1980



depend on the size and shape of the molecular ion as well
as on the physical state of membrane lipids. Instead, as
the results in Table 1 suggest, it appears that the area of
adsorption site is about the same regardless of the
molecular structure of adsorbing species, and, individu-
ally, there are no significant differences between the site
areas in the gel and fluid membranes.

For the purpose of further discussion we will consider
the weighted average of 5 nm? as the characteristic area
of the adsorption site. However, the data in Tables 1a and
15 taken as a group, hint that the area of adsorption sites
in the gel membrane may be greater than the area in the
fluid membrane. Further studies should resolve the uncer-
tainty. Altenbach and Seelig (27) addressed the problem
of adsorption of positively charged tetraphenylphospho-
nium ion (TPP*) to PC membranes by relating the
magnitude of quadrupole splitting of the deuterated
choline segment of PC to [TPP*],, using the Langmuir
adsorption model and determining the membrane surface
potential from the Gouy-Chapman theory. Their analysis
yielded 8.3 lipid molecules per adsorption site which
represents an area of ~6 nm?. It was encouraging to find
that for another type of lipophilic ion along with using a
method very different from ours the magnitude of the area
of the adsorption site was similar to that obtained in the
present study. As pointed out by one of the reviewers, the
ratio of the number of lipids per adsorption site, Py/ Py
in the gel state is about double of that in the fluid state.
Using Py, (gel) = 0.46 nm? (15) and Piipig (fluid) = 0.71
nm? (18), it follows from the values of adsorption site
areas given in Tables la and 15, that the weighted
averages of P,/ Py, including all the adsorbing species,
are 12.1 + 2.4 for the gel and 6.1 + 0.2 for the fluid state
of DPPC membranes.

Interactions between adsorbed ions
in the gel and fluid DPPC membranes

The independence of adsorption site areas on both the
ionic size and the conformational state of lipids in the
membrane has led us to the assumption that the adsorp-
tion site areas may be determined by the electrostatic
interactions between ions adsorbed in the membrane. This
assumption was supported by the results of earlier studies
of adsorption of PCP~ on egg-PC membranes (21)
indicating no significant dependence of adsorption param-
eters on the change of ionic strength from 0.02 to 0.32 M.

In the following section we compare our experimental
results with the predictions of a simple discrete charge
model. We assume that ions are adsorbed at some depth,
I/, below the membrane-water interface, and laterally
diffuse as discrete mobile charges. With each ion we can
associate a disk of radius R, where the potential energy of
the repulsive ion-ion interactions exceeds the thermal

energy kT. The adsorbed ions polarize the aqueous salt
solution on both sides of the membrane which decreases
their potential energy. We ignore the second interface
because the effect of polarization of the far aqueous
interface is offset by the repulsive interaction between
ions across the membrane. The model of the interface
consists of two semi-infinite media: an aqueous salt
solution and a lipid monolayer with an infinitely thick
hydrocarbon core region. A pair of ions adsorbed at depth
I below the membrane-water interface and separated by a
distance r are depicted in Fig. 4.

The polarization of the aqueous medium by the ad-
sorbed ions causes the electric field created by these ions
inside the membrane to be noncoulombic. The polarized
aqueous solution can be replaced by the membrane-like
dielectric and the charges induced at the interface can be
replaced by the image charges ¢, = —wgq, and ¢, =
—wq, (23). For complete electrostatic screening of the
adsorbed ions by counterions in the aqueous medium, i.e.,
regarding the aqueous solution to be a perfect conductor,
one can assume w = 1. Even in the absence of a salt
solution, w = (g — €n)/(€q + € u). The screening dis-
tance of the aqueous solution in our studies was ~1 nm
and thus the screening of adsorbed ions by counterions is
appreciable over the distances of our interest. Because the
polarization of the water solution and the screening by
counter-ions are additive, it will be assumed that w is
equal to unity.

It follows from the diagram in Fig. 4 that the potential
energy of charges g, and g,, adsorbed at a depth / within
the membrane boundary region of dielectric constant e,,,

conductor/dielectric_interface

%=~ 2% g

¢
-2

\\ I
\,
\\\ :
N 1
V24l bor
N [
. |
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G=-wq, g
]
aqueous membrane
solution

FIGURE4 Model of membrane/water interface illustrating two ions g,
and g, separated by a distance r and adsorbed at a depth / below the
level of penetration of water in the membrane. Due to the presence of
aqueous solution, the interaction between ions adsorbed in the mem-
brane is noncoulombic. The polarization of the interface is accounted for
by image charges ¢;and g;.
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is equal to

