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Purpose. Lipid bilayers regulate the passage of solutes into and between cellular compartments. A
general prerequisite for this passage is the partitioning of the solute into the bilayer. We investigated the
relationship between bilayer partitioning and permeation of three drug-like acids in liposomal systems
consisting of phosphatidylcholine alone or mixed with cholesterol or charged lipids.

Materials and Methods. Bilayer partitioning was determined by equilibrium dialysis. Bilayer permeation
was studied with a luminescence assay which is based on the energy transfer of the permeant to
intraliposomal terbium(III).

Results. The influence of the lipid composition on the pH-dependent membrane affinity was in
accordance with the membrane rigidity and possible electrostatic interactions between the acids and the
lipids. However, there was no direct relationship between membrane affinity and permeation. This
seeming discrepancy was closer analyzed with numerical simulations of the permeation process based on
the single rate constants for partitioning and translocation. The simulations were in line with our
experimental findings.

Conclusions. Depending on the single rate constants and on the geometry of the system, lipid bilayer

permeation may positively, negatively or not correlate with the bilayer affinity of the permeant.
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INTRODUCTION

Lipid bilayers constitute the physical barriers which
restrict the free passage of solutes into and between the
intracellular and extracellular compartments of the animal
and human body. Lipophilic compounds can overcome these
barriers by passive permeation according to their physico-
chemical properties. This is of high relevance in drug therapy
as most therapeutic agents need to cross in vivo barriers to
reach their targets. Lipid bilayer permeation of drug-like
lipophilic molecules is a complex process that involves (1)
association of the solute to the outer lipid leaflet of the mem-
brane, (2) translocation (flip-flop or diffusion) of the solute to
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the inner lipid leaflet and (3) dissociation of the solute from
the inner lipid leaflet (1-3). Based on this model, permeation
is determined by two equilibria: the partitioning between the
aqueous compartments and the lipid leaflets with the par-
tition coefficient as the equilibrium constant and the trans-
location (or diffusion) between the two lipid leaflets.

According to this model the membrane partitioning of a
drug-like compound has an influence on permeation but the
two processes must not necessarily correlate as the translo-
cation from one leaflet to the other may be rate limiting. This
is discussed e.g. by Mayer et al. (4) with regard to peptide
permeation.

Several studies have shown that the lipid composition
has a major impact on the membrane permeation of drugs
(5-7). This could result from the influence of the lipid
composition on the membrane affinity of the solutes (6,8),
from its influence on the translocation or from a combination
of both. A detailed analysis and comparison of the influence
of the lipid composition on the pH-dependent membrane
affinity and permeation of a compound should extend our
understanding of the permeation process.

The pH-partition hypothesis is generally applied to
estimate membrane permeation at a particular pH, assuming
that only the neutral form of an acid or a base can permeate
lipid bilayers (9-13). Contradicting the pH-partition hypoth-
esis, we demonstrated recently with a liposomal permeation
assay that the anionic species of small aromatic carboxylic
acids (ACAs) permeated egg phosphatidylcholine (PhC)
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bilayers only 12-155 times slower than the net neutral species
did and controlled permeation at neutral pH 7 (14).

Here, we used the same permeation assay, which
monitors the changes in luminescence of intraliposomal
Tb** upon ligation with permeated ACAs, in combination
with membrane affinity measurements by equilibrium
dialysis, to investigate the influence of cholesterol (Chol)
and the charged lipids phosphatidylinositol (PhI) and
stearylamine (StAm) on the membrane affinity and the
membrane permeation of the ACAs (Table I) salicylic acid
(SA), anthranilic acid (AA) and 2-hydroxynicotinic acid (2-
OH-NA). As these acids all have the possibility to form
intramolecular hydrogen bonds, we investigated PhC bilayer
permeation of 3,5-dichlorobenzoic acid (DCBA), in addition.
The latter lacks the possibility of strong intramolecular
hydrogen bonding.

PhC, which is the most abundant phospholipid in
mammalian cell membranes, was used as reference lipid. Chol
is present in mammalian cell membranes in various amounts
up to about 50%. It is known to influence membrane fluidity
(15-17) and to affect the membrane affinity and permeation
of solutes (17). The influence of the negatively charged PhI
and of the positively charged StAm was analysed to elucidate
to which extent electrostatic interactions affect the perme-
ation process and the membrane affinity.

With this study, it could be demonstrated that both
membrane affinity and membrane permeation are influenced
by the membrane composition. The membrane affinity of the
three test compounds is similarly affected by the investigated
lipids. However, the influence of the lipid composition on the
membrane permeation is not consistent among the tested
solutes. The membrane composition can have opposite effects
on compound partitioning and permeation. There was no
direct relationship between the effects of the lipid composition
on membrane affinity and membrane permeation.

In order to analyze these findings in more detail, we
simulated the permeation kinetics based on the model
depicted above. The solute concentration in the liposomal
lumen was described as a function of time by a differential
equation system with the rate constants for partitioning and
translocation. We implemented a simulation algorithm to
solve the system numerically and thus, to simulate and
predict the process of permeation. With this model we were
able to mimic our experimental findings and to delineate the
controversial relationship between membrane affinity and
membrane permeation.

MATERIALS AND METHODS
Chemicals

2-Hydroxynicotinic acid (2-OH-NA, #55966), anthranilic
acid (AA, #10680), 3,5-dichlorobenzoic acid (DCBA, #35321)
and salicylic acid (SA, #84210) were purchased from Fluka
(Buchs, Switzerland). TbCl; hexahydrate (#21290-3) was
supplied by Aldrich (Buchs, Switzerland). *C-salicylic acid
(#NEC263) was purchased from PerkinElmer (Boston, MA),
!4C-anthranilic acid (#30455-7) from Sigma (Buchs,
Switzerland) and '*C-2-hydroxynicotinic acid (#1140) from
American Radiolabeled Chemicals (St. Louis, MO). Egg

Thomae et al.

phosphatidylcholine (PhC) grade 1 and phosphatidylinositol
(PhI) were supplied by Lipid Products (Nutfield, UK),
cholesterol (Chol, #C-8667) was from Sigma (Buchs,
Switzerland) and steraylamine (StAm, #74750) from Fluka
(Buchs, Switzerland). All other chemicals used were of
analytical grade.

Potentiometric Determination of pK, and 1ogPoctanol

The pK, and 10gPoctanor Values of the studied ACAs
were determined potentiometrically at 25°C with the PCA
101 instrument from Sirius Analytical Instruments (Forest
Row, UK) as described elsewhere (14).

