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We have studied adsorption of pentachlorophenol (PCP) to phosphatidylcholine (PC) membranes by
measuring the electrophoretic mobility of multilayered lipid vesicles in PCP solutions. PC vesicles become
negatively charged due to the adsorption of ionized PCP, and we have found that their zeta potential
depends upon the ionic strength and pH of the aqueous suspension. We have shown that the experimental
results can be adequately accounted for in terms of a two-component Langmuir-Stern-Grahame adsorption
model assuming that the ‘PCP adsorption sites’ are occupied either by the neutral (HA) or the ionized (A7)
species. The characteristics of adsorption isotherms of the PCP - PC membrane are as follows: the
association constants are K, = 55000 dm’® /mol, K;, = 279000 dm’ / mol; 4.3 PC molecules make up each
PCP adsorption site at saturation; the linear partition coefficients are 8y, = (15.5+0.7)+10 "> m and
B.=3.0+£0.3):10 > m. The properties of PCP adsorption isotherms for PC membranes predict an

increased pK, value of membrane-bound PCP, which has been observed in related studies.

Introduction

At the center of interest in membrane bio-
physics and biochemistry is an understanding of
proton transport [1-3] and the interactions of
weak organic acids with biomembranes, specifi-
cally energy transducing biomembranes [4-8].
Weak organic acids are biologically active as un-
couplers of oxidative phosphorylation and photo-
phosphorylation because of their ability to induce
proton permeability in membranes. The increased
membrane electrical conductivity associated with
this protonophoretic effect has been used very
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effectively in studies of the mechanism of proton
transport in membranes [9-16].

McLaughlin and Dilger [17] have shown that a
good correlation exists between uncoupling activ-
ity in mitochondria and an increase in membrane
electrical conductivity when the uncoupler con-
centration is low. At higher uncoupler concentra-
tions other mechanisms alter the biomembrane
function. Reyes and Benos [18] have shown that,
in the case of carbonylcyanide phenylhydrazone
uncouplers, the inhibition of oxygen uptake
observed at higher concentrations may be related
to a change in membrane interfacial potential
difference. From this it can be seen that an under-
standing of the biological activity of weak organic
acids requires knowledge of their adsorption char-
acteristics with biomembranes. In this paper we
provide such data for pentachlorophenol.

Pentachlorophenol (PCP) is a weak acid (pK,
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=4.75) [19] that is acutely toxic to all forms of
life. It has been shown that its biological activity
is, at least in a part, associated with uncoupling of
phosphorylation [20,21].

In addition to the biophysical and biochemical
significance of studies of PCP—membrane interac-
tions, there is a strong ecotoxicological interest in
this compound. PCP has been used for decades as
a major pesticide, disinfectant and wood preserva-
tive due to its potent biocidal activity. It has been
estimated that world-wide yearly production is
5-107 kg and that it has polluted various ecosys-
tems [22]. Though PCP is degradable, estimates of
PCP concentrations in human adipose tissue range
from 24 pg of PC/kg in the Federal Republic of
Germany to 140 pg/kg in Japan [23].

The structural complexities of biomembranes
necessitate studies of uncoupler interactions with
lipid bilayer membranes. This is the second paper
in a series of detailed studies of pentachlorophe-
nol/membrane interactions. In the earlier work
[24] we gave estimates of the dielectric constant of
the PCP adsorption/ionization sites in PC and
PG membranes and the pK, of PCP adsorbed
onto lipid bilayers. In this paper we report on our
studies of the electrophoretic mobility of lipid
vesicles as a function of PCP concentration, pH
and ionic strength from which we have determined
the parameters of Langmuir-Stern-Grahame ad-
sorption isotherms.

Materials and Methods

Potassium chloride (Baker Chemicals, Phillips-
burg, NJ), potassium phosphate dibasic trihydrate,
potassium citrate monohydrate and boric acid
(Mallinckrodt Chemicals, St. Louis, MO) were
analytical grade. Water was purified with Milli-Q
Water Purification System (Millipore Corp., Bed-
ford, MA). Potassium chloride and buffer solu-
tions were uniformly prepared to minimize sys-
tematic errors. Pentachlorophenol (PCP) (Aldrich
Chemical Co., Milwaukee, Wis.) was dissolved in
potassium hydroxide solution (pH = 12) to make
stock solutions in the concentration range 1-4
mM. The concentration was checked spectropho-
toscopically using a Beckman DU-7 spectropho-
tometer. The pentachlorophenol testing solutions
were prepared by quantitative dilution of the stock

solution with buffer or a salt and buffer combina-
tion. Egg phosphatidylcholine (PC) and phos-
phatidylglycerol (PG) in chloroform solution were
obtained from Avanti Polar Lipids, (Birmingham,
AL). The phospholipid concentrations in stock
solutions were checked periodically because of
evaporation of chloroform with use.

Multilamellar vesicles for electrophoretic mea-
surements were prepared by a method similar to
that of Bangham et al. [25]. Phospholipids were
diluted with chloroform (lipid : chloroform, 1
mg : 200-300 ml) in a round bottom flask using a
volume greater than twice that of the final solu-
tion (e.g. for 10 ml of vesicle suspension, a 25 ml
flask was used). Chloroform was removed by ro-
tary flash evaporation using a Flash-Evaporator
(Buchler Instruments, Fort Lee, NJ). The round
bottom flask containing the lipid film was then
purged with dry nitrogen to ensure complete re-
moval of chloroform. Buffer solution was added
and the flask was manually shaken to suspend the
lipid. The lipid / chloroform dilution ratio, speed,
intensity and time of shaking were factors aiding
the formation of uniformly sized vesicles.

Samples were prepared by mixing the aqueous
buffer solution (with or without salt) with the
pentachlorophenol solution and the vesicle sus-
pension. High pH (> 7) samples were stored un-
der nitrogen.

Electrophoretic mobilities were measured using
a Rank Brothers Mark I microelectrophoretic in-
strument (Bottisham, Cambridge, U.K.). The cur-
rent was monitored and the electrodes were well
plated to ensure that no significant polarization
occurred. The cylindrical measuring cell was
cleaned with 1:1 chloroform/ methanol mixture
or chromic-sulfuric acid cleaning solution. Using
the latter required thorough rinsing to ensure that
the cell was free of chromium. The position of the
stationary level was checked frequently.

The mobility measurements for pH and ionic
strength dependence experiments were made at
20°C.

Electrophoretic mobility of each sample was
obtained as the average of approx. 30 measure-
ments, with alternating polarity, at various depths
of focus of the microscope in the vicinity of the
stationary layer. The electrophoretic mobility was
determined from a least-squares fit of the velocity



of vesicles versus the distance from the stationary
layer.

Adsorption isotherms were obtained from the
electrophoretic mobility of vesicles charged by the
adsorption of pentachlorophenolate ions. The
Helmbholtz-Smoluchowski equation was used to
determine {-potentials from the electrophoretic
mobility, p.

p=eeol/n 1)

where 7 is the viscosity, ¢ is the dielectric constant
of the solution, and g, is the permittivity of free
space. The density of ionized PCP adsorbed to the
membrane was obtained from the charge density
using the diffuse double layer model of the mem-
brane/ water interface.

Adsorption characteristics defined in the model
below were obtained by a nonlinear least-squares
fit procedure in which chi-squared was minimized
using a gradient expansion algorithm described by
Bevington [26]. The uncertainties of the adsorp-
tion parameters were obtained as the square root
of the diagonal elements of the error matrix.

Prototype adsorption model

The treatment of pentachlorophenol (HA) and
pentachlorophenolate (A ™) adsorption is based on
the Langmuir-Stern-Grahame model [27]. This
model has been found to be applicable to the
adsorption of a great variety of ions onto electri-
cally neutral and charged membranes [28-32].

The present prototype model includes these
major features: (a) The saturation density of bind-
ing sites is assumed to be an adjustable quantity
that is less than the density of lipids, and (b) the
binding sites are common for both HA and A~
species. The prototype adsorption model can be
summarized as follows. The density of adsorption
sites, Q, is proportional to the surface density of
membrane lipids, (L),

Q=9¢(L)/Ns )

the physical meaning of the quantity ¢ is that its
reciprocal value, 1/¢ gives the number of lipids
per adsorption site, N,, the number of Avogadro.
The value of (L) used corresponds to 0.7 nm* per
lipid molecule [33]. The coverages of membrane
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surface, 0, for the ionized and the neutral species
are, respectively,

