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Abstract. The chemical selectivities of the transport bar-
riers in lipid bilayers varying in composition and phase
structure (gel-phase DPPC and DHPC bilayers and liq-
uid-crystalline DPPC/CHOL/50:50 mol% bilayers) have
been investigated by determining functional group con-
tributions to transport of a series ofa-substitutedp-toluic
acid analogs obtained in vesicle efflux experiments. Lin-
ear free energy relationships are established between the
free energies of transfer for this series of compounds
from water to the barrier domain and corresponding val-
ues for their transfer from water into six model bulk
solvents (hexadecane, hexadecene, decadiene, chlorobu-
tane, butyl ether, and octanol) determined in partitioning
experiments to compare the barrier microenvironment to
that in these model solvents. The barrier microenviron-
ment in all bilayers studied is substantially more hydro-
phobic than octanol, thus establishing the location of the
barrier beyond the hydrated headgroup interfacial region,
as the interface is expected to be more hydrophilic than
octanol. The chemical nature of the barrier domain mi-
croenvironment varies with bilayer phase structure. The
barrier regions in non-interdigitated DPPC and interdigi-
tated DHPC gel-phase bilayers exhibit some degree of
hydrogen-bond acceptor capacity as may occur if these
domains lie in the vicinity of the ester/ether linkages
between the headgroups and the acyl chains. Intercala-
tion of 50 mol% cholesterol into DPPC bilayers, which
induces a phase transition to a liquid-crystalline phase,
substantially increases the apparent barrier domain hy-
drophobicity relative to gel-phase bilayers to a nonhy-
drogen bonding, hydrocarbonlike environment resem-
bling hexadecene. This result, combined with similar
observations in liquid-crystalline egg-PC bilayers (J.
Pharm. Sci.(1994),83:1511–1518), supports the notion
that the transition from the gel-phase to liquid-crystalline

phase shifts the barrier domain further into the bilayer
interior (i.e., deeper within the ordered chain region).
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Introduction

Biological membranes are described on a molecular level
as fluid mosaics of proteins embedded within a lipid
bilayer matrix (Singer & Nicholson, 1972). One of the
major functions of biological membranes is to regulate
the permeation of various chemical species into and out
of cells. Although the transport of a large number of
molecules of biological interest involves carriers and
channel proteins, passive permeation across lipid bilