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The results of three complementary studies focused on characterization of the local environment of the 
common pesticide pentachlorophenoi (PCP) adsorbed to phosphatidylcholine (PC) and phosphatidyiglycerol 
(PG) membranes are reported. The effect of cholesterol (Chol) was examined. These studies included: (1) 
Measurements of solvatochromic shifts of the ultraviolet absorption spectra of PCP in membranes and in 
polar non-hydrogen-bonding (a red shift) and hydrogen-bonding (a blue shift) solvents. Pi-pi* transition 
energies were analyzed in terms of the dielectric cavity models of (a) Onsager, (b) Block-Walker, which 
includes dielectric saturation, and (c) a soft dipole model of Suppan, which accounts for PCP's polarizability. 
The estimates of dielectric constant of the PCP adsorption site yielded 8.1-8.7 for the PC and 16.8-20.1 for 
PG membranes. Solvatochromic effects indicate hydrogen bonding between the membrane-bound ionized 
PCP molecule and water, which is enhanced by the presence of cholesterol. (2) Determinations of the pK a of 
PCP adsorbed to PC, PG, PC/Chol ,  PG/Choi  membranes and dissolved in dioxane-water solutions of a 
known dielectric constant. The pK, value of PCP adsorbed to membranes was always greater than the 
standard pK a value and it increased with the membrane's negative charge. The pK~ value sequence in 0.1 M 
KCl was 6.68 0PG), 6.32 (PG/Choi  = 70:30 mole fractions), 5.97 (PC), and 5.75 (PC/Choi  = 70:30). The 
intrinsic pK a values of PCP in membranes were 5.2-5.4 (PG) and 5.5-6.0 (PC). Estimates of the dielectric 
constant of PCP's ionization site in membranes yielded 10-22 (PC) and 27-37 (PG). Cholesterol facilitated 
the release of the hydrogen ion from membrane-bound PCP. (3) Measurements of pH dependence of 
PCP-induced membrane electrical conductivity, pH values of conductivity maxima were always greater than 
the standard pKa of PCP, and their sequence corresponded to that of the pK a values of memhrane-bound 
PCP. The anomalous properties of PCP as a Class 2 uncoupler are due to PCP's iipophilic character. In 
response to a low dielectric constant of the adsorption/ionization site, the physicochemicai characteristics 
of PCP adsorbed to membranes are different from the standard values - a fact that needs to be taken into 
account in the development of models of PCP's toxicity. 
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~o = dielectric permittivity of vacuum 
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p = molecular dipole moment, ground 
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p* = molecular dipole moment, excited 
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I/~ = electric potential difference across di- 
pole layer 

R = reaction field in the center of cavity 
created by the polarized medium 

fo(c) = Onsager dielectric function 
fBw(~) = Block-Walker dielectric function 
fs(~) = soft dipole (Suppan) dielectric func- 

tion 
E~r = pi-pi* transition energy of PCP 
d = characteristic distance - a parameter 

in Block-Walker dielectric saturation 
model 

a --- electronic polarizability of solute 
n = index of refraction 
X = scaling factor from Claussius- 

Mossotti equation 
~7" = medium polarity parameter in linear 

solvation energy model 
c~ = hydrogen bond donating parameter 
/~ = hydrogen bond accepting parameter 
Ka( ) = ionization constant 
pKa( )  = - l o g K a ( )  

Arguments in parentheses: 
s = bulk solution 
app = apparent 
int = intrinsic 

[A-] 

[HAl 

= volume density or concentration of 
ionized PCP in bulk phase 

= volume density or concentration of 
neutral PCP in bulk phase 

Subscripts: 
S = 

W ~ -  

if = 

bulk phase (solution) 
water 
membrane/water  interface 

(A-)m 

(HA) m 

k T  
Ef 

q 

Pi 
c, 

= membrane surface density of ionized 
PCP 

= membrane surface density of neutral 
PCP 

= thermal energy 
= electric potential difference between 

the membrane/water  interface and 
bulk aqueous phase 

= elementary electric charge 
= valence of ion type i 
= volume density of ions type i 

AG = work of transfer of proton from a 
standard state in water into a stan- 
dard state in medium of dielectric 
constant c 

Introduction 

This paper is concerned with the problem of 
the membrane toxicity of pentachlorophenol 
(PCP), specifically the local characteristics of 
PCP's adsorption site on phospholipid bilayers 
and the effect of the membrane environment on 
the physicochemical properties of membrane- 
bound PCP. 

Pentachlorophenol, due to its antimicrobial ac- 
tivity, has been a widely used chemical compound 
in agriculture and industry. The primary use of 
PCP and its sodium salt has been in lumber mills 
for wood preservation. In the 1970's, PCP was the 
second most widely used pesticide in the United 
States and Canada [1,2], with a worldwide produc- 
tion of 280000 tons per year [3]. Due to its 
extensive use and the presence of other toxic 
impurities in the technical grade of PCP, concerns 
about PCP's presence of ecosystems have been 
raised. PCP is one of the contaminants of ground 
water [4,5], soils [6,7], and cattle - due to their 
contact with PCP-treated wood [8]. PCP is 
absorbed through the skin and digestive and 
respiratory systems and, due to its extensive past 
usage, PCP is present in the general population 
[9-11]. It was shown that PCP is also a product of 
the metabolic conversion of other pesticides, such 
as hexachlorobenzene and pentachloronitroben- 
zene [12,13], which provides the explanation as to 
why PCP was found in humans in countries where 
PCP use is low [14]. Van Ommen et al. [15] 
showed that PCP is the primary metabolic product 
of hexachlorobenzene due to the action of cyto- 
chrome P-450. 

The biological response to PCP is rapid, which 
is typical for PCP-induced membrane toxicity [16]. 
It is now generally accepted that the major mode 
of PCP's toxicity is due to the uncoupling of the 
ATP synthesis from the electron transport [3,17]. 
In lipid bilayers, PCP induces electrical conduc- 
tion [18-21] which is related to transmembrane 
proton translocation and the uncoupling effect 
[22]. It was shown that PCP's toxicity and induced 
membrane conductivity are related: the onset of 



PCP toxicity, measured by the rate of carbon 
fixation in an alga, occurred at the measurable 
onset of PCP's adsorption to and loss of resistance 
of an egg phosphatidylcholine/cholesterol lipid 
bilayer membrane [23]. 

The ubiquitous presence of PCP in the environ- 
ment as well as man stimulates the need to under- 
stand the molecular basis of PCP's toxic action. 
The present work addresses some questions about 
PCP-membrane interaction, which is seen as of a 
dual nature: On the one hand, PCP alters the 
membrane physical characteristics of membranes, 
loss of membrane function as hydrogen ion per- 
meability barrier, and development of negative 
interfacial potential due to adsorption of ionized 
PCP. On the other hand, the membrane as a 
medium alters the physical properties of mem- 
brane-bound PCP, such as the PCP dissociation 
constant, which determines the distribution of the 
neutral and ionized forms of PCP in the mem- 
brane, and, subsequently, the membrane activity 
of PCP. This work deals with the second aspect of 
PCP-membrane interaction. 

We are concerned with the dielectric and hy- 
drogen bonding characteristics of the PCP adsorp- 
tion site in membranes. The aspect of hydrogen 
bonding of membrane-bound PCP is relevant for 
the understanding of the mechanisms and kinetics 
of PCP-mediated proton translocation and the 
action of uncouplers in membranes [22,24,25] and 
the existence of localized proton transfer pathways 
in membranes [26]. The significance of the magni- 
tude of the local dielectric constant for the en- 
ergetics of membrane processes involving charged 
molecules can be illustrated by two examples: (1) 
The work of charging a sphere of radius b in a 
medium of dielectric constant ~, which can be 
related to the dissociation of membrane-bound 
PCP, is 

W = q2 
8,r~c0 b (1) 

For a singly charged molecule of radius 0.2 nm, 
the work is either 360 meV or 52 meV in a 
medium with a dielectric constant of 10 or 70, 
respectively. This amount of work can be com- 
pared with the average thermal energy (25 meV at 
room temperature) and 170-350 meV of energy 
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released on the transfer of typical lipophilic ions 
from water into the membrane core [27]. (2) Di- 
polar molecules, when adsorbed to membranes, 
become oriented [28-30] and change the electric 
potential difference between the membrane core 
and the aqueous solution, which is manifested by 
the change of the membrane's ionic permeability. 
This electric potential difference depends on the 
normal component of the dipole P_L, the surface 
density of dipoles N, and the dielectric constant ¢, 