U(r, 1, Gm) = 4|[V2(’) - Vz(m)]
= (q1ga/dmeer)[1/r — /(P2 + 41%)]. (9)

The dependence of potential energy between two ad-
sorbed ions of equal charge on the ion-ion separation, r,
and the adsorption depth, /, is shown in Fig. 5. For shallow
adsorption (case U,) the close proximity of the aqueous
solution significantly reduces the repulsive interactions
between the adsorbed ions as compared with ions ad-
sorbed deeper in the membrane (case U,). Due to thermal
motion the ions can approach each other up to a distance
R, corresponding to U/kT = 1. For deep adsorption, R, is
greater than for shallow adsorption; in terms of adsorp-
tion to the membrane this results in a lower packing
density of adsorbed ions and a lower surface coverage for
a given aqueous concentration and a given association
constant. Following the ideas used in various versions of
discrete charge models (10, 28-30) we associate with
each of the adsorbed ion an area P,

P, = 7R} (10)

and identify P, as the area of the adsorption site. The
exclusion radius R, follows from

U(R,, I, ¢,) = kT. (11)

The dielectric constant e, signifies the average dielec-
tric constant within the membrane boundary region.

membrone

PR S Gy

= vt

FIGURES Illustrates the dependence of electrostatic potential energy
on the separation of ion pairs adsorbed at various depths below the
membrane-water interface and the concept of a cut-off disk model. The
potential energy U computed according to Eq. 7 for ¢, = 10 was
normalized to thermal energy at 300 K. For shallow adsorption we
assumed an adsorption depth of /, = 0.2 nm (case U,) and for deep
adsorption (case U,) /, = 0.8 nm.

Adsorption site area, Py (nm?)

Dielectric constant , €,

FIGURE 6 Dependence of adsorption site area on the dielectric constant
of the interfacial region for various depth of ion adsorption. Adsorption
depth / = 1.0, 0.5, 0.3, 0.1 nm (top down), T = 300 K. The broken
horizontal line indicates the representative experimental value of the
adsorption site area of 5 nm2.

Fig. 6 shows how the adsorption site area depends on the
dielectric constant for several values of adsorption depth.
The broken horizontal lines at 5 nm?indicate the represen-
tative value of the adsorption site area determined from
the experimental results.

The potential energy of ion-ion repulsion is determined
both by ¢, and /. Because we do not know how ¢, is related
to /, we plot in Fig. 7 the relationship between ¢, and / for
constant adsorption sites areas (4, 5, and 6 nm?) accord-
ing to the above model. For the typical experimental value
of adsorption site area of 5 nm? the model predicts a
range of paired values for the dielectric constant and the
adsorption depth. At the low end, the value of P, = 5 nm?
would correspond to an adsorption depth of ~0.2 nm and
the dielectric constant of 2. At the high end, for an
adsorption depth of 1 nm the corresponding dielectric
constant would have to be ~20. Both limiting values are
unrealistic in view of the polarity profile of the membrane
which is trapezoidal rather than rectangular (31). For
deeply adsorbed ions one would prefer to use a low
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FIGURE7 Relationship between the dielectric constant of the mem-
brane boundary region and the adsorption depth for a given adsorption
site area. The solid curves represent (top-down) P, = 4.0, 5.0, and 6.0
nm? The experimental values of P, fall within the area delimited by a
dielectric constant of 8—10 and an adsorption depth of 0.4-0.5 nm.
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Membrane Thickness 5.6 nm

Conductor/Dielectric | Adsorption
Interface Plane

0.4 -0.5nm

Membrane Thickness 4.4 nm

Conductor/Dielectric Adsorption
Interface Plane

0.4 -0.5nm

FIGURES Molecular model depicting location of PCP~ in DPPC membranes in the gel (a) and the fluid state (5).
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dielectric constant of ~3 because the adsorbed ion is
primarily in the hydrocarbon environment with only a few
solvated water molecules present. In contrast, for shallow
adsorption, above the region of glycerol backbone of
phospholipids and within the polar head groups the
dielectric constant is expected to be significantly greater,
~30.

We have shown by the horizontal dotted lines in Fig. 7
the range of dielectric constants of special significance.
Constants between 8 and 10 were obtained for PCP~
adsorbed in egg-PC membranes from the analysis of the
shifts of UV absorption spectra of ionized PCP by means
of Onsager-like models (8). For P, = 5 nm? curve the
vertical dotted lines delimit the adsorption depth of
0.4-0.5 nm. Although the experimental values of the
adsorption site areas have not been determined accu-
rately, the ranges of the dielectric constant, 8-10, and the
adsorption depth, 0.4-0.5 nm, are consistent with the
range of adsorption site areas, 4-6 nm?, corresponding to
our experimental values as indicated by the upper and
lower curves.

The selection of a dielectric constant of ~10 for the
membrane boundary region is supportable by other re-
sults. For optical probe merocyanine-540 it was estab-
lished that the local dielectric constant within the chro-
mophore adsorption region is 6-8 for PC and 8-10 for PS
(32).

Localization of adsorption site of
PCP~, TPhB~, and DPA™

The mobile discrete charge model assumes the existence
of a sharp interface between the conductive aqueous
medium and the membrane. The question arises as to
where to locate this interface since the adsorption depth /
is referenced to it.

There are numerous characteristic planes defined for
the lipid membranes whose position is highly relevant for
the interpretation of the x-ray and neutron diffraction
data (33). A consensus has been developed to locate the
hydrophobic/hydrophilic boundary close to the first CH,
group of the hydrocarbon chains (34, 35). We have
assumed various locations of the interface and found that
there is a satisfactory overall consistency if the interface is
placed at the carbonyl oxygen group of the deeper
penetrating hydrocarbon chain. By this assignment we
are identifying the conductor/dielectric interface of the
model with the location of the water penetration level
proposed earlier by Simon and Mclntosh (34). This
results in placing the charge centers of PCP~, TPhB™,
and DPA ™ at the level of the third and fourth carbons of
the hydrocarbon chains. The location of PCP~ within the
DPPC membrane in the gel and fluid state is shown in
Fig. 8 using the molecular models.

There are several results in the literature identifying
the location and properties of the adsorption of lipophilic
ions in membranes. In a theoretical study (13), the
optimum parameters used in the dipolar model, which
predicts satisfactorily the change in Gibbs free energy on
adsorption of TPhB~ and TPP* (Table 2 in reference 13),
are a dielectric constant of 10 and the location of the
adsorption layer 2 nm from the center of membrane, i.e.,
also below the region of carbonyl oxygens. In another
study, the decrease of the transmembrane translocation
rate constant of DPA~ with the increase of its aqueous
concentration was explained in terms of a discrete charge
model of the interface (10) similar to ours. The increase of
the translocation rate constant resulted in an empirical
relationship between the depth of adsorption and the
dielectric constant of the membrane boundary region.
These were I(nm) = 0.025 ¢, for the dioleylphosphatidyl-
choline and /(nm) = 0.06 ¢, for the GMO/Chol mem-
branes. Using our adopted range of dielectric constants
8-10, the predicted adsorption depths are 0.2-0.25 nm for
the former and 0.5-0.6 nm for the latter membranes. Our
values of adsorption depth 0.4—0.5 nm fall within the
range derived from their empirical relationships.

Free energy of adsorption of PCP™,
DPA-, and TPhB~ on DPPC
membranes

We have assumed according to reference 19 the width of
the adsorption layer to be 0.4 nm and determined the
Gibbs free energy changes associated with the adsorption
of PCP~, DPA~, and TPhB~ to DPPC membranes in the
gel and fluid states (Table 2). There are several notable
features of these results. The free energy changes for the
adsorption of DPA™ and TPhB™ are the same within the
experimental errors. This applies both to the gel and the
fluid states. The differences between AG° values, AAG® =
AG° (gel) — AG® (fluid) for DPA~ and TPhB™ are about

TABLE 2 Gibbs free energy of ion adsorption to DPPC
membranes
AG°
kcal{mol
PCP-
gel - —-49 :+ 04
fluid —-6.7+0.1
DPA-
gel -72+025
fluid —-8.3x0.18
TPhB-
gel —-74+04
fluid —-83+0.15
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the same (~1 kcal/mol or 43 meV /ion) despite the very
different shapes of these molecular ions. In contrast, for
PCP~ we found a much greater difference, 1.8 kcal/mol
(78 meV /ion). PCP~ is a smaller molecule than DPA™ or
TPhB~, and resembling a disk. Therefore it is possible
that the entropy change on adsorption of PCP to a
membrane in the gel state is smaller than that in the fluid
state. The behavior of PCP and other small biologically
active molecules in lipid matrix as a function of conforma-
tional order of membrane lipids is an interesting problem
in view of the lipid matrix-mediated mechanism of
biological activity (36). Better insight into the thermody-
namics of binding of PCP to lipid bilayers can be obtained
from the measurements of the temperature dependence of
the adsorption parameters for the gel and fluid mem-
branes.
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