0A = (A7 )m/Q 3
and
Oua= (HA)m/Q 4

The condition for competitive adsorption is
Oa+ Opp + Oppee =1 (5)

Adsorption isotherms are given by

(1+ Ka[A7 lm)ba + KA[A” Imbpa=Ka[A™ Im ©6)
and
Kya[HAImbs + (1+ Kya[HAIm) fya = Kya [HAIm (N

where the square brackets indicate aqueous con-
centrations and the parentheses surface densities
((HA),,,, the membrane surface density of neutral
PCP). K, and Ky, are the intrinsic association
constants characterizing the membrane-PCP sys-
tem. In view of the small values of {-potential for
uncharged vesicles in the absence of PCP, the
adsorption of salts and buffer components has
been omitted.

For charged membranes, due to either the
charged lipids or adsorbed A™, the concentration
of A~ at the aqueous side of the membrane / water
interface is given by

[A7 lm=[A" lo exp(qV/kT) (8)
whereas for the neutral molecules

[HA]m = [HAJo )

The subscript 0 indicates the bulk aqueous con-
centration, g is the charge of A~ and is equal to
—e, V,, is the electric potential difference between
the aqueous side of the membrane/ water inter-
face, and the bulk solution and k is Boltzmann’s
constant.

For membranes made of uncharged lipids, such
as egg phosphatidylcholine (PC), the electro-
neutrality condition for the membrane/water in-
terface is

o (adsorbed A7) + o, (diffuse layer) = 0 (10)
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indicating that the membrane surface charge is
compensated by the space charge of opposite
polarity in the aqueous phase. The membrane
surface potential, which is equal to V. is obtained
from Grahame’s equation

62 = 2kTeeoy C,exp(v,q¥, /kT)~ 1] (11)

i

where C, is the volume density of salt and buffer
ions of valency »,.

The {-potential is the electric potential at a
distance s from the membrane surface, V(s). It
can be related to the membrane surface potential
according to

t=V(s) (12.1)

or approximated by
=V, exp(—s/d) (12.2)

where d 1s the Debye length parameter. Numeri-
cal integration of the Poisson-Boltzmann equation
for the case of a multivalent buffer was done
according to a method proposed by Bentz and Nir
[34] to obtain s, the position of the shear surface.

Other quantities of interest are the linear parti-
tion coefficients, 8, and f,,, relating both the
membrane density and the aqueous concentration
of the ionized and neutral acid at low surface
coverages (Henry’s approximation),

Ba=K,0Q (13)
and
Bua=KuaQ (14)

Results and Discussion

Location of the shear surface

By definition, the {-potential measures the elec-
tric potential difference between the shear en-
velope of the particle and the bulk aqueous phase.
The location of the shear plane with respect to the
particle surface is an elusive quantity which is not
precisely known. Carrol and Haydon [35] have
shown for example, how the position of the shear
surface is dependent on the size of polar head

groups in surfactants. McLaughlin and co-workers
[28,32] have done detailed studies of the electric
potential distribution at the membrane /water in-
terface. From a combination of {-potential and
membrane surface potential measurements using
various methods, they inferred that in 0.1 M NaCl
solutions the shear surface is 0.2 nm away from
the membrane surface.

We have made independent measurements of
shear plane location; because of our need to work
at various pH values, we have used a more com-
plex buffer containing multivalent ions. The posi-
tion of the shear surface was obtained by mea-
suring the {-potential of vesicles prepared from a
mixture of negatively charged PG and neutral PC
lipids and then determining the distance-at which
(V(x)={ by integrating the Poisson-Boltzmann
equation. We have used vesicles containing 10 and
30 mol% PG, so that the magnitude of {-potentials
is comparable to that obtained in the PCP adsorp-
tion studies. The position of the shear surface is
regarded as an empirical parameter.

Fig. 1 illustrates the dependence of shear surface
position as a function of ionic strength. Since
potassium is known to adsorb to the negatively
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Fig. 1. Calibration of the shear surface position by equating
the experimental {-potential to that predicted by the diffuse
double layer model of the membrane /water interface for nega-
tively charged membranes prepared from a mixture of PC and
PG. Squares, present work: The aqueous phase contained
phosphate /citrate /borate buffer (0.002,0.002,/0.0005 M), pH
= 7.5. lonic strength was controlled by varying the concentra-
tion of KCl. The least-squares fit line was used to obtain the
shear surface distance as a function of ionic strength in studies
of adsorption of ionized pentachlorophenol. Circles, the shear
surface distance computed from data given in Ref. 31.



charged PG, its adsorption was taken into account
and the association constant was set to 0.15
dm’® /mol according to studies [28]. Our results are
denoted by squares; circles indicate the position of
the shear surface computed from {-potential data
for PS/PC membranes in tetramethylammonium
chloride solutions given in appendix A of Ref. 32.
The results suggest that within the range of mod-
erately strong electrolyte concentration, the shear
surface distance logarithmically decreases with the
increase of ionic strength.

Binding of pentachlorophenolate to PC membranes

Effect of ionic strength

At pH > pK,(PCP) the concentration of neu-
tral PCP is negligible so that the {-potential of
vesicles provides information on the membrane/
A"~ adsorption characteristics only. We have mea-
sured the PCP concentration dependence of ¢-
potential as a function of KCl concentration at
pH = 10. The KCI concentrations were 0, 0.002,
0.004, 0.006, 0.01, 0.016, 0.03, 0.06, 0.1, 0.2 and 0.3
M. The results for three KCl concentrations are
shown in Figs. 2a and b. They are: low 0.002 M,
intermediate 0.03 M and high 0.3 M. The semi-
logarithmic plot in Fig. 2a shows the onset of A~
adsorption, which occurs at micromolar PCP con-
centrations. The linear plot, Fig. 2b, is useful for
inspecting the saturation portion of the adsorption
isotherm.

The effect of aqueous phase ionic strength is
expected to be two-fold: (1) alteration of the
energeetics of adsorption, and (2) screening of the
charged membrane surface. The model (Eqns.
2-14) makes it possible to discriminate between
these two effects.

The adsorption characteristics, i.e., association
constant, K,, and the membrane surface satura-
tion factor, ¢, were obtained by a two-parameter
fit and the linear partition coefficient, §,, was
calculated according to Eqn. 13. The data set
included the {-potential-PCP aqueous concentra-
tion pairs for all KCl concentrations mentioned
earlier. The respective values were: K, =(0.70 +
0.05) - 10° dm’ /mol, ¢ =0.170 + 0.006 and B, =
(2.8+40.21)-10"° m.

We have not found any significant effect of
1onic strength on the adsorption characteristics,
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Fig. 2. Dependence of the {-potential of egg PC vesicles on
PCP aqueous concentration at pH =10, corresponding to fully
ionized PCP. (a) Semilogarithmic plot illustrating the onset of
PCP adsorption; (b) linear plot depicting the membrane surface
saturation effect. The aqueous phase contained phosphate/
citrate/borate buffer (0.002,/0.002/0.0005 M) and 0.002 M
KCl for the lower data set, 0.03 M for the middle data set, and
0.3 M for the upper data set. The solid curves are predictions
of the adsorption model for the association (K, = 70000
dm?/mol) and surface saturation (¢ = 0.17) constants.

suggesting that the screening of the membrane
surface by ions has little bearing on the energetics
of adsorption. This type of behavior is consistent
with adsorbed pentachlorophenolate located at
some depth below the membrane surface. In this
case, the repulsive A~ ... A™ interactions would be
mediated primarily by the membrane phase with
the ion-screening effects being energetically insig-
nificant.

Effect of pH on the {-potential

Figs. 3a and b show the variation of {-potential
as a function of PCP concentration at different
pH values. The main feature in the data is that the
magnitude of {-potential decreases as the pH is
lowered and that the saturation level decreases as
well. The latter feature indicates that membrane
coverage by the neutral form inhibits binding of
the ionized species.
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Fig. 3. Effect of pH on the {-potential of egg PC vesicles in
aqueous PCP solution. (a) Semilogarithmic plot depicting the
onset of PCP adsorption; (b) linear plot depicting the mem-
brane surface saturation of PCP. The aqueous phase contained
phosphate/citrate /borate buffer (0.002,/0.002,/0.00065 M) and
0.03 M KCl, pH values, from the top down, are: 4.5, 5.0, 5.5,
6.2 and 7.3. The solid curves illustrate the adsorption model
using the characteristics given in Table 1 for the shear surface
distance computed from calibration data given in Fig. 1.

The experimental results were analyzed in terms
of the 2-component adsorption model described
earlier. Three membrane parameters (K,, Kya
and ¢), obtained by minimizing chi-squared, are
given in Table I. In this analysis, we have included
{-potential-PCP aqueous concentration pairs for
pH values of 4.5, 5.0, 5.5, 6.2 and 7.3 at a KCl
concentration of 0.03 M. In row (a) are the results
obtained under the assumption that the shear
surface is located at a distance of 0.255 nm from
the membrane surface. Row (b) lists the results
using a shear surface distance equal to zero, which
is equivalent to setting the membrane surface
potential equal to the {-potential. The major effect
of the shear surface location is on K,, which is
greater using the latter assumption, since the {-
potential underestimates the value of membrane

TABLE 1

ADSORPTION CHARACTERISTICS OF EGG PHOS-
PHATIDYLCHOLINE MEMBRANES AND OF NEUTRAL
(HA) AND IONIZED (A~ ) PENTACHLOROPHENOL

Phosphate/citrate/ borate buffer (0.002/0.002/0.0005 M)
[KCI] = 0.03 M.

Assumed position  Associated constant Membrane

of shear surface (10° dm*/mol) surface
nm saturati

s (nm) Kun K. saturation

0.255 28401 0554005 0.23+0.02

0.0 28+01 0774005 0.14+0.01

surface potential. Ky, was unaffected by the
selection of shear surface distance.

It is noteworthy that the value of the mem-
brane saturation parameter, ¢, which is related to
the density of PCP adsorption sites (Eqn. 2), when
derived from the pH effect studies was found to
be greater than that obtained from the ionic
strength studies *. This result suggests that the
saturation density of adsorption sites for the HA
form is greater than that for A~. The difference in
the magnitude of the saturation parameter in the
above two cases can be regarded as a manifesta-
tion of the long range repulsive A~ ... A~
coulombic force between membrane bound A~
molecules that determines, among other factors,
the saturation density of A™. The greater value of
¢ obtained at low pH may be assigned to the
absence of coulombic repulsion between the mem-
brane bound HA molecules.

The energetics of PCP adsorption to PC mem-
branes is schematically depicted in Fig. 4. The
change in free energy on transfer of PCP from
water, assuming a 0.4 nm adsorption layer [36], is
—0.29 eV for A~ and —0.33 eV for HA. The
neutral PCP molecules are stabilized in the mem-
brane to a greater degree than their anions. This is
due in part to the low dielectric constant for the
PCP adsorption/ionization site reported in [24].

* Using Student’s T-test, the ¢ value calculated when ionized

PCP was present alone was different from that obtained
when ionized and unionized PCP both were present at a
confidence level greater than 99%.
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Fig. 4. Schematic diagram depicting the energetics of penta-
chlorophenol adsorption to egg PC membranes as derived from
association constants K;, and K,. Typically, for pentachlo-
rophenol, the neutral species is stabilized on adsorption to egg
PC membranes. The thermal energy involved, kT, is 0.025 eV.

Water

Conclusions

Within the framework of our adsorption model,
the density of ionized and neutral PCP at low
membrane surface coverage is approximately given
by

A D)m=B.[ATD (15)
and
(HA)m = Bua[HAJo (16)

The apparent dissociation constant of membrane
bound PCP can be related to its standard aqueous
value and the adsorption characteristics by

K,(m)=[H" (A7 )m/(HA)m an

Due to a greater value of the association constant
of the neutral species (see Table I) the surface pK,
of PCP is shifted from its standard aqueous value
of 4.75 [19]. The pK, shift is

ApK, = pK,(m) ~pK,(aq) = logio(Kna/Ka) =07 (18)
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This value 1s in a fairly good agreement with the
pH shifts of membrane conductivity maxima from
the pK, of PCP, ApK,(cond)=0.5 and pk,
changes of membrane-bound PCP obtained by
ultraviolet spectrophotometry, ApK, =1, re-
ported recently in [24].