NP£ 
vo = (2)  

~E 0 

For a p j_ of 2 debye and an interdipole separation 
of 1 nm, the electric potential difference across 
such a layer would be 75 mV or 22 mV if the 
dielectric constant were 10 or 70. In the former 
case, the ionic permeability would change by a 
factor of 20, whereas in the latter case only by a 
factor of 1.5. Furthermore, membrane is a very 
inhomogeneous dielectric, partly permeated by 
water [31] and, thus, knowledge of the dielectric 
constant at the membrane adsorption plane is 
needed for the development of predictive models 
of the adsorption of membrane-active molecules 
such as PCP. Flewelling and Hubbell [27] devel- 
oped a simple and powerful total potential energy 
model for the phosphatidylcholine membrane 
which can reproduce the membrane's thermody- 
namic parameters for binding and translocation of 
tetraphenylphosphonium ÷ and tetraphenyl- 
borate- ions. The model includes a dielectric tran- 
sition region, Born, interfacial polarization, di- 
polar layer, and nonelectrostatic energy compo- 
nents. In the model the dielectric interface was 
located, on the basis of an 'educated guess,' in a 
membrane region with a dielectric constant of 10. 
These illustrations point out the need for experi- 
mentally determined local dielectric constants for 
the understanding and modeling of membrane 
processes, and, in the present case, for the char- 
acterization of the adsorption site of a toxic mole- 
cule in the lipid matrix of membranes. 

In this paper we describe (1) the use of the 
solvatochromic shifts of the ultraviolet absorption 
spectra of PCP adsorbed to membranes for the 
characterization of the local environment of mem- 
brane-bound PCP, (2) the measurements of the 
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distribution of the neutral and ionized forms of 
membrane-bound PCP, from which we determine 
the apparent and intrinsic pK, values of mem- 
brane-bound PCP, and show the effect of the 
membrane's surface charge and cholesterol on PCP 
dissociation, and (3) the comparison of the pK~ 
values of PCP obtained from the spectroscopic 
studies with the pH values of membrane conduc- 
tivity maxima determined from electrical measure- 
ments on neutral and negatively charged planar 
membranes. The pH positions of the membrane 
conductivity maxima were shifted from the stan- 
dard pK, value of PCP, and the origin of those 
pH shifts was not understood. The results also 
provide support for the kinetic scheme of PCP- 
mediated proton transport in which the ionized 
PCP molecules are located within the interfacial 
region of lipid membranes and interact strongly 
with the aqueous phase. 

The theoretical background for the interpretation 
of soivatochromic shifts of the ultraviolet-absorp- 
tion bands of PCP 

This study of the PCP-adsorption sites on 
membranes was based on the comparison of the 
pi-pi* transition energies of long-wavelength ab- 
sorption bands of PCP adsorbed to membranes 
and PCP dissolved in model solvents. In order to 
develop a conceptual framework for the interpre- 
tation of experimental results, we outline a 'proto- 
type Onsager model', describing the electrostatics 
of the problem of dipolar interaction between the 
solute molecule and its polar environment in sim- 
ple terms. We consider this model to be a tool for 
the understanding of media effects that determine 
not only the solvatochromic shifts of PCP but 
other physicochemical properties as well. 

Due to the absence of knowledge of charge 
distribution in the solute molecule and in the local 
environment, we will follow Onsager's concept of 
dipolar interactions [32] and will represent the 
solute molecule by a point dipole p located in a 
cavity of molecular radius b (Fig. 1). Inside the 
cavity the dielectric constant is assumed to be 
unity, whereas outside the cavity the dielectric 
constant is that of the medium. Thus, in the 
prototype model there is an abrupt, stepwise 
change of medium properties. For such a config- 
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Fig. 1. Onsager cavity model of polar media depicting solute 
molecule represented by a point dipole p in the center of the 
cavity embedded in a medium of dielectric constant e. b is the 
cavity radius and R the reaction field set up by the polarized 

medium. 

uration, the distribution of electric potential in the 
space surrounding the dipole V(r,O) is obtained 
by solving Laplace's equation, AV = O, for conven- 
tional boundary conditions V(r,O) at b - O =  
V(r,O) at b + 0 and dV/dr at b -  0 = dV/dr at 
b+O. 

In response to the dipole, the polarized medium 
sets up an electric field R, the so-called reaction 
field, given by 

= f f f o ( ~ ) / 4 ~ r % b  3 (3) 

where fo, often called the Onsager dielectric func- 
tion, is equal to 

f o ( ~ )  = 2(~ - 1)/(2~ + 1) (4) 

The term fo can be regarded as a primitive mea- 
sure of medium polarity. Other functions and a 
treatment of the electrostatic effects associated 
with membranes are presented in a review by 
Warshel and Russell [33]. 

The energy of the interaction of a solute mole- 
cule in a polar medium is - if- /~.  If the electron 
distribution in the solute molecule in its ground 
and excited states is given by dipole moments ff 
and /~*, the energy of transition associated with 
the absorption of a photon is 

Err = Err r.f - ( i f *  - ff)/~ = e t ,  r¢r - ( i f *  - f f ) f f f o ( ~ ) / 4 ~ % b  3 

(5) 

where Err ref corresponds to transition energy in 
some reference state. 



We expect two types of solvatochromic shifts to 
occur on the transfer of a solute molecule from 
one to another, more polar medium: (a) a red shift 
if i f ( i f * - i f ) >  0, i.e., when the excited state of 
the solute is stabilized to a greater degree by the 
reaction field of the more polar medium compared 
to the ground state, and (b) a blue shift if (fi* - 
f i )~<0 .  The latter case corresponds to greater 
stabilization of the ground state in the more polar 
medium. Both types of shifts have been observed 
in our studies, depending on the type of medium. 

More elaborate Onsager-type models have been 
proposed [33], and here we will include two exten- 
sions of the prototype model: 

(1) A model of Block and Walker [34] that 
includes local dielectric saturation in the vicinity 
of the solute molecule (BW model) since recent 
calculations of Kakitani and Mataga [35] sug- 
gested the existence of dielectric saturation in the 
first coordination shell. The BW model is attrac- 
tive because the expression for the reaction field 
and the transition energy have the same form as 
that for the prototype Onsager model. Only the 
dielectric function is of different form, viz., 

f a w  (~) = 3f In ~ / ( c  In c - c + 1 ) -  6 / I n  c - 2  (6) 

The qualitative difference between the BW and 
the prototype model is that the stepwise change of 
the dielectric constant at the edge of the Onsager 
cavity has been replaced by a transition region. 
The radial dependence of the dielectric constant is 
given by 

c ' ( r )  = c . e x p ( -  d / r )  (7) 

The characteristic distance d depends both on the 
medium dielectric constant and the cavity radius. 

d = b .  ln¢ (8) 

(2) A soft solute dipole which, in contrast to the 
prototype model, includes polarizability of the 
solute molecule. Suppan [36] has shown that a 
simple expression for the solvatochromic shifts 
can be obtained if the polarizability, a, is included 
in the reaction field according to 

= ( ~ +  a R ) f o ( Q / 4 ~ r , o  b3 (9) 

In the soft dipole model the polarizability of a 
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solute molecule was related to the index of refrac- 
tion of the solute n according to the Claussius- 
Mossotti equation. 

a /4 ~r%b  3 = (n  2 - 1 ) / ( n  2 + 2) = X (10) 

The typical values of the scaling factor X are 1/4 
and 1/3 for the aliphatic and aromatic com- 
pounds, respectively. The reaction field according 
to the soft dipole model is 

= ( ~ / 4 ~ r % b 3 ) ( f o ( c ) / ( 1  - Xfo(C) ) )  (11) 

and the transition energy in this case also retains 
the Onsager-lik¢ form. 

Err s = Err ,~f - ( f i*  - f i )  f i fs( ~ ) /4~r%b 3 (12) 

where 

/ s ( ' )  = ( - / 'o (C) / (  1 - X f o ( ¢ ) ) ) (  1 + X ] ' o ( ~ ) / (  1 - X / o ( , ) ) )  

(13) 

We assume that the problem of dipolar interaction 
between the PCP molecule and the membrane can 
be regarded as a special case of solute-solvent 
interactions so that other approaches developed in 
physical organic chemistry can also be explored 
[37]. Among them is the concept of linear solva- 
tion energy relationships [38-43] which has the 
potential to be an excellent tool for the unraveling 
of the multiple solvent effects of molecules ad- 
sorbed to membranes. It was experimentally veri- 
fied that some specific physicochemical parame- 
ters denoted as XYZ, such as solvatochromic shifts, 
can be expressed in terms of some reference values 
XYZ o and a set of empirical parameters repre- 
senting nonspecific and specific solute-solvent in- 
teractions [44]. Three dominating interactions are 
of present concern: nonspecific, such as dipolar, 
interactions represented by a polarity parameter 
~*, and specific, such as hydrogen bond donating 
functions (acidities) represented by parameter & 
and hydrogen bond accepting functions (basici- 
ties) represented by parameter fi, 

X Y Z  = XYZ 0 = .~ '* + ~ +/~]~ (14) 

where the coefficients ~, 5, and /~ are regarded as 
susceptibilities. A comprehensive collection of up- 
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dated parameters can be found in Kamlet et al. 
[441. 

In the following we report on the solvato- 
chromic shifts of PCP in two series of model 
solvents: (a) polar non-hydrogen-bonding, and (b) 
polar hydrogen-bonding, and we show how the 
results can be used to calibrate the properties of 
the PCP adsorption site on membranes. 

Materials and Methods 

Methyl acetate, potassium phosphate dibasic 
trihydrate, boric acid (Mallinckrodt Chemicals, St. 
Louis, MO), potassium chloride, glacial acetic acid, 
chloroform, methanol (Baker Chemicals, Phillips- 
burg, N J), potassium citrate monohydrate, 
anhydrous sodium acetate (EM Science, Cherry 
Hill, N J), 1,4-dioxane, ethyl acetate, heptane, 
acetonitrile (Burdick and Jackson, Muskegon, ME) 
were of reagent grade or better. 1-Octanol, 1,2-di- 
chloroethane, proprionitrile, hexadecane, penta- 
chlorophenol (PCP) (Aldrich, Milwaukee, WI), 
phosphatidylcholine (PC), phosphatidylglycerol 
(PG) (Avanti Polar Lipids, Birmingham, AL) were 
at least 99% pure. Tetramethylammonium chloride 
(TMAC1) (Eastman Kodak Co., Rochester, NY) 
was 98% pure with 2% water. Ethanol (Commer- 
cial Solvent Corp., Agnew, CA) was USP grade. 
Propylene carbonate (EM Science) purity was 98. 
All materials were used without further purifica- 
tion except: Water was purified using a Millipore 
Milli-Q reagent grade water apparatus. Cholesterol 
(Chol) (Em Science) was triply recrystallized from 
methanol. Recrystallized tetramethylammonium 
pentachlorophenolate (TMAPCP) was a gift of 
Dr. Alfred Levinson of the PSU Chemistry 
Department, 

Ultraviolet absorption spectra of PCP were 
recorded over the wavelength range 200-450 nm 
on a Beckman Model Du-THS UV/VIS spectro- 
photometer, interfaced to a DEC PCP-11/03 
minicomputer used for data collection. 

p K  a determination of PCP in dioxane-water solu- 
tions 

For the determination of PCP ionization con- 
stants in mixtures of dioxane and water, a method 
similar to one reported earlier [45] was used. The 
solutions were prepared by mixing weighed 

amounts of dioxane and water at four concentra- 
tions from 20% to 80% by weight dioxane. Acetate 
buffer was used to control pH. Concentrations of 
acetate were 200-times that of PCP to minimize 
the effect of added PCP on the pH of the solu- 
tions. PCP was dissolved in solutions of acetic 
acid and sodium acetate to obtain reference spec- 
tra. 1 to 1 mole ratio mixtures of acetic acid to 
sodium acetate were used to obtain spectra with 
both HA and A-  present. Total buffer concentra- 
tion was kept at 0.02 M. A sample blank was 
prepared for each solution containing buffer but 
no PCP. Aliquots of each PCP and blank solution 
were added to sample and reference UV cells and 
the spectrum was taken. To check the sensitivity 
of the method in determining a pK a value for 
PCP at a pH far from the expected pK a of PCP, a 
5 to 1 buffer mixture was used in one of the 
dioxane-water mixtures. The pKa of PCP 
determined for this buffer mixture was within 0.02 
pK~ units of the value for the corresponding 1 to 
1 buffer mixture. To calculate the pH of the 
solutions used, values for the ionization constants 
of acetic acid and water were interpolated from 
published data (Table 15-6-2A, [46]). 

p K  a determination of PCP adsorbed on lipid mem- 
branes 

For the determination of PCP's pK~ on uni- 
lamellar lipid vesicles, weighed amounts of PC, 
PG, and when needed, Chol, were dissolved in 
about 50 ml of chloroform. A Buchler Instruments 
flash evaporator was used to deposit a thin film of 
lipid in a round bottom flask (20-30 min). Resid- 
ual solvent was removed by flushing the flask with 
dry nitrogen for several minutes. A solution con- 
taining buffer B-2 (0.02 M phosphate, 0.02 M 
citrate, and 0.005 M borate) and either 0.1 M KC1 
or 0.1 M TMAC1 was added and the mixture 
shaken under nitrogen until the lipid was sus- 
pended (5-10 rain). This sample, containing 10 
mg/ml  lipid, was sonicated using a Branson Model 
S-75 sonifier at full power under dry nitrogen in 
an ice bath until the solution was as clear as 
possible (20-30 min). Aliquots of the vesicle sus- 
pension were then titrated to the desired pH and 
diluted to a final concentration of 5 mg/ml 
vesicles, pH values were chosen at 2-2.2, 8-9.5, 
and five intermediate pH values near the pK~ of 



PCP on vesicles. Aliquots of concentrated buffer 
and salt solutions were added prior to titration to 
assure uniform buffer and salt concentrations in 
the final solutions. The pH values of the samples 
were recorded and aliquots added to sample and 
reference UV cells. A small amount (<  0.1%) of 
PCP in methanol or pure methanol (reference) was 
slowly added to a cell while stirring vigorously for 
several minutes and the spectrum was taken. The 
PCP concentration was kept at 100-200 #M. 

We have verified that the lipid content in the 
suspensions of lipid vesicles was sufficiently high 
so that the error due to the absorbance of PCP in 
the aqueous phase was negligible. 

Spectral decomposition 
Spectral decomposition was used to analyze all 

data for ionization constants. A DEC PDP-11/23 
minicomputer with graphics capabilities was used 
to obtain the concentrations of the neutral (HA) 
and ionized (A-)  forms of PCP in solutions or 
adsorbed to the membranes. The high and low pH 
spectra of PCP were used to decompose the inter- 
mediate pH spectra. Absorbance values at 80 
wavelengths (270 nm to 350 nm) were typically 
used in the analysis. 

The pK, of PCP was obtained by a method of 
chi-squared [47]. The decomposition was moni- 
tored visually as a check on the overall fitting. To 
improve the accuracy of the decomposition it was 
necessary to correct for the background ab- 
sorbance due to light scattering by vesicles, com- 
pounded by the phenomenon of lipid vesicle swell- 
ing in the presence of PCP. This was accomplished 
by averaging the absorbance in a range of wave- 
lengths where PCP does not absorb (400-450 nm), 
and subtracting this value from all absorbance 
data in the wavelength range of interest before 
analysis. 

pH dependence of PCP-induced membrane conduc- 
tivity 

Steady-state electrical conductivity of planar 
egg phosphatidylcholine/cholesterol/decane and 
phosphatidylglycerol/cholesterol/decane mem- 
branes was measured by a conventional method 
[19]. Two levels of cholesterol, 20 and about 80 
mole percent, were used. The conductance data 
were obtained by extrapolating the voltage depen- 
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dent membrane conductance to applied voltage 
equal to zero. Aqueous solution contained 0.1 M 
potassium chloride and phosphate-citrate-borate 
(0.2 M/0.2 M/0.05 M) buffer. 

Results and Discussion 

The ultraviolet absorption spectra of pentachlorophe- 
nol in solvents and membranes 

The long wavelength ultraviolet absorption 
bands of the neutral (HA) and the negatively 
charged PCP molecules (A-)  (structures shown in 
Fig. 2) in various solvents are depicted in Figs. 3a 
and 3b. These bands correspond to pi-pi* transi- 
tions, and the changes of the position of the 
absorption bands indicate the magnitude of the 
solvatochromic effects. As it follows from the re- 
sults, the solvatochromic shifts for the ionized 
form of PCP are about one order of magnitude 
greater than those for the neutral form. Thus only 
the solvatochromic shifts of the ionized form pro- 
vide information on the local environment. It is 
also important to note that the shapes of absorp- 
tion bands of PCP adsorbed to membranes and 
those for the bulk solvents remained the same, 
with the exception of proprionitrile and propylene 
carbonate. The different shapes of the absorption 
bands in the latter two solvents are assumed to be 
due to different intermolecular interaction and 
these two solvents will be excluded from further 
analysis. 

Two types of solvents have been chosen to 
gauge the solvatochromic effect of PCP adsorbed 
to membranes: (1) aprotic solvents, to estimate the 
effect of polarization interactions, and (2) hydro- 
gen-bonding solvents, to estimate the effect of 
hydrogen bonding. In hydrogen-bonding solvents, 
in addition to nonspecific dipolar interactions, 
changes of electron distribution are to be expected 

OH O- 
C I ~ C I  C, [~C,  

CI CI 
(HA) (A') 

Fig. 2. Molecular structure of pentachlorophenol; HA denotes 
the neutral molecule and A -  the negatively charged ion. 
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Fig. 3. (a) Long wavelength ultraviolet absorption band of the 
neutral molecule of pentachlorophenol in several typical 
solvents and adsorbed to membranes. 1, PCP in heptane; 2, 
PCP in hexadecane; 3, PCP adsorbed to PC vesicles at pH 
2.10; 4, PCP adsorbed to PG vesicles at pH 2.10; 5, PCP in 
ethanol; 6, PCP in methanol; 7, PCP in 80.2% dioxane-water; 

8, PCP in 20.8% dioxane-water. 
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Fig. 3. (b) Long wavelength ultraviolet absorption band of the 
negatively charged pentachlorphenol molecule in several typi- 
cal solvents and adsorbed to membranes. 1, TMAPCP in 
acetonitrile; 2, PCP adsorbed to PC vesicles at pH 7.92; 3, PCP 
adsorbed to PG vesicles at pH 8.38; 4, TMAPCP in ethanol; 5, 
TMAPCP in 80.2% dioxane-water; 6, TMAPCP in 20.8% di- 

oxane-water. 

in both the neutral and the ionized PCP mole- 
cules. The neutral PCP molecule acts as proton 
donor, and the negatively charged pentachloro- 
phenolate as proton acceptor. 

A complete set of the results of studies of 
solvatochromic shifts, the positions of the long- 
wavelength ultraviolet absorption bands of the 
neutral and the ionized forms of PCP in all solvents 
and membranes, is summarized in Tables Ia and 
lb. 

As we have noted earlier, if the excited state of 
the solute molecule is stabilized to a greater degree 
by the medium, a red shift will be observed with 
increasing polarity of the medium. This type of 
solvent effect has been observed for non-hydro- 
gen-bonding media. Results for the 320-340 nm 
absorption band of ionized PCP are in Table lb. 

In contrast, in hvdrogea-bonding solvents the 

effect of polarity is opposite. A blue shift and 
higher transition energies have been obtained for 
the transfer of pentachlorophenolate to more polar 
hydrogen-bonding media (Table Ib). Since the blue 
shift of PCP adsorbed to negatively charged mem- 
branes may be due to an electrochrom_ic effect 
associated with the negatively charged polar head 
groups of PG, we have attempted to reduce the 
surface charge density of PG membranes by the 
adsorption of calcium. These studies were not 
successful because the suspensions of liposomes 
became opaque at elevated calcium concentrations 
(<  10 raM). 

We have analyzed the transition energy of a 
pentachlorophenolate ion in solvents in terms of 
the four models mentioned earlier. Three were 
dielectric cavity models and one was based on 
linear solvation energy relationships. The cavity 
models included (1) Onsager, (2) Block-Walker, 
and (3) soft dipole. The models predict a linear 
relationship between the transition energy and the 
respective dielectric function: (1) fo(c), (2) fBw (c), 
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Fig. 4. Solvatochromic effect of long wavelength ultraviolet 
absorption spectra of PCP bound to membranes and in model 
solvents. The plot is of the pi-pi* transition energy versus the 
Block-Walker dielectric function. The lower sets of data give 
the transition energy of ionized PCP in non-hydrogen-bonding 
(negative slope) and hydrogen-bonding (positive slope) solvents. 
The horizontal lines give the transition energy observed for 
pentachlorophenolate adsorbed to neutral phosphatidylcholine 
membranes and negatively charged pbosphatidylglycerol mem- 
branes. Note that they intersect the plot for hydrogen-bonding 
solvents. The upper set of data is that of neutral PCP in 
selected solvents. 1, TMAPCP in acetonitrile; 2, TMAPCP in 
1,2-dichloroethane; 3, TMAPCP in methylacetate; 4, TMAPCP 
in ethylacetate; 5, TMAPCP in chloroform; 6, TMAPCP in dry 
phosphatidylcholine film; 7, TMAPCP in 1-octanol; 8, PCP in 
80.2% dioxane-water; 9, TMAPCP in ethanol; 10, PCP in 
60.4% dioxane-water; 11, TMAPCP in methanol; 12, PCP in 
40.6% dioxane-water; 13, PCP in 20.8% dioxane-water; 14, 

PCP in 0.2 M TMACI, B-2, pH 8.0. 



and fs(O, given by Eqns. 4, 6, and 13, respec- 
tively. From the data, Etr versus the respective 
dielectric function, linear least-square fit parame- 
ters were obtained for each model and each group 
of solvents. Experimental Err for tetramethylam- 
monium pentachlorophenolate in dry lipid film, 
representing the low polarity end point, was used 
in both data groups. Due to limitations in obtain- 
ing empirical parameters, the linear solvation en- 
ergy relationship (Eqn. 14) was used only for 
non-hydrogen-bonding solvents (e~ = / ~ =  0). The 
performance of all models was about the same, 
and, since the Block-Walker model appeared to fit 
the data for hydrogen-bonding solvents better, we 
present a summary, given in Fig. 4, for the two 
groups of solvents in terms of the Block-Walker 
function fBw(~). 

As it follows from Eqns. 5 and 12, the negative 
slope for the non-hydrogen-bonding solvents indi- 
cate (a) that the dipolar interactions dominate in 
non-hydrogen-bonding solvents, (b) that the di- 
pole moment of the excited state of ionized penta- 

TABLE Ia 

ULTRAVIOLET ABSORPTION MAXIMA OF NEUTRAL 
PCP IN VARIOUS MEDIA 

Medium Dielectric Wavelength Et~ 
constant (nm) (eV) 

Acetonitrile 37.5 (20) 302.5 4.099 
Heptane 1.92 (20) 302.0 4.106 
Hexadecane 302.5 4.099 
Phosphatidylcholine 

dry film 3 305.2 4.062 
Phosphatidylcholine 

vesicles unknown 304.8 4.068 
Phosphatidylcholine/ 

cholesterol (70/30) 
vesicles unknown 304.8 4.068 

Phosphatidylglycerol 
vesicles unknown 304.5 4.072 

Phosphatidylglycerol/ 
cholesterol (70/30) 
vesicles unknown 304.8 4.068 

Water 78.39 (25) 301.5 4.112 
Methanol 32.70 (25) 303.8 4.081 
Ethanol 24.55 (25) 304.2 4.076 
1-Octanol 10.34 (20 304.5 4.072 
80.2% Dioxane/water 10.88 (20) 304.0 4.078 
60.4% Dioxane/water 26.26 (20) 303.8 4.081 
40.6~ Dioxane/water 43.65 (20) 303.5 4.085 
20.85~ Dioxane/water 61.65 (20) 302.8 4.095 
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TABLE Ib 

ULTRAVIOLET ABSORPTION MAXIMA OF IONIZED 
PCP IN VARIOUS MEDIA 

Medium Dielectric Wavelength Etr 
constant (nm) (ev) 

Acetonitrile 37.5 (20) 343.8 3.606 
Propriortitrile 27.2 (20) 330.5 ~ 3.751 
1,2-Dichloroethane 10.36 (25) 341.2 3.634 
Chloroform 4.81 (20) 335.0 3.701 
Ethylacetate 6.02 (25) 341.5 3.631 
Methylacetate 6.68 (25) 341.2 3.636 
Propylenecarbonate 65.1 (25) 334.0 a 3.712 
Phosphatidylcholine 

dry film 3 331.5 3.740 
Phosphatidylcholine 

vesicles unknown 328.8 3.771 
Phosphatidylcholine/ 

cholesterol (70/30) 
vesicles unknown 328.0 3.780 

Phosphatidylglycerol 
vesicles unknown 325.5 3.809 

Phosphatidylglycerol 
cholesterol (70/30) 
vesicles unknown 324.5 3.821 

Water 78.39 (25) 319.5 3.881 
Methanol 32.70 (25) 323.8 3.829 
Ethanol 24.55 (25) 326.5 3.797 
1-Octanol 10.34 (20) 326.5 3.797 
80.2~ Dioxane/water 10.88 (20) 327.2 3.789 
60.4% Dioxane/water 26.26 (20) 326.0 3.803 
40.6% Dioxane/water 43.65 (20) 324.5 3.821 
20.8% Dioxane/water 61.65 (20) 322.2 3.848 

Anomalous peak shape. 

chlorophenol is greater compared to that of the 
ground state, and (c) that the direction of the 
dipole moment in the excited state of pentachloro- 
phenolate coincides with the direction of the reac- 
tion field, information useful for studies of media 
effects on electron density distribution in penta- 
chlorphenol. 

The positive slope of the least-square fit line 
(Fig. 4) indicates that in the case of hydrogen- 
bonding solvents it is the ground state of penta- 
chlorophenolate which is stabilized. The stabiliza- 
tion is due to the formation of the hydrogen bond: 
the negatively charged pentachlorophenolate at- 
tracts a proton and the resulting electron redistri- 
bution in the ionized molecule, (A-), approaches 
that of the neutral PCP molecule (HA). The 
stronger the hydrogen bond, the greater the sta- 
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bilization of the ground state and the greater the 
transition energy and the blue shift. 

In Fig. 4 we compare the results obtained on 
pure PC and PG membranes with those for the 
calibrating solvents, for both the ionized and neu- 
tral forms of pentachlorophenol. The upper set of 
data represents the transition energy of the neutral 
molecule in hydrogen-bonding solvents. As it fol- 
lows from the results, only a weak solvent effect 
has been detected, presumably because of the 
formation of the internal hydrogen bond with 
chlorine atoms [48]. For the pentachlorphenolate, 
there is a distinct energy gap between the upper 
and the lower sets of data that represents the 
effect of hydrogen bond formation. The horizontal 
lines in Fig. 4 give the transition energy of penta- 
chlorophenolate on the phosphatidylcholine (lower 
line) and the phosphatidylglycerol (upper line) 
membranes. It follows that (1) the energy of tran- 
sition of pentachlorophenolate adsorbed to both 
types of membranes is above the range of energies 
found for all non-hydrogen-bonding solvents. 
These results indicate without a doubt the pres- 
ence of hydrogen-bonding interactions between 
the membrane-bound pentachlorophenol and the 
aqueous phase; (2) the hydrogen bonding interac- 
tion is stronger for pentachlorophenolate bound 
to the negatively charged (PG) membranes-when 
compared to neutral (PC) membranes; and (3) 
presence of cholesterol in both PC and PG mem- 
branes enhanced the hydrogen bonding effect (blue 
shift, Table Ib). 

The 'effective' dielectric constant of the adsorp- 
tion site of ionized PCP in membranes was esti- 
mated from the intercept of the least-squares fit 
line and the horizontal line corresponding to the 
transition energy of pentachlorophenolate ad- 
sorbed to phosphatidylcholine and phosphati- 
dylglycerol membranes. These estimates were ob- 
tained for the prototype Onsager, Block-Walker, 
and the soft dipole models; in the latter one, the 
scaling factors X (Eqn. 10) of 1/4 and 1/3 were 
used. The range of dielectric constants obtained 
was 8.1-8.7 for the phosphatidylcholine and 
16.8-20.1 for the phosphatidylglycerol mem- 
branes. 

The above values of the dielectric constants can 
be compared with those of Kimura and Ikegami 
[49], who determined the local dielectric constant 

of synthetic dipalmitoyl- and distearoylphosphati- 
dylcholine and bovine phosphatidylserine from 
shifts of the fluorescence spectra of dansylated 
phosphatidylethanolamine incorporated in the host 
membrane and calibrating solvents similar to ours. 
Their results were interpreted in terms of the 
Onsager dielectric function and they found that, 
above the phase transition of lipids, the dielectric 
constant of the interfacial region for both types of 
membrane was about 34, whereas, below the phase 
transition temperature, it decreased below 10, a 
value similar to ours found for the neutral phos- 
phatidylcholine membranes. The experiments with 
fluorescent probes indicate substantial molecular 
rearrangements at the membrane interface associ- 
ated with changes of the depth of insertion of 
dansylated PE. In the present work, the membrane 
active molecule itself provides information on its 
location in the membrane and it would be desira- 
ble to extend the present studies to find out how 
the properties of the PCP adsorption site change 
when membrane lipids undergo phase transition. 

Dissociation of pentachlorophenol bound to mem- 
branes, dielectric and membrane charge effects 

The process of dissociation of PCP 

HA+H20~ A- +H2 O+ 

is ionogenic, and for that reason sensitive to elec- 
trostatic effects. The work of the charging of an 
ion generated in the dissociation process increases 
with the decrease of the dielectric constant of the 
medium. Eqn. 1 provides a basis for the expecta- 
tion that the release of a proton from membrane- 
bound PCP molecules will be affected by the local 
dielectric constant. 

In this study, the pK a values of PCP were 
experimentally determined according to 

[A- 1 pK. = pH- log(~--~) (15) 

where the ratio of concentrations of the ionized 
and the neutral forms was obtained by a numeri- 
cal decomposition of the ultraviolet absorption 
spectrum of PCP adsorbed to liposomes into ab- 
sorbances of the A-  and HA components. 

A simple electrostatic theory of media effects 
[50.51] predicts an inverse relationship between 



the pK, and the dielectric constant of the medium 

pK~ (2) = pKa(1 ) + const.(1/c 2 - l / e l )  (16) 

In order to test the applicability of simple 
electrostatic concepts to PCP dissociation, we first 
measured the pK~ values of PCP in a dioxane- 
water solution whose dielectric constant was set 
by the dioxane content. The results are shown in 
Fig. 5 where we plot the experimental pKa values 
against the reciprocal of the dielectric constant of 
the solutions. The correction for the increased 
water activity coefficient at higher dioxane con- 
centrations [52] did not appreciably increase the 
pK~ values in highly concentrated dioxane solu- 
tions, where some deviations from Eqn. 16 can be 
seen.  

The results in Fig. 5 indicate that (a) dissocia- 
tion of PCP is dominated by nonspecific electro- 
static interactions, and the pK~ determined by the 
dielectric properties of the local environment, and 
(b) the magnitude of the dielectric effect is suffi- 
ciently large so that conclusions can be drawn 
about the properties of the PCP dissociation site 
in membranes from the pK a shifts. 

In Fig. 6 we present typical ultraviolet absorp- 
tion spectra of PCP adsorbed to sonicated phos- 
phatidylcholine and phosphatidylglycerol lipo- 
somes. The absorbance due to the neutral (HA) 
and the ionized (A-)  pentachlorphenol was ob- 
tained by numerical decomposition of the mea- 
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Fig. 5. Dissociation of PC in dioxaae-water solution demon- 
strating the reciprocal relationship between the pK. and the 

dielectric constant of the medium. 
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Fig. 6. Absorption spectra of PCP adsorbed to membranes at 
intermediate pH. (a) Phosphatidylcholine, 0.1 M KC1, 214/LM 
PCP. 1, vesicles at pH 2.10; 2, vesicles at pH 8.36; 3, vesicles at 
pH 5.70; 4, reconstructed spectrum of vesicles at pH 5.70. 
(b) Phosphatidylglycerol, 0.1 M KC1, 214 #M PCP. 1, vesicles 
at pH 2.06; 2, vesicles at pH 8.50; 3, vesicles at pH 6.88; 4, 

reconstructed spectrum of vesicles at pH 6.88. 

sured spectrum by means of the least-squares fit 
method. The total spectrum reconstructed from 
the components is also shown. The pK a values 
obtained from these studies are summarized in 
Table II. There are several prominent features of 
the results: (1) In all cases the pK a of membrane- 
bound PCP was found to be greater than the 
standard, aqueous PKa; (2) pK~ values of PCP 
bound to membranes prepared from the nega- 
tively charged phosphatidylglycerol were greater 
than those for the electrically neutral phosphati- 
dylcholine; and (3) the presence of cholesterol in a 
membrane facilitated PCP dissociation. 

For the purpose of further discussion, we de- 
fine three types of dissociation constants. For the 
dissociation process in bulk solvents, such as di- 
oxane-water solutions, the common definition ap- 
plies 

Ka(s ) = [A- I~[H30 + ]JIHA]~ (17) 

The apparent dissociation constant of mem- 
brane-bound PCP will relate the surface activities 
of A-  and HA with the activity of protons in the 
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TABLE II 

DISSOCIATION OF MEMBRANE-BOUND PENTACHLO- 
ROPHENOL, EFFECT OF MEMBRANE CHARGE 

Membrane Aqueous solution pK~(app) 
(M) 

Phosphatidylcholine 0.1 KCI 5.97 + 0.07 
Phosphatidylcholine + 

30 mole % cholesterol 0.1 KCI 5.75 +0.03 
Phosphatidylglycerol 0.1 TMAC1 6.78 +_+_ 0.01 
Phosphatidylglycerol 0.1 KCI 6.68+_0.04 
Phosphatidylglycerol + 

30 mole % cholesterol 0.1 KC1 6.32 + 0.07 

bulk aqueous phase of the liposome suspension. 

Ka(app ) = (A- )m[H30  + ]w/(HA)m (18) 

The round parentheses denote the surface related 
quantities and the square brackets the volume 
quantities. Thus the pK a values shown in Table II 
are the apparent pK~ values since bulk pH was 
used in their determinations. 

The intrinsic dissociation constant of a mem- 
brane-bound acid-base system takes into account 
the activity of hydrogen ions at the aqueous part 
of the interface, which may be different from that 
in the bulk. 

K~ (int) = (A-)re[H3 O+ ] J ( H A ) ~  (19) 

We further assume that the distribution of pro- 
tons between the membrane-water interface and 
the bulk aqueous phase is determined by a Boltz- 
mann factor according to 

[Ha O+ ]if = [H3 O+ ]w" exp( - qVif/kT) (20) 

where Vif is the electric potential at the interface. 
The intrinsic and apparent dissociation con- 

stant are related to each other, and their relation- 
ship includes the effect of a charged interface via 
the dependence of the interfacial activity of pro- 
tons on the local electric potential 

pKa(app) = pKa (int) - log(e), qVit/kT (21) 

Grahame's equation, which proved to be suc- 
cessful in the interpretation of the electrophoretic 
mobility data of liposomes and in studies of the 

adsorption of ions on membranes [53,54], is ex- 
pected to be applicable in the present studies as 
well. It provides the relationship between the 
membrane charge density o and the interfacial 
potential V~f 

O = (V i f / ,  V if ,){2kT¢%~/[Ci]w[ exp( -  qVif/kT ) - 1]) 

(22) 

The equation shows how the reduction of mem- 
brane surface charge density, either by the dilu- 
tion of charged lipids, phosphatidylglycerol, by 
the addition of cholesterol, or by the adsorption of 
oppositely charged ions, affects the interfacial 
potential Vif that controls the activity of hydrogen 
ions at the interface. 

Eqns. 21 and 22 predict an increase of the value 
of the apparent pK a at a surface with the increase 
of the density of the negative charge. This theoret- 
ical expectation was confirmed by the experimen- 
tal results. Apparent pK a values and the change 
with the zeta potentials was determined from dec- 
trophoretic mobility studies under comparable 
conditions (Tables II and III). The largest pK~ 
was observed for phosphatidylglycerol membranes 
in 0.1 M solution of tetramethylammonium chlo- 
ride followed by that for 0.1 M potassium chloride 
and cholesterol containing PG membranes. The 
pK~ values decrease as the zeta potential becomes 
less negative. A small but significant difference for 
the pK~ values of membrane-bound PCP was 

TABLE III 

ELECTROPHORETIC ZETA POTENTIAL AND INTRIN- 
SIC pK~ OF MEMBRANE-BOUND PENTACHLOROPHE- 
NOL 

Membrane Aqueous Zeta pKa(int ) 
solution potential 
(M) (mV) 

Phosphatidylglycerol 0.1 TMAC1 - 9 1  a 5.2 
Phosphatidylglycerol 0.1 KCI - 7 3  a 5.4 
Phosphatidyiglycerol 0.1 KCI -0 .8  b,c 5.9 
Phosphatidylglycerol 0.1 KC1 - 25 c 5.5 

a Eisenberg, M. et al. [44]. 
b McLaughlin. A. et al. [65]. 
¢ Smejtek, P. et al. [57]. 



found for tetramethylammonium chloride and 
potassium chloride solutions. Tetramethylam- 
monium ions are of special significance in mem- 
brane studies as their adsorption constant, even to 
negatively charged membranes, is practically zero 
whereas that for potassium is measurable [55]. In 
the presence of potassium, due to its adsorption, 
the membrane potential is less negative, which is 
manifested by a lower value of pK a. The primary 
effect of cholesterol is the dilution of the nega- 
tively charged lipids, also resulting in a decrease 
of interracial potential (Eqn. 22). 

The lowest pK~ values of membrane-bound 
PCP were found for membranes prepared from 
the electrically neutral fipids. It is interesting that 
cholesterol was also active in neutral membranes. 
It decreased the pK~ value, i.e., it enhanced the 
ionization of PCP. This small effect may be re- 
lated to a recent observation demonstrating that 
the presence of cholesterol in bilayers enhanced 
the transfer of protons [56]. 

As the next step, we use the observed values of 
pK~ values in combination with the available zeta 
potential data and estimate the intrinsic pK~ val- 
ues of PCP bound to the two types of membranes 
by means of Eqn. 21. It has been established [55] 
that the zeta potential of 0.1 M salt (1 : 1) corre- 
sponds to the value of the electric potential at the 
plane of the hydrodynamic shear located 0.2 nm 
in front of the 'membrane surface'. In the absence 
of any information about the dissociation site of 
PCP in membranes, we assume that the interfacial 
potential determining the hydrogen ion activity at 
the membrane surface (Eqn. 20) is equal to the 
zeta potential obtained from the studies of electro- 
phoretic mobility. It appears to be an acceptable 
assumption. The dissociation of membrane-bound 
PCP is a heterogeneous process whose energetics 
are determined by the final state corresponding to 
a solvated proton. The assumption Izf= V~ is 
equivalent to stating that a proton released from 
the membrane is in a final solvation state at a 
distance of 1-2 layers of water in front of the 
membrane. 

The intrinsic pK a values obtained from Eqn. 
21 are also given in Table III. The following 
considerations for zeta potentials were applied. 
Since, in phosphatidylglycerol membranes, each 
lipid molecule contributes one negative charge to 
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the membrane surface, membrane charge density 
in the presence of PCP was assumed to be very 
similar to that for pure membranes and the pub- 
fished values of the zeta potential were used. For 
membranes prepared from phosphatidylcholine, 
we used a zeta potential of zero as an upper limit 
corresponding to the absence of PCP, and - 2 5  
mV as the lower limit. The latter corresponds to 
the saturation of the adsorption isotherm for PC 
membranes [57]. The ranges of intrinsic pK a val- 
ues of membrane-bound PCP obtained in this way 
are as follows: PKa(int ) = 5.2-5.4 for phosphati- 
dylglycerol and pKa(int ) ---5.5-6,0 for the phos- 
phatidylcholine membranes. The pKa(int) values 
for the phosphatidylglycerol membranes turned 
out to be closer to the standard, aqueous pK~- an 
observation suggesting that the dissociation plane 
of PCP in phosphatidylglycerol membranes is 
closer to the aqueous phase compared to that in 
phosphatidylchofine membranes. This conclusion 
is consistent with the observed blue shift of the 
ultraviolet absorption band of PCP adsorbed to 
the phosphatidylglycerol membranes discussed in 
the previous section. 

The pK~ values of PCP obtained in dioxane- 
water solutions cannot be directly used for the 
determination of the dielectric constant of the 
PCP dissociation site in membranes. The funda- 
mental difference between the dissociation 
processes of molecules dissolved in dioxane-water 
solutions and molecules adsorbed on membranes 
is the existence of the membrane-water boundary. 
In the case of the dioxane-water solution, the final 
state of the solvated proton is in the dioxane-water 
system, whereas in the case of liposomes, the final 
state of a proton released from the membrane is 
the aqueous phase. 

It follows (consider Eqns. 17 and 19) that for 
the identical degrees of dissociation in the di- 
oxane-water solution and membranes, i.e., [ A - ] J  
[HA]~ = (A-)m/(HA)m, the ratio of bulk and in- 
trinsic dissociation constants is 

Ka(s)/K~(int ) = e x p ( -  AG/RT) (23) 

where AG is the work of the transfer of a proton 
from a standard state in water into a standard 
state in a dioxane-water solution of dielectric con- 
stant c. The primed quantity represents, then, a 
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dissociation constant in a medium with a dielec- 
tric constant c as if the membrane/water interface 
were present [58]. In this way, we can obtain the 
primed intrinsic pK,, given by 

pK~ (int) = p K  a (s) - log(e) .AG/R T (24) 

The term pK~(int) will be further used to calibrate 
the experimental intrinsic pK a values obtained for 
membranes (Table III), 

Fernandez and Fromherz [58] have also shown 
that pK, shifts of identical magnitude for iono- 
genic and non-ionogenic dissociation processes can 
be obtained and accounted for by approximating 
the work of charging by that of transfer of hydro- 
chloric acid between water and the dioxane-water 
solution. We have adopted this procedure, and the 
results are shown in Fig. 7. 

The upper curve of Fig. 7 gives the raw experi- 
mental results, the dependence of the pKa of PCP 
in a dioxane-water solution versus the dielectric 
constant of the medium. The lower curve gives the 
pK~(int) obtained from Eqn. 24. It represents the 
intrinsic dissociation process in a dielectric 
medium as if the dielectric medium-water inter- 
face were present. For the computation of pK~(int) 
we used the data for the free energy of the transfer 
of hydrochloric acid from water into a dioxane- 
water solution of Schwabe and Schwenke, com- 
piled in a review by Bates [51]. 

The intrinsic pK, values for membrane-bound 
PCP given in Table III can be compared with the 
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Fig. 7. Dependence of p K  a of pentachlorophenol on dielectric 
constant of the dioxane-water solution. The upper set of data 
gives the uncorrected, observed values. The lower set corre- 
sponds to pKa'(int ) computed according to Eqn. 24. It includes 
the correction for the transfer of protons across the interface 

between water and a medium of a given dielectric constant. 

predicted pK a values derived from the dioxane- 
water data and shown as the lower curve in Fig. 7. 
From this comparison, it follows that the dielec- 
tric constant of the dissociation site of PCP in the 
phosphatidylcholine membranes is within the 
range of 10-22 and in phosphatidylglycerol mem- 
branes in the range of 27-37. The curve pK~(int) 
versus c is rather shallow, and more accurate 
values for the membranes are needed for a more 
precise determination of the dielectric constant of 
the dissociation site. Our results can be compared 
with the value of 32 obtained for fluorescent lipid 
pH indicators incorporated into micelles of sodium 
dodecylsulfate (SDS) and polyoxyethylene isooc- 
tyl phenyl ether (Triton X-100) [58]. 

In summary, we have shown in this section that 
a simple electrostatic model of the membrane/ 
water interface satisfactorily explains the dissocia- 
tion properties of PCP bound to phosphati- 
dylcholine (electrically neutral) and phosphati- 
dylglycerol (negatively charged) membranes. We 
have established two electrostatic effects which 
determine the dissociation of membrane-bound 
pentachlorophenol. The increased stability of the 
neutral form of PCP is due to (1) the lower 
dielectric constant of the PCP dissociation site in 
the membrane and (2) the effect of a negative 
membrane surface charge. One can associate pK, 
shifts with these two processes, ApK,(c) for the 
dielectric effect and A p K , ( V i f ) = - l o g ( e ) . q -  
V J k T  for the enhancement of hydrogen ion den- 
sity at the negatively charged membrane-water 
interface. These two quantities can be used to 
obtain the apparent pK, 

PKa(app ) = pKa(aqueous ) + ApKa(~ ) - log(e)- qVz/kT 

(25) 

a quantity of interest in biological and toxicity 
studies. 

The effect of lipid composition of the membrane on 
the pH dependence of PCP-induced conductivity 

The effect of the hydrogen ion concentration in 
the aqueous solution on the electrical conductivity 
of lipid bilayer membranes is shown in Fig. 8. 

The conductivity of membranes prepared from 
negatively charged phosphatidylglycerol was lower 
than for those prepared from the neutral phos- 
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Fig. 8. Effect of pH on pentachlorophenol-induced electrical 
conductivity in lipid bilayer membranes. Open and closed 
symbols correspond to low and high cholesterol content in 
membrane forming solution. Circles, phosphatidylcholine (PC) 
containing membranes; triangles, phosphatidylglycerol (PG) 
containing membranes. The largest pH shift of conductivity 
maximum from the standard pK a of PCP (pHrnax l) was 
observed from PG/Chol (80:20) membrane; pHm~,2 corre- 
sponds PC/Chol (80:20) membrane, and smallest shift 
(pH max 3) to PC and PG membranes with the highest cholesterol 

content, about 80 mole percent. 

phatidylcholine. Moreover, and what is more per- 
tinent to the present work, is that (1) the conduc- 
tivity maxima of all membranes studied occurred 
at a pH greater than the standard pK a value of 
PCP (4.7-4.8) [19,59], and (2) the sequence of the 
pH values of the membrane conductivity maxima 
corresponded to that found for pK, values of 
membrane-bound-PCP (Table II), viz., the pH val- 
ues of the conductivity maxima of membranes 
having low cholesterol content were always higher 
than those having a high content of cholesterol. In 
fact, the conductivity maxima pHmaxl and 
P H m ~  2 (Fig.  8) for low cholesterol phosphati- 
dylglycerol and phosphatidylcholine membranes 
were at 5.75 and 5.5, and the corresponding pKa a 
values (Table II) were 6.32 and 5.75. The conduc- 
tivity maxima of both types of membranes with a 
high level of cholesterol (about 80 mole %) were 
found at pH 5.25. In the latter case, the membrane 
environment of adsorbed PCP is dominated by 
cholesterol so that similar pH values of the con- 
ductivity maxima were to be expected, and the 
experimental results confirmed such an expecta- 
tion. 

The pH values of the membrane conductivity 
maxima in Fig. 8 cannot be directly compared 
with the pK, values given in Table II because of 
the different ionic strengths used in these two 
types of studies. The conductivity of PCP-treated 
membranes had to be measured in highly buffered 
solutions in order to minimize the diffusion 
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polarization artifacts. The consequence is that at 
high ionic strength the membrane charge is effec- 
tively screened (Eqn. 22), which results in a lower 
interracial potential and a smaller shift of the 
apparent pK, from the standard, aqueous value. 
The screening of a negatively charged surface de- 
creases the excess of hydrogen ions at the interface 
and, subsequently, pK,. For this reason, the pH 
value of the membrane conductivity maxima were 
lower than the data given in Table II. 

The interfacial potentials of membranes in con- 
ductivity studies (Fig. 8) can be estimated accord- 
ing to Eqn. 25, using the dissociation data. It 
follows that 

k T  
V~f (2) = V~, (1) + - ~ .  ln(10)-[pK~ (app,2) -pK~ (app,1)l 

q 

(26) 

Using - 7 3  mV as a reference for the pure phos- 
phatidylglycerol membranes and an apparent pK a 
= 6.68 (Table II), the position of pHr~, 1 (Fig. 8) 
for the low-cholesterol membrane, corresponds to 
- 1 9  mV and that for the high-cholesterol PG 
membrane to - 5  inV. The magnitude of the pH 
shifts and the above estimates of interracial poten- 
tial indicate that (a) the sensitivity of the pH shifts 
of conductivity related to membrane surface 
potential are sufficiently high to be observed in 
conventional membrane conductivity studies, and 
(b) PCP molecules adsorbed in membranes are 
effectively screened, as expected. 

The combination of the results of membrane 
conductivity and PCP dissociation studies demon- 
strates that the transmembrane proton transfer 
characteristics are determined not by the distribu- 
tion of the neutral and the ionized PCP in the 
aqueous phase, but by the dissociation characteris- 
tics of PCP adsorbed to membranes. This observa- 
tion is of some significance for the interpretation 
of PCP-induced membrane conductivity and pro- 
tonophoretic activity in membranes. 

Pentachlorophenol-induced conductivity in 
lipid bilayers is very likely due to the presence of 
the molecular complex AHA-,  formed by the 
recombination of the HA and A -  species of PCP 
[19,22,60]. Results of earlier conductivity studies 
[19-21] are consistent with the kinetic scheme 
illustrated in Fig. 9. This molecular scheme de- 
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Fig. 9, Kinetic scheme of pentachlorophenol-induced electrical 
conductivity of lipid membranes. HA denotes the neutral, A -  
the ionized PCP molecule, and AHA-  the membrane permea- 
ble complex. One kinetic cycle transfers one proton across the 

membrane. 

picts the mechanism of PCP-induced conductivity 
in lipid bilayers: the interfacial hydrogen ion 
transfer process, the formation of and the diffu- 
sion of the membrane permeable complex across 
the membrane, and the return flow of the neutral 
molecules effecting the translation of protons in 
the direction of lower free energy. It also shows 
how the mechanisms of electrical conductivity and 
transmembrane proton transfer are linked. It then 
follows that the conductance is proportional to the 
product of the surface densities (A-)  and (HA), 
resulting in the pH-dependence of conductivity 
given by 

G c~ Y where y = 10  (pH-pKA) 

(1 + y)Z 

The conductivity has a maximum at y = 1, i.e., 
pHm~ , = pK a. 

Pentachlorophenol has been regarded as an ir- 
regular uncoupler because the pH of the conduc- 
tivity maximum did not occur at the standard 
value of pK,, as was the case for other Class 2 
uncouplers 2 uncouplers [22], and the origin of the 
pH shift was not understood. In this study we 
have demonstrated that the pH values correspond- 
ing to the membrane conductivity maxima are 
determined by the dissociation of membrane- 
bound PCP and not by some kinetic effects re- 
lated to the coupling of charge movement across 
the membrane and the accompanying chemical 
reactions. 

Summary and Conclusions 

The physical properties of the PCP adsorption/ 
ionization site in membranes are one factor in 
determining the molecular basis of PCP's toxic 
activity - the loss of the membrane's function as a 
hydrogen ion permeability barrier. Studies of three 
related effects have been correlated: (1) solva- 
tochromic shifts of the ultraviolet absorption spec- 
tra of PCP adsorbed to membranes; (2) mem- 
brane-lipid-dependent changes of PCP dissocia- 
tion properties, and (3) membrane-lipid-depen- 
dent pH shifts of PCP-induced membrane conduc- 
tivity. 

Polar non-hydrogen-bonding and hydrogen- 
bonding solvents were used to define the dielectric 
and hydrogen-bonding properties of ionized PCP 
adsorbed to membranes. A gap in the long wave- 
length pi-pi + transition energy of ionized PCP 
between the non-hydrogen-bonding and hydro- 
gen-bonding media was observed. It was found 
that the adsorption sites in both phosphatidylcho- 
line and phosphatidylglycerol membranes belong 
to the group of hydrogen-bonding media. In ad- 
dition, the absorption band of pentachloropheno- 
late in phosphatidylglycerol membranes was blue 
shifted compared to that for phosphatidylcholine, 
indicating stronger interaction with the aqueous 
phase. 

The transition energies of pentachlorophenolate 
were analyzed in terms of the Onsager, Block- 
Walker, and soft dipole dielectric models, and the 
linear solvation energy relationship. The range of 
the dielectric constants of the adsorption site of 
PCP was estimated to be 8.1-8.7 for phosphati- 
dylcholine and 16.8-20.1 for the negatively 
charged phosphatidylglycerol membranes. 

The results of dissociation studies of PCP ad- 
sorbed to membranes indicated that (1) the mem- 
brane environment significantly contributes to the 
stabilization of neutral PCP, (2) the apparent pK, 
of PCP adsorbed to negatively charged phos- 
phatidylglycerol membranes was greater than that 
for phosphatidylcholine membranes, and (3) the 
presence of cholesterol in the membranes facili- 
tates the dissociation of PCP. 

It was shown that two components, (1) the 
dielectric, and (2) one related to membrane zeta 
potential, contribute to the shift of the apparent 
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pKa of PCP from the standard aqueous value. 
The dependence of the p K  a of PCP on the 

dielectric constant of the medium was demon- 
strated by using a water-dioxane solution of de- 
fined dielectric constant. These results, after cor- 
recting for the work of the transfer of protons 
across the membrane/water interface, were used 
to estimate the dielectric constant of PCP's dis- 
sociation site. A range of dielectric constants was 
obtained from the PCP dissociation studies: 10-22 
for phosphatidylcholine membranes, and 27-37 
for phosphatidylglycerol membranes. 

It follows that the mid-range values of the 
dielectric constants estimated from the dissocia- 
tion studies are about 80% higher than those ob- 
tained from the solvatochromic shifts. It is, how- 
ever, important to realize that information about 
the local properties of the PCP adsorption/ioniza- 
tion site in membranes was obtained from two 
very different processes: changes of the electronic 
transition energy in the case of solvatochromic 
effects, and, in the case of the dissociation study, 
from the changes of the energetics of proton re- 
lease. 

A reviewer of this paper made an interesting 
proposal to rationalize the difference between the 
values of the dielectric constant obtained from the 
solvatochromic effects and the pK a determina- 
tion; that is, c (solvatochromic) < c (proton re- 
lease). The proposal assumes the existence of a 
sharp dielectric constant gradient at the PCP ad- 
sorption plane. The solvatochromic effects are as- 
sociated with the transition of pi electrons and 
therefore reflect the average dielectric constants of 
the ring region, whereas the pKa values are de- 
termined primarily by the polar region in the 
vicinity of phenol oxygen 

Studies of PCP-induced membrane conductiv- 
ity revealed that the lipid composition of the 
membrane determined the pH dependence of 
PCP-induced membrane conductivity and that the 
pH shifts of membrane conductivity maxima cor- 
related with the shifts of apparent pK a values 
determined in the dissociation studies of PCP 
adsorbed to membranes. The results of conductiv- 
ity studies provide support for the applicability of 
the kinetic scheme of membrane conductivity and 
net transmembrane transfer of protons proposed 
for Class 2 uncouplers. 

The results of all three studies concerned with 
the effect of cholesterol in PCP-treated mem- 
branes: 

(1) a blue shift of the ultraviolet absorption 
spectrum of pentachlorophenolate bound to both 
PC and PG membranes, 

(2) an increase of the ionization constant of 
PCP, and 

(3) occurrence of the membrane conductivity 
maximum at a lower pH value in membranes 
prepared from electrically neutral lipids, 

indicated that cholesterol enhanced hydrogen 
bonding interaction between membrane-bound 
PCP and its local environment. One possible ex- 
planation is that PCP is located in membranes in 
the vicinity of cholesterol molecules and that 
cholesterol, in turn, introduces a 'defect' in the 
membrane's surface which facilitates the penetra- 
tion of water manifested by the above-mentioned 
three effects. 

The reason why PCP acts in membranes as an 
'irregular' uncoupler is due to a rather low value 
of the dielectric constant at the PCP adsorption/ 
ionization site. Results of both studies reported 
here point toward this conclusion. 

It is the existence of the dielectric pK a shift 
that causes the notable 'irregular' behavior of PCP 
in membranes. Auxiliary data are consistent with 
the above interpretation: PCP is known to be a 
highly lipophilic compound with a partition coef- 
ficient between octanol and water of neutral PCP 
on the order of 1.0.105 [61]. It is probable that 
PCP, in contrast to 'regular' Class 2 uncoulers, 
such as DTFB, TTFB [62,63], and 2,4-di- 
nitrophenol [64], is adsorbed in a deeper, less 
polar, region of the lipid bilayer which causes 
larger dielectric pK a shifts. 

The combination of the results of our three 
studies illustrate the dual nature of interaction 
between PCP and a lipid membrane: 

(1) PCP modifies the physical characteristics of 
lipid membranes by inducing electrical conductiv- 
ity and proton permeability - the common origin 
of PCP's uncoupling activity. 

(2) The low polarity membrane environment at 
the PCP adsorption/ionization site and the mem- 
brane surface charge alter the physicochemical 
characteristics of PCP with respect to standard 
values referenced to the aqueous medium. 



126 

The membrane-induced alteration of the 
physicochemical properties of membrane-active 
compounds, such as the pesticide PCP, should be 
included in the interpretation of membrane-re- 
lated toxic effects. 
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