Preparation of the Liposomes

Liposomes were prepared by extrusion (18,19). For
permeation studies Tb**-containing liposomes were pre-
pared with 0.2 mmol TbCl; hexahydrate and 100 mg of the
respective lipids (PhC, PhC/Chol, PhC/Phl, PhC/StAm) as
described in Thomae et al. (14). Liposomes containing Chol
and StAm were extruded through membranes with 800 and
400 nm pores prior to the extrusion through 200 nm pores
(Nucleopore polycarbonate membranes, Corning, Acton,
MA). External Tb** was separated from the liposomes on a
Sephadex G-25 PD-10 desalting column (Amersham
Biosciences, Freiburg, Germany) with 0.2 M NaCl. The
liposome fraction contained about 20 to 30 mg lipids per ml.
The local concentration of Tb>* in the liposomal lumen was
between 5 and 7 mM (19). Tb**-containing liposomes were
used within a few hours after preparation. Liposomes for
partition studies were prepared without Tb** as described
above, omitting the separation step at the end. The Tb**-free
liposomes were stored at 4°C and used within 3 days.

Characterization of the Liposomes

The average size and the size distribution of all liposome
preparations were analyzed by dynamic light scattering with
a Zetasizer 3000 HSA (Malvern Instruments, Malvern, UK).
The Tb**-containing liposomes showed an average mean
hydrodynamic diameter between 140 and 180 nm and Tb*-
free liposomes between 120 and 200 nm, depending on the
lipid composition. The polydispersity indices of both types of
liposomes were <(0.2 corresponding to a size variance of
maximal 45% assuming a monomodal distribution. Tb**-free
StAm-containing liposomes showed higher polydispersity
indices (< 0.4, corresponding to a size variance of 63%). All
liposome preparations were further characterized by their
zeta potential { at pH 6.8 using the Zetasizer 3000 HSA. The
zeta potential was 5+4 mV for PhC and PhC/Chol liposomes
and —5+4 mV and —23+4 mV for PhC/PhI 94/6 (mol/mol)
and PhC/PhI 70/30, respectively. For Tb**-containing PhC/
StAm 85/15 liposomes { was 20 £4 mV, while it was 404 mV
for Tb**-free PhC/StAm 85/15 liposomes. Except for PhC/
StAm liposomes, { of Tb**-containing liposomes were similar
to the values of the corresponding Tb*'-free liposomes,
indicating that the binding or adsorption of Tb>* to the
membrane surface was negligible. The lipid composition of
all liposome preparations were checked by thin layer
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chromatography (20). No significant deviations from the lipid
composition of the starting lipid mixture were detected. At the
end of the partitioning experiments the lipids were quantified
by HPLC according to the method of Singh et al. (21).

Permeation Assay

The entry kinetics of the ACAs into the Tb>*-containing
aqueous liposomal lumen were determined by luminescence
measurements on a Synergy HT plate reader (Bio-Tek
Instruments, Winooski, VT) as described recently (14).
Permeant concentrations were between 5 and 50 uM and
lipid concentrations between 1 and 2 mg/ml. The pH was
adjusted with the universal buffer solution (SUBS, 22). The
permeation kinetics were concentration-independent in
the studied ACA concentration range (data not shown).
The assays were run for 30-60 min. The pH was stable within
0.1 pH units during all kinetic measurements.

Permeation experiments at pH 2.5 (HCI/NaCl buffer)
and 6.5 (MOPS buffer) with SA and liposomes with a
buffered lumen, i.e. prepared in presence of buffer, revealed
similar permeation coefficients (data not shown) as found for
SA with the liposomes prepared in absence of buffer in this
work. As discussed earlier, no pH-gradient is expected under
our experimental conditions (14).

pH-dependent Partitioning in the Liposome System

The affinities of '*C-SA, '*C-AA and '*C-2-OH-NA to
liposomal membranes were determined by a standardized
equilibrium dialysis system (22). The pH was adjusted with
SUBS as indicated, the concentration of the acids was 10~ M.
The concentration of lipids was 3 mg/ml for SA and AA
(£ pH 6), 30 mg/ml for SA and AA (pH 7) and 50 mg/ml for
2-OH-NA.

Distribution coefficients D were calculated according to
Eq. 1 (14):

D = (cLg — cg) X Vig/(cB X Viipias) + 1 1)

where ¢ g is the molar solute concentration in the liposome-
containing chamber and cp in the buffer chamber. The
symbol Vg denotes the sample volume of the liposome
suspension, Vjipigs the volume of the lipophilic phase, i.e. the
lipid bilayers. This volume was calculated from the lipid
concentrations in the dialysis cells, which were determined by
HPLC (see above).

Data Analysis

Data were analyzed with the solver tool of Microsoft
Excel:mac and with SigmaPlot (Version 10, Systat Software
Inc.). The luminescence/time curves of the permeation
experiments (I(t)=f(t)) were fitted with a biexponential
function according to Thomae at al. (14) (Eq. 2),

I(t) = I(max), + I(max),, + 1(0)

— (I(max); x e ¥ + I(max),, x e ")

(@)
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where I(max) denotes the maximal luminescence of the
respective exponential, /(0) the luminescence at time O, i.e.
the intersection with the ordinate, and k the rate constant of
the respective exponential. Indices in Eq. 2 refer to the fast
(I) and the slow (II) phases. Apparent permeation coeffi-
cients Perm,p, were calculated from k; and the liposomal
radius r as follows (Eq. 3):

Permgy, = kj x r/3 (3)

where /3 is used as an approximation for the ratio between
the total inner aqueous volume of the liposomes and the total
membrane area. The radius r was estimated from the
hydrodynamic mean diameter of the liposomes (see above).
Permeation coefficients were expressed as their loga-
rithmic values logPerm,pp,. Intrinsic permeation coefficients
of the net neutral (logPerm™'), anionic (logPerm® ) and
di-protonated (log Perm*™. ) compounds were fitted from
the logPerm,p,,/pH profiles according to Eq. 4:

+ - AHT rmAH - AT
log Permp, = log <aAHZ x 10logPerm™™> L QAH  qqlogPermMt A qlog Perm >

4)
where a4: g4 and o”  are the molar fractions of the di-
protonated, net neutral and deprotonated acids (14, 23).
The pH-dependent distribution D of the acids between
the lipid bilayer and the aqueous phase was fitted as

described elsewhere (6) according to Eq. 5:

log D = log <0!AH2' x 1000872 G AH L qgloeP L pAT 10"’g”’r>
(5)

where PA, s the partition coefficient of the di-protonated, P
of the net neutral and P* of the deprotonated compound.

The pK, values used to calculate @ were determined by
potentiometric titration (see above). For the analysis of the
permeation and partitioning data revealed with liposomes
containing charged lipids, the experimental pH values were
corrected for the estimated difference (ApH) between the
bulk pH (pH(bulk)) and the pH of the stationary buffer layer
at the membrane (pH(at membrane)) according to Kramer
et al. (6), Eq. 6:

Fx¢

ApH = pH(bulk) — pH(at membrane) = — 550

(6)

where F is the Faraday constant and R the gas constant.

Description of the Permeation Process by a Differential
System of Equations and Numerical Solution Thereof

Permeation kinetics were simulated based on the rate
constants of the equilibria for partitioning and translocation
as described in Eq. 7, which is in agreement with the model
for membrane permeation by Lauger et al. (3).

k ks ks ky
A A Ay A :
ao k_, lo k_ 1i k_ ai k_

Arp,
@)
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A, denotes the solute A in the outer aqueous phase, Aj,
and Ay the solute in the outer and inner lipid leaflet,
respectively, and A,; stands for the solute in the liposomal
lumen. The luminal solute ligated to entrapped Tb>" in the
liposomes is indicated by Ar,. The partitioning into the
membrane is described by the rate constants k; and k_3, k_;
and ks are the dissociation rate constants. The ratios kq/k—_;
and k_s/k; equal the partition coefficient P. The translocation
rate constants are defined as k, and k_,. The rate constant k4
describes the 1:1 complex formation between free A and Tb**
and k_, the dissociation of the complex.

The following conditions were considered for the mem-
brane permeation model described in Eq. 7: (1) the complex
formation (k) is faster than the overall permeation process as
shown in Thomae et al. (14). Control experiments revealed
that under our experimental conditions the complex formation
had no influence on the overall permeation coefficients (data
not shown). Thus, both k, and k_4 were not included in the
simulations. Simulations including the equilibrium for the
complex formation revealed a range where k' and k—, were
indeed without effect on the permeation coefficients (data not
shown). (2) The bilayer is symmetrical and the inner and outer
leaflets have equal volumes and thus (Eq. 8),

ky =k (8)

(3) The solute concentrations in the aqueous and bilayer phases
had to be normalized to a reference volume and thus the rate
constants k in Eq. 7 were converted to the apparent rate
constants k’ for a normalized volume by the general Eq. 9:

Vn orm
Vx

k' =k x 9)
with Vo as the reference volume for normalization and V the
volume of the respective origin phase in the experimental setup.

With these considerations the rate laws for Eq. 7 can be
written as:

d[:;‘ta()] = *kll X [Aao] + k—ll x [Ak’] (10)
d[jl‘tb] = Ky x [Ago) = (K + k') x [Aw] + k5 x [Ag] - (11)
d[c?tli] =k x [Aro] = (k_y +k3') x [A] + k3" x [Aa] (12)
d[?tai] — _k73/ X [Aai] =+ k3/ X [Ali] (13)

We implemented a simulation algorithm to solve nu-
merically the differential equation system Egs. 10-13 with
different configurations of the rate constants. The numerical
solution of the differential equations revealed triexponential
equations of the form (Eq. 14),

[AlJt) =axe ¥ +bxe " +cxe ™ +d (14)
where A,(t) represents A in phase x at time ¢ and g, r, s are
composed of the single rate constants k;’ to k_3’.
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To compare the overall permeation rates, i.e. d[Ay]/dt,
we introduced tqy, the time when 90% of the plateau value
[A,](t—w) is reached. Note that an increase in fy reflects a
decrease in the permeation rate. The value of t9) was in good
agreement with the time point when 50% of the final
concentrations were reached. The simulation algorithm was
implemented in ANSI-C (24) and Java. Both source codes are
available under http://www.biopharmacy.ethz.ch/simulations/
PermSim/index.html.

Estimation of the Volumes of the Aqueous and Lipid Phases

Assuming that liposomes are spheres, the total volume
of one average liposome Vjjposome Was calculated according to
Eq. 15

Vliposome = %77: x d?
with d corresponding to the hydrodynamic diameter obtained
by dynamic laser light scattering (see above). The volume of
the inner aqueous phase V, and the volume of the lipid
bilayer Vijjayer Of One average liposome was calculated from
d and the bilayer thickness & (h ~ 4 nm (25)) according to
Eqgs. 16 and 17, respectively:

(15)

1
Vinner = 6” X (d - Zh)3 (16)
Vbilayer = Vliposome — Vinner (17)

With the amount of lipids [mg] used for the assay the
total lipid volume Vjjpigs Was approximated with a lipid
density p=1.0 gml™' (25). The number of liposomes
Niiposomes Tesulted from Eq. 18.

Viipids

(18)

N, liposomes —
Vbilayer

The total volume of inner aqueous V,; phase is related to
N]iposnmes by Eq 19:

Vi = Nliposome X Vinner (19)

The volume of the outer aqueous phase V,, is calculated
from the total sample volume (Vo) as shown in Eq. 20.

Vao - Vtotal - (Nliposome X Vliposome) (20)

The total volume of all outer (V),) or inner (Vj) lipid
leaflets, respectively, was estimated by Eq. 21:
Viipids

2

With the standard conditions of the permeation assay,
ie. d ~200 nm and cjpig ~2 mg/ml, Eqs. 15-21 reveal the
following volume ratios (Eq. 22).

Vao i Vio : Vi iV =986:01:01:12~1000:1:1:10
(22)

Vli ~ V]O = (21)

Relationship between True and Apparent Rate Constants

As the volumes of the aqueous and lipid phases are not
equal (Eq. 22) in the permeation assay, the true rate con-
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stants k have to be transformed into apparent rate constants
k’. Considering the partition coefficient P and applying the
volume ratios described above the ratios of k;’/k_;" and ks'/
k_3' can be calculated with Egs. 23-25.

ko ks
p=—L 22 23
k,l k3 ( )
k| Vio 1

=P x =P x— 24
k | Vo 1000 4)

k| Vi 1 K/
—Px i _py— 100 25
A e T/ %/ 25)

Normalization to Vi,om according to Eq. 9 revealed the
apparent rate constants (Egs. 26-29) for a symmetrical
bilayer with equal conditions in the outer and inner aqueous
phases.
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RESULTS
Physicochemical Characteristics of the Test Compounds

Three aromatic carboxylic acids SA, AA and 2-OH-NA
of similar molecular size but with considerable differences in
their acidity/basicity behavior and octanol/water partition
coefficients were chosen as test compounds for the compar-
ison of membrane affinity and permeation. A fourth com-
pound, DCBA, was tested in the permeation assay with PhC
liposomes to shed light on the influence of intramolecular
hydrogen bonding on the permeation/pH profile.

The structural similarity of the test compounds allowed to
focus on the influence of their ionization state, membrane affinity
and hydrogen bonding capacity on lipid bilayer permeation in
different liposome systems. Table I shows the pK,, values of the
compounds and the 10gPoctanol Values of their ionization species
as determined by potentiometric titration. SA and DCBA are
monoprotic acids. AA is an amphoteric molecule with two
ionizable groups; the net neutral species is predominating in the
pH range between the two pK, values. The titration of 2-OH-
NA between pH 2 and 10 revealed one ionizable group within
this pH range. The logPocanor Of the net neutral compounds
were 2.48 for SA, 1.20 for AA and —0.13 for 2-OH-NA.

k' = ki (26)
Affinity- and Permeation/pH Profiles of the Test
;K X Vi ’ Compounds in the Egg PhC Liposome System
k.= = ks 27)
P x Vlo -
The membrane affinities of SA, AA and 2-OH-NA,
Vio expressed as logD, were determined by equilibrium dialysis
ky =k 5 =k x Vo (28)  between pH 1.5 and 7.5. The logD values were pH-dependent,
o following Henderson—-Hasselbalch functions. The experimental
data are shown in Fig. 1a together with the fitted distribution
k= Vao x ki (29) profiles according to (14) and Eq. 5. The fitted logP values of
i Vi the different ionization species are shown in Table II.
Table I. Structures, pK, and 10gPoctanor Of the Studied ACAs
SA AA 2-OH-NA DCBA
COOH COOH ~CooH ¢ COOH
Structure @[ @ (I
NH
OH 2 N™ "OH ¢l
pKaAszAHa _ 215+011 <2 d _
pKaAJHf:I_ a 2.75+0.03 476 £0.01 497 +0.01 3.18 £0.02
[()g <Al ()c'[am)/h - n<d.d Il.d.d —
10gPY getanor” 2.48+0.01 1.20+0.02 -0.13+0.05 361 +0.08
l()gpi-()cm/ml b <-17°¢ <-1.7°¢ -1.05+£0.11 -04+03

“Mean value +standard deviation; n=3; T 25°C.
b Fitted value + estimated standard error; T 25°C.
“Value below detection limit.

4 Qutside electrode calibration range.
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Fig. 1. Affinity to PhC and PhC/Chol bilayers: a Membrane affinity of SA, AA and 2-OH-NA to PhC (O) and PhC/Chol 60/40 (®) liposomes.
logD/pH profiles were fitted based on the Henderson-Hasselbalch equation with the titrated pK, of the respective acid (dotted lines) and
considering the partitioning of all ionization species (PhC, broken line; PhC/Chol 60/40, solid line). b Fitted logP values (error bars, estimated
standard errors) of the different ionization species (logP'*’ @ ;logP* O) for SA and AA in PhC and all tested PhC/Chol liposomes. Data are

from two or three independent experiments.

Comparing the net neutral species (AH), SA had the
highest PhC membrane affinity, log P4/l was 2.59, followed
by AA with 2.08. The membrane affinity (logD) of 2-OH-NA
was in general < 1, leading to scattering of the data, hence
logP values were not fitted in any of the systems. This
sequence is the same as observed for the logP values of the
net neutral species in the octanol/water partition system (see
Table I). The membrane affinities of the anionic species (A ™)
of SA and AA were about 55 and 90 times lower than
those of the corresponding neutral species (log Pp, 0.85
and 0.13, respectively). The affinity of the di-protonated
species AH,” of AA was similar to the affinity of the net
neutral species.

The permeation across PhC bilayers was measured in a
pH range between 2 and 7. Fig. 2a shows the experimental

logarithmic permeation coefficients (logPerm,p,) of SA, AA
and 2-OH-NA together with the fitted permeation profiles
according to (14) and Eq. 4. As described recently for SA and
2-OH-NA (14), the permeation profile of AA deviated
significantly from the pH-partition hypothesis. The perme-
ation of the anionic species controlled the permeation around
the physiological pH 7. This is indicated by the plateau of the
logPermy,,/pH profile in this pH range. The logPerm values
are shown in Table III. The cationic species of AA
permeated faster than the corresponding net neutral and
anionic species as calculated from the experimental data
according to Eq. 4. No direct relationship can be observed
between the membrane affinity and the membrane perme-
ation of the tested compounds in PhC liposomes. Neither did
the logPoctanol correlate with bilayer permeation.

Table II. Membrane Affinity Parameters

PhC PhC/Chol 60/40 PhC/PhI 70/30 PhC/StAm 85/15
SA logP*" 2.59+0.03 2.23+0.02 2.41+0.04 2.59+0.04
logP* 0.85+0.04 0.51+0.06 0.00+0.07 1.60+0.02
AA log PAH: 1.97+0.08 n.d? n.d.? n.d
logP*# 2.08+0.02 1.66+0.03 1.74+0.06 1.83+0.03
logP* 0.13+0.04 0.02+0.08 —0.40+0.32 1.06+0.04

Fitted values + estimated standard errors are shown. The membrane affinities of all ionization species of 2-OH-NA were too low to be fitted reliably.
“n.d., not determined.
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Fig. 2. Permeation across PhC and PhC/Chol bilayers: a Membrane permeation of SA, AA and 2-OH-NA across PhC (A) and PhC/Chol (60/
40) (A) bilayers. The logPerm/pH profiles were fitted as described in Fig. 1 considering the permeation of all ionization species. b Fitted
logPerm values for the different ionization species (logPerm™! a ; logPerm® ™ V) in PhC and all tested PhC/Chol liposomes. Data are from

three independent experiments.

Influence of the Intramolecular Hydrogen Bonding
Capability on Bilayer Permeation

The relatively high permeation rates of the anionic
species of SA, AA and 2-OH-NA could be due to their
capacity to form intramolecular hydrogen bonds and thus to
delocalize their charge. We therefore investigated the pH-
dependent permeation of DCBA, which is unable to form
such strong intramolecular hydrogen bonds, in PhC lipo-
somes. As shown in Fig. 3 and Table III, permeation of
DCBA at pH 7 was anion-controlled, even in the absence of
intramolecular hydrogen bonding possibilities.

Influence of Chol on the Membrane Affinity of SA, AA
and 2-OH-NA

To investigate the influence of Chol on the membrane
affinity of the three ACAs, equilibrium dialysis experiments
were performed with either PhC/Chol 90/10, PhC/Chol 75/25
or PhC/Chol 60/40 liposomes. The comparison of the
distribution profiles obtained with PhC/Chol 60/40 liposomes
and PhC liposomes is shown in Fig. 1a (see Supplementary
Material Fig. S1 for all distribution profiles). The fitted logP
values at all tested PhC/Chol ratios are shown in Fig. 1b. The
logP values of all ionization species at 40% (mol/mol) Chol

Table III. Membrane Permeation Parameters

PhC PhC/Chol 60/40 PhC/PhI 70/30 PhC/StAm 85/15

SA logPerm™! —6.94+0.04 —7.01+0.08 —7.01+0.12 —7.10+0.30

logPerm” —-8.62+0.05 —8.54+0.08 —7.05+0.04 —-8.26+0.09
AA log Perm™Hs —6.22+0.05 —6.99+0.17 —7.72+1.63 a

logPerm™ —8.73+0.17 —7.61+0.04 —7.03+0.08 >—7.4

logPerm” ™ —8.94+0.05 -8.65+0.05 -7.91+0.14 -8.63+0.14
2-OH-NA logPerm™" —6.78+0.06 —7.3240.04 —7.41+0.10 —7.33+0.11

logPerm” —-7.87+0.07 —8.35+0.07 —7.59+0.10 —-7.68+0.07
DCBA logPerm™ —7.17+0.06 n.d.? n.d.? n.d.’

logPerm™ —8.45+0.05 n.d.’ n.d.’ n.d.’

Fitted values (cm's~ ')+ estimated standard errors are shown.
“no luminescence signal
b n.d., not determined
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: the results obtained with PhC liposomes. The influence of Chol
. -6 on the logPerm,y,/pH profiles of the test compounds was not
- : consistent with its effect on the logD/pH profiles. The
© : permeation profiles with the highest tested Chol amount
g -7 41 . (40%) and the fitted logPerm values are shown in Fig. 2a and
~ & §\A Table III, respectively. The permeation profiles of all tested
% AN é\ PhC/Chol liposomes are shown in Fig. S2 of the Supplementary
EN -8 : A\ A A A Material. Fig. 2b shows the fitted logPerm values of the single
$ A — AA— —]  ionization species at all tested amounts of Chol.
Q .9 | A The permeation of the neutral and anionic SA was not
(@) affected by 25 or 40% Chol in the bilayer. However, a significant
Q increase of the permeation coefficient by a factor of 2 (0.3 in log
-10 . - , , . , units) was observed for both the neutral and charged species

2 3 4 5 6 7 with PhC/Chol 90/10 liposomes.

The net neutral species of AA permeated about 20 times
faster across Chol-containing bilayers (except at 25% Chol) than
Fig. 3. Permeation/pH profile of DCBA in PhC liposomes. Fit as  across PhC bilayers, and Perm™ was increased by a factor of 3.

described in Fig. 2. This major increase in logPerm™! led to a change in the shape

of the permeation profile. Interestingly, 25% Chol had no

are given in Table II. For SA and AA, Chol reduced the influence on the permeatipn profile of AA. T he log Perm!":

values were not well defined by the experimental data and

were hence not fitted. The permeation of the net neutral and
anionic 2-OH-NA was reduced by>25% Chol.

membrane affinity at membrane contents>25%. The mem-
brane affinities of the cationic species AH, of AA are not
well defined and therefore not shown.

Influence of Chol on the Membrane Permeation Influence of the Negatively Charged Phl on the Membrane
Affinity
To investigate the influence of Chol on the lipid bilayer
permeation, logPerm,,, were determined with liposomes con- To explore the influence of the negatively charged Phl
taining various amounts of Chol (see above) and compared to  on the membrane affinity, equilibrium dialysis experiments

SA AA 2-OH-NA

o

logD

3
2 - °
[
o
2 1
Q o]
0 o °© %
-1 - r - - . . . .
0 10 20 30 0 10 20 30
Phl (%, mol/mol) Phl (%, mol/mol)

Fig. 4. Affinity to PhC and PhC/PhI bilayers: (a) Membrane affinity of SA, AA and 2-OH-NA to PhC (O) and PhC/PhI 70/30 (@) liposomes.
logD/pH profiles were fitted as described in Fig. 1 (PhC, broken line; PhC/Phl 70/30, solid line). The pH values were corrected for the estimated
pH difference between the bulk buffer (measured pH) and the pH at the membrane surface. (b) Fitted logP values of the different ionization
species (logP” @ ;logP*  O) for SA and AA in PhC and PhC/PhlI 70/30 liposomes. Data are from two or three independent experiments.
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were performed with PhC/Phl 70/30 liposomes. Fig. 4 and
Table II show the distribution profiles and the fitted logP
values. PhlI led to a significant reduction of the membrane
affinities of the anionic species of SA and AA as compared to
the egg PhC liposomes.

Influence of Phl on the Permeation of the Test Compounds

The influence of Phl on the membrane permeation was
tested with PhC/PhI 94/6 and PhC/PhI 70/30 liposomes. The
permeation profiles and fitted logPerm values are shown in
Fig. 5 and Table III and in the Supplementary material Fig. S3.
As found for Chol, the effects of Phl on the permeation/pH
profiles were not consistent with its effects on the distribution/
pH profiles.

The logPerm™™ of SA did not change significantly in the
presence of Phl. While the permeation coefficient of the SA
anion was not affected by 6% Phl it was 38-fold increased
with 30% PhI. At this PhC/PhlI ratio no significant difference
occurred between logPerm™ ™ and logPerm™ | i.e. the neutral
and the anionic species permeated with similar rate
constants.

In the case of AA, 6% Phl led to an increase of Perm™’.
A further increase of Perm™!! in PhC/PhI 70/30 liposomes
affected the shape of the permeation profile in a similar
manner as described for 10 and >25% Chol. For 2-OH-NA, 6
and 30% of PhI led to a decrease of Perm™’’.

SA
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Influence of the Positively Charged StAm on the Membrane
Affinity

The influence of the positively charged lipid StAm on
the membrane affinity was investigated using PhC/StAm
85/15 liposomes. The distribution profiles and fitted logP
values are shown in Fig. 6 and Table II.

The partition coefficients of the SA and AA anions
were significantly increased in presence of 15% of the
positively charged StAm as compared to PhC bilayers. The
membrane affinity of the net neutral species was decreased
by a factor 2. The membrane affinity of the positively
charged species of AA was not well defined but was clearly
lower than in the PhC liposome system. Note that data were
best fitted allowing a deviation of the inflection points of the
distribution profiles of SA and AA (inflection point around
pH 6) from the titrated pK, by+0.8 and+1.4 pH units,
respectively.

Influence of StAm on the Membrane Permeation

Interestingly, the positively charged StAm had similar
effects on the permeation of the anions of the three test
compounds as the negatively charged Phl, although they had
opposing effects on the membrane affinity (Fig. 7 and Table III).
The permeation coefficients of the anionic SA and AA were
enhanced by a factor of 2 with 15% StAm in PhC/StAm

a
-6
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Fig. 5. Permeation across PhC and PhC/Phl bilayers: a Membrane permeation of SA, AA and 2-OH-NA across PhC (A) and PhC/PhlI (70/30)
(A) bilayers. The logPerm/pH profiles were fitted as described in Fig. 1 considering the permeation of all ionization species and the pH

difference between bulk buffer and membrane surface (see Fig. 4). b Fitted logPerm values for the different ionization species (logPerm™*' a ;
V) in PhC and all tested PhC/PhI liposomes. Data are from three independent experiments.
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Fig. 6. Affinity to PhC and PhC/StAm bilayers: a Membrane affinity of SA, AA and 2-OH-NA to PhC (O) and PhC/StAm 85/15 (@)
liposomes. logD/pH profiles were fitted as described in Fig. 1 (PhC, broken line; PhC/Chol 60/40, solid line) allowing a deviation of the
inflection points from the titrated pK, (pH values were corrected as described in Fig. 4). b Fitted logP values of the different ionization species

(logP*" @ ; logP* O) for SA and AA in PhC and PhC/StAm 85/15 liposomes. Data are from two or three independent experiments.

liposomes as compared to PhC liposomes. No significant effect
was seen on the permeation of the anionic 2-OH-NA. Below
pH 4 no AA luminescence was detectable in this system. The
Perm™ of AA was therefore fitted with the data>pH 4 (see
Fig. 7a); the estimated Perm”’ was>20 times higher than in
PhC liposomes (Table IIT).

Simulations of Lipid Bilayer Permeation

The permeation process across a lipid bilayer was
simulated according to Eq. 7 taking into account the
partitioning and translocation rate constants which were
adjusted to our experimental conditions. The model applies
for polar lipophilic permeants, which preferentially reside
outside the middle plane of the lipid bilayer. Most drug
compounds may therefore follow this model. It is easily
adaptable for apolar compounds such as amiodarone which
prefer the core region of the membrane (26) and may rather
translocate by diffusion than by a flip flop event. In this case,
diffusion is included in the partitioning rate constants and can
be omitted in the simulation.

The ratios of the apparent partitioning rate constants
(ky'/k—y" and k_3'/k5/, with k_1' =k3’ and k53’ =100 x k") are
given by the distribution of the compounds between the
aqueous and the bilayer phases and can be calculated from
the partition coefficients and the volume ratios of the
aqueous and lipid phases. To vary the partition coefficient

P in the simulations we changed either k_," at a constant k;’
or alternatively kept k_;" constant and varied k;'.

Figure 8a shows the simulation results with the settings
ki’=1 and k,’ between 0.001 and 100,000. The partition
coefficient P was set to values between 0.1 and 1000. The
remaining apparent rate constants were calculated from these
parameters as described under Material and Methods. The
value tgy gives the time point when 90% of the maximal
luminal permeant concentration [Ay] is reached. It is nega-
tively correlated with the overall permeation rate. With
ki’ =1, the simulation revealed the following results. (1) If
ko' <k_{/, i.e. if the flip flop rate constant is slower than the
experimental (apparent) desorption rate constant, the per-
meation rate increases with increasing k,’. At a constant k)’
(£k—{’), an increase in P, i.e. a decrease in k_{’, results in an
increase of the permeation rate. Under these conditions low
P values are unfavourable for the permeation rate. Interest-
ingly, above a certain threshold of P (under the chosen
conditions if P>100, i.e. k—;’ < 10), any further increase in P,
i.e. decrease in k_{’, is without influence on the permeation
rate. This is an important finding regarding the interpretation
of our experimental data. (2) If k' > k_{/, tgy is independent
of k,. Under these conditions and at a constant k;’, the
permeation rate is determined by k—," and k3, and thus, by P.
Surprisingly and in contrast to the findings with k)’ < k_y/,
high P values result in a lower permeation rate, while low
membrane affinity leads to faster permeation (all at a
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Fig. 7. Permeation across PhC and PhC/StAm bilayers: a Membrane permeation of SA, AA and 2-OH-NA across PhC (A) and PhC/StAm
(85/15) (A) bilayers. The logPerm/pH profiles were fitted as described in Fig. 6 considering the permeation of all ionization species. b Fitted
logPerm values for the different ionization species (logPerm™ A ;logPerm® V) in PhC and PhC/StAm 85/15 liposomes. Data are from three
independent experiments.
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Fig. 8. Simulations of the permeation kinetics. a, b The time when 90% of the final permeant concentration in the liposomal lumen is reached
was calculated by the numerical solution of the differential equations derived from the permeation model (c¢). Influence of P and the
translocation rate constant k' at a constant partition rate constant ki’ =1 (a) and at a constant dissoziation rate constant k_;'=1 (b).
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constant k;"). Under these conditions k3’ is rate-limiting. At
P<10 (and k,’ > k_{’), a further decrease in P has no
influence on the permeation rate.

The above simulations were performed with a constant
ki’ and variations in P were achieved by altering k_;’. Fig. 8b
shows the results with the settings k—;' =1, k,’ between 0.001
and 100,000 and P between 0.1 and 1,000. In this case
alterations in P were accomplished by varying k. For
(1) ko’ < k¢’ the simulations revealed a similar picture as in
Fig. 8a. The permeation rate is determined by k,’ and is
positively correlated with P. In parallel to the findings
described above with k;’=1, the influence of P on the
permeation rate is more pronounced if P<100. (2) In contrast
to the findings described for a constant k;" =1, the simulations
with the settings used in Fig. 8b revealed a direct relationship
between P and the permeation rate also in the case ky' > k_'.

To conclude, an increase in the membrane affinity may
lead to an increase or a decrease in the permeation rate
constant or may have no effect at all, depending on the ratios
between the single rate constants of the partitioning and
translocation processes as well as on the volume ratios of the
membrane and the aqueous phases.

It should be mentioned here, that in symmetrical
systems, i.e., equal volumes of the aqueous phases, k' is
higher than k_," if P>1. The simulations need to be
extended in this case, e.g., by our free online tool “PermSim”
(http://www.biopharmacy.ethz.ch/simulations/PermSim).

DISCUSSION

The aim of this study was to explore the influence of Chol
and two charged lipids on the pH-dependent membrane
affinity and membrane permeation of three test compounds
and to investigate the relationship between the two processes.

Two well-defined and well-characterized liposomal test
systems were used to study membrane affinity and perme-
ation. Affinity was determined by equilibrium dialysis with
radio-labeled compounds (22) and permeation was measured
with the Tb(IIl)-permeation assay (14,19). We applied a
linear first order differential system of equations to numer-
ically describe the process of bilayer permeation based on the
rate constants of partitioning and translocation. This provid-
ed revealing insight into the complex relationship between
membrane affinity and permeation.

All partition and permeation profiles followed the
Henderson-Hasselbalch function. The partition and perme-
ation coefficients of the net neutral species were generally
higher or equal to the partition or permeation coefficients,
respectively, of the ionized species, except for the permeation
of AA. The affinity and permeation of the anions were,
however, high enough to control partitioning and permeation
around the physiological pH 7 in all systems. As shown with
DCBA, permeation at pH 7 was even in the absence of any
intramolecular hydrogen bonding capacities anion-controlled.
We are currently investigating this phenomenon with a larger
series of structurally diverse aromatic carboxylic acids.

Lipid bilayer permeation of neutral and anionic SA has
been studied in an excellent work with planar lipid bilayers
more than thirty years ago by Gutknecht and Tosteson (9).
The conclusion of this early work was different from ours, as
the ratio between the calculated permeation coefficients of
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the neutral acid and the anion was magnitudes higher than the
ratio we describe here and in our recent work (14). Plotting
the early data of permeation (experimental flux / concentra-
tion) against the pH, the shapes of the permeation profiles of
Gutknecht and Tosteson and of our own work are notably
similar, with the exception that the inflection point of the
profile by Gutknecht and Tosteson is around pH 6 instead of
2.75,1.e. the pK, of SA. This could have different reasons, one
of them is a pH shift at the membrane surface caused by the
high amount of anions in the bilayer (see below) leading to a
lower pH at the membrane surface than in the bulk solution
(6). This surface-charge induced pH drop can explain part of
the observed shift of the inflection point in the redrawn
permeation/pH profile. Permeation induced pH shifts as
described by Antonenko et al. (27) can be ruled out as the
concentrations of SA were equal on both sides of the mem-
brane. The second possible reason for the shift in the
inflection point is the unstirred water layer which forms an
additional barrier for neutral and anionic SA permeation in
the planar lipid bilayer system (28). Gutknecht and Tosteson
got a perfect agreement between their data and a model
including diffusion coefficients for HA and A~ across the
unstirred water layer. This led to a correction of the
permeation coefficient of the neutral acid by a factor of
about 10°. However, this factor would be significantly lower if
the above mentioned pH shift at the membrane surface due
to the high salicylate concentration within the bilayer would
be taken into account.

It should in addition be kept in mind that the planar lipid
bilayers of Gutknecht and Tosteson contained decane. The
solvent could have a similar effect on the partitioning of
salicylic acid and salicylate as n-octanol; the ratio between
the two partition coefficients is higher in the n-octanol/buffer
system than in the egg PhC liposomes (14).

Finally, and this is the point that should be carefully
investigated, in the experiments by Gutknecht and Tosteson,
measurements>pH 5 were done at a total SA concentration
of 0.1 M. Considering the partition coefficient of the anionic
species in our liposomal system, i.e. 7, and a molar local lipid
concentration of about 1 M within the bilayer, this leads to
permeant/lipid ratios in the range of 1/1, which certainly
affect the partitioning and permeation of any solute. At this
high anion density within the membrane at pH>pK,, a
reduction of anion partitioning as compared to ideal con-
ditions, i.e., low permeant concentrations, can be expected
due to electrostatic repulsion at the membrane surface (30).
This reduction may result in a lower permeation coefficient
of the anion than under ideal conditions.

This applies likewise to the experiments of Saparov et al.
(29), which were performed to proof that we are measuring
artefacts with our liposomal assay. The 10 mM SA used by
Saparov et al. leads to a similar lipid/permeant ratio of about
1/1 at pH 3. This high ratio affects the membrane character-
istics in general, and any pH shift measured by Saparov et al.
at the membrane surface is not only due to the permeation of
acid but also to the high charge density at the membrane
surface (6,30).

Our own system is free of solvents such as decane and
contains >2,000 times lower permeant concentrations than
the system of Gutknecht and Tosteson and 20-2,000 times
lower concentrations than used by Saparov et al. Under our
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experimental conditions, the permeation coefficients are
concentration-independent (data not shown) and we neither
observe a significant pH shift at the membrane surface by
zetapotential measurements (14) nor by the addition of pH-
sensitive fluorescent lipid probes to the membrane (data not
shown). We can exclude an unstirred water layer of the
dimension of the planar lipid bilayer system. The average
maximal distance of a solute to a lipid bilayer is about 200 nm
while the unstirred water layer in the system of Gutknecht
and Tosteson was estimated to be 0.13 mm. We certainly
have a clear advantage over other systems as we do not need
to correct our experimental data for any changes in the
surface pH caused by the permeant and for an unstirred
water layer, respectively. This is reflected in the perfect
agreement of the inflection points of the affinity and
permeation/pH profiles with the pK, of the permeants (with
the exception of the StAm-containing systems).

In this work, the lipid composition of the liposomes had
a significant influence on the membrane affinity and perme-
ation of the tested compounds (Table IV). Interestingly, the
effects on the permeation rates were not in accordance with
the effects on the membrane affinity. The tested lipids were
PhC, Chol, Phl and StAm. PhC is the main phospholipid in
mammalian cell membranes and PhC liposomes were there-
fore used as the reference system.

Chol is found in biological membranes in variable
amounts and leads to major changes in the structure and
fluidity of the lipid bilayer (17, 31, 32) which in turn influence
the membrane affinity and permeation of solutes. Several
studies (16,32-34) revealed a significant decrease of the
membrane affinity of a variety of acidic, basic and neutral
drugs when Chol was present in phospholipid bilayers. This
was assigned to motion restrictions of the fatty acyl chain
regions close to the lipid head groups and to the higher
rigidity of the membrane induced by Chol in general, leading
to an impeded integration of the drug molecules into the lipid
bilayer. In this study, we found a significant decrease in
membrane affinity of the net neutral and anionic species of
SA and AA in presence of 25 and 40% Chol compared to
PhC liposomes. The membrane affinities of the neutral and
ionized species were affected in a similar manner, i.e. the
effect of Chol was independent of the ionization state of the
compound. This supports the hypothesis that the reduction of
the membrane affinity is rather due to the lower flexibility of
the lipid bilayer than to an influence in the head group
region. The latter would probably affect electrostatic inter-
actions and therefore have divergent effects on the affinity of
neutral and ionized species.

In general, the membrane affinity is dependent on the
ionization state of the solute and on the net charges of the
membrane lipids. Positively charged propranolol and desi-
pramine had a higher affinity to negatively charged than to
net neutral membranes due to electrostatic attraction forces
(6,7). In the presence of the negatively charged PhI, we found
a major decrease in the membrane affinity of the negatively
charged species of SA and AA, the affinity of the neutral
species was less affected. These effects could be assigned to
the electrostatic repulsion between the anionic species and
the negatively charged membrane.

In contrast, logP"*  of SA and AA were considerably
increased in the presence of 15% StAm while logP*"

PhC/StAm 85/15
32.5+11.5
171+45
Minor decrease
Increase
No effect (SA),
Increase (AA),
Decrease (2-OH-NA)
Increase (SA, AA,
2-OH-NA)

PhC/PhI 70/30
Minor decrease
Decrease
No effect (SA),

Increase (AA),

Decrease (2-OH-NA)
Increase (SA, AA,

2-OH-NA)

—23+4
205+53

Decrease (2-OH-NA)
No effect (SA),

Decrease (2-OH-NA)

PhC/Chol 60/40
Increase (AA),
Increase (AA),

175+6
Decrease
Decrease

No effect (SA),

PhC
(Reference system)
(Reference system)
(Reference system)
(Reference system)

Table IV. Influence of the Tested Lipids on Membrane Affinity and Permeation at a Glance
S5+
124+5

AH
AH
A-

as compared to PhC
as compared to PhC

Zeta potential at pH 6.5 [mV]*
Effect on lipid bilayer permeation

Size [nm]*
Effect on lipid bilayer affinity

*Mean *standard deviation
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remained unchanged or was slightly decreased. The increase
in logP* is probably due to the electrostatic attractions
between the positively charged membrane and the negatively
charged solute. As for Chol, the influence of the charged
lipids PhlI and StAm on the membrane affinity was consistent
for SA and AA. From these results and the cited partition
studies we conclude that the influence of particular lipids on
the membrane affinity of acids and bases is predictable in a
qualitative manner considering the rigidity of the bilayer and
the electrostatic interactions between the charged solutes and
the lipid headgroups.

Membrane permeation did not follow such clear rules. In
contrast to the findings in the partition experiments, changes
in the lipid composition had unpredictable effects on mem-
brane permeation. There was no clear correlation between
membrane affinity and permeation.

It was reported that solute permeation is reduced in
Chol-containing membranes. De Gier et al. (35) observed
decreased permeation coefficients of glycerol and erythritol
with 10 to 50% Chol in egg PhC bilayers. Frezard et al. (5)
described decreased permeability coefficients of anthracy-
clines with increasing amounts of Chol between 20 and 45%
in egg PhC/egg phosphatidic acid membranes at pH 6.

In our study the influence of Chol on the permeation of
the tested compounds was not consistent. The membrane
permeation of SA was not influenced by 25 and 40% Chol,
despite the significant decrease in membrane affinity at these
Chol contents. Except at 10% Chol, we observed a decrease
in the permeation coefficients of 2-OH-NA with all tested
Chol concentrations. This effect was independent of the
ionization state of the solute and thus probably due to a
general influence of Chol on the rigidity of the membrane.
The different behaviors of SA and 2-OH-NA are coherent
with the simulation results. Under the condition that the
apparent translocation rate constant is slower than the
apparent membrane dissociation rate constant (k,’ < k_’),
P values above a certain threshold, which depends on the
single apparent rate constants, have no influence on the
permeation rate while P values below this threshold are
positively correlated with the permeation rate.

The effects of the charged lipids on the membrane
affinity and permeation of the test compounds are further
emphasizing the intriguing relationship between membrane
affinity and permeation. As expected from the possible
electrostatic interactions, the negatively charged PhI reduced
the membrane affinity of the anions of SA and AA while the
positively charged StAm led to a significant increase.
Surprisingly, the permeation of the anions was increased in
presence of both Phl and StAm, respectively. Although the
permeation-enhancing effect of Phl would not be expected
from the membrane affinity measurements, the experimental
results can be simulated by varying the rate constants of
partitioning and translocation.

The net neutral AA shows a striking permeation behav-
ior. In PhC and in the presence of 25% Chol it permeated
about 300 times slower than the cation and at a similar rate as
its corresponding anion. This might be due to strong electro-
static attraction forces between the ampholytic AA and the
lipid headgroups lowering the chance for a flip-flop event. The
addition of other lipids (except 25% Chol) beside PhC led to
an increase of the permeation coefficient of the net neutral
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AA. This permeation enhancing effect of Chol, PhI or StAm
could be related to an interruption of the electrostatic
attractions between phospatidylcholine head groups and net
neutral AA (36).

Investigating the influence of Chol on the membrane
permeation, we found a discontinuous behavior at 10% with
all tested compounds. This is in line with the exceptional
membrane behavior at low Chol concentrations observed
before (37-39) and could be related to the peculiarities in the
phase diagrams of PhC/Chol mixtures as suggested by
Mouritsen et al. (17). These authors described increased
binding of ethanol to dimyristoylphosphatidylcholine bilayers
with 4% Chol while 35% Chol had the opposite effect.
Additionally they observed that low levels (5%) of Chol
increase the ?’Na flux across dipalmitoylphosphatidylcholine
bilayers, while the effect was inverse with 40% Chol. The
phase diagram of binary mixtures of PhC/Chol shows a
depression of the chain melting temperature and a narrow
coexistence region of solid-ordered and liquid-disordered
state up to 10% Chol. With higher amounts of Chol the so-
called liquid-ordered state is formed (40). Thus, the
exceptional behavior found for the permeation profiles of
SA and AA at 10% Chol is likely to be due to the structural
characteristics of the Chol-containing membrane. The
membrane is affected in a different manner by low Chol
concentrations than by high Chol concentrations.

The addition of StAm to the bilayer led to significant
deviations of the inflection points of the logD/pH profiles
(SA, AA) and of the logPerm,,,/pH profile (AA) from the
titrated pK, values. The dissociation constant of StAm in our
liposomal systems was estimated by zeta potential measure-
ment of the liposomes revealing an apparent pK, of ~9.7
(data not shown). This is in agreement with the findings of
Ptak et al. (41) who determined the pK,~9.5 in PhC
liposomes by *C NMR spectroscopy. Thus, it can be
excluded that the dissociation equilibrium of the amine
group interferes with the experimental data. The membrane
is positively charged within the investigated pH range. The
shift of the inflection point to higher values could be due to
the formation of micelles by StAm and the permeant in the
aqueous phase. Size distribution measurements, however, did
not reveal the presence of micelles.

Beside the influence of the single rate constants on the
permeation kinetics, the simulations also revealed the high
impact of the volume ratios on the final permeation
coefficients. The volume ratios even predefine the rate
limiting step(s). The permeation rates as well as the effects
of experimental conditions can therefore completely change
from one system to another. This should be kept in mind
when comparing results from different systems such as
liposomes and planar lipid bilayers. The ratio of lipid to
aqueous volumes is by magnitudes higher in the liposomal
system than in the planar lipid bilayer system. The apparent
rate constants are directly dependent on these volume ratios.
It may therefore happen that permeation of a particular
compound is determined by the partition rate constants in
one system but by the translocation rate constant(s) in the
other system, depending on the volume ratios of the aqueous
and membrane phases. Membrane affinity or 10gPoctanor may
thus correlate well with membrane permeation in one system
but not in the other. The single rate constants of the
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permeation process become however computable by chang-
ing the volume ratios in the permeation experiments.

In conclusion, membrane affinity and membrane perme-
ation are dependent on the membrane composition. The
influence of single lipids on the membrane affinity of the test
compounds followed straightforward rules considering bilayer
rigidity and electrostatic interactions. Bilayer permeation on
the other hand appeared more complex. There was no direct
relationship between the effects of the membrane composition
on membrane affinity and permeation. It was found that the
lipid composition can even have opposite effects on compound
partitioning and permeation. As could be shown by simula-
tions the permeation may positively, negatively or not
correlate at all with the membrane affinity, depending on the
interplay of the rate constants of partitioning and flip-flop and
of the volume ratios of aqueous and lipid phases.
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