In general, taking into account the adsorption
isotherms for HA and A~ the two-component
adsorption model predicts that the apparent mem-
brane pK, of adsorbed PCP depends on the PCP
aqueous concentration and the ionic strength. The
model predictions based on values of adsorption
parameters obtained in this study are shown in
Fig. 5. The lower curve gives the pK, dependence
of membrane bound PCP predicted for the experi-
mental conditions of high buffer concentration
used in the studies of pH dependence of PCP-in-
duced membrane conductivity [24]. The triangle
indicates the pK, value of membrane bound PCP
corresponding to the maximum of membrane con-
ductivity in that study. The upper curve illustrates
the increase in the pK, value of membrane-bound
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Fig. 5. The pK, dependence of pentachlorophenol, adsorbed
to egg PC membranes, on PCP aqueous concentration and the
solution ionic strength as predicted by the adsorption model
using the association constants given in Table 1. The lower
curve corresponds to high ionic strength conditions used in
membrane conductivity studies [24] (0.1 M KCI and phos-
phate /citrate /borate buffer 0.2/0.2/0.05 M), and the triangle
symbol gives the membrane surface pK, estimated from those
studies. The upper curve corresponds to conditions used in the
spectrophotometric determination of the pK, {24] (0.1 M K(l
and phosphate /citrate /borate buffer 0.02,/0.02 /0.005 M), and
the broken lines indicate the apparent pK, determined spec-
trophotometrically for PC (1) and PC+ cholesterol vesicles (2)
(data from Ref. 24). The pK, of adsorbed PCP predicted from
the electrophoretic data and the estimates of surface pK, from
unrelated experiments are all above the standard aqueous value
of PCP [19].
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TABLE 11

PARTITION COEFFICIENTS OF SEVERAL WELL-
KNOWN UNCOUPLERS

CCCP, carbonylcyanide m-chlorophenylhydrazone

FCCP, carbonylcyanide p-trifluoromethoxyphenylhydrazone
DTFB, 35.6-dichloro-2-trifluoromethylbenzimidazole

TTFB, 4,5,6,7-tetrachloro-2-trifluoromethylbenzimidazole
S-13, 5-chloro-3-zert-butyl-2'-chloro-4’-nitrosalicylanilide

BA :BHA
(10~ (ao0?
Uncoupler Ref. m) m) (PK)m —(PK2)ag
CCCP 10 2 20
CCCP 11 26 - -
FCCP 12 3 30
DTFB, TTFB 13 4 4 0
PCP this work 3 15 0.7
S-13 9 20 500 14

PCP under the conditions used in spectrophoto-
metric pK, determinations [24]. The horizontal
lines indicate the experimental pK, values ob-
tained for pure PC and cholesterol (30 mol%)
containing membranes *, The pK, values from
membrane dissociation and membrane conductiv-
ity studies are in qualitatively agreement with the
surface pK,.

The significance of the results reported here is
that the two-component Langmuir-Stern-Grahame
model, based on the diffuse double layer theory of
the aqueous portion of the membrane/water in-
terface, adequately describes adsorption of penta-
chlorophenol to neutral PC membranes. The
quantitative data on the distribution of PCP be-
tween water and membranes are useful for the
development of an understanding of the intricate
relationship between membrane activity and
molecular structure of uncouplers of oxidative
phosphorylation.

In Table 11 we compare results of recent studies
of uncoupler adsorption to PC membranes. The
data suggest that with regard to adsorption to
membranes, PCP is an intermediate compound
with characteristics in between the well known
uncouplers such as CCCP, FCCP and S-13. The
partition coefficient of ionized PCP is comparable

* The experimental pK, values are given by the horizontal
lines because adsorption of PCP to vesicles leaves the aque-
ous concentration in doubt.

to those determined for CCCP [10] and FCCP
[12}. In contrast to CCCP, FCCP, DTFB and
TTEFB [13], the neutral form of PCP exhibits a
greater affinity to membranes, and the membrane
surface pK, is shifted from the aqueous value.
S-13 exhibits the largest values of partition coeffi-
cients and the largest pK, shift [9]. It is interesting
that CCCP, FCCP and S-13 are class 1 uncouplers
whereas DTFB, TTFB and PCP are in class 2.

It is hoped that the availability of adsorption
isotherms for PCP with PC membranes will be
useful in unraveling the multicomponent binding
observed for phenolic herbicides and biomem-
branes [37,38], the distribution of PCP between
organs in men [23] and the mechanism of action of
pesticides at the membrane level [39-41]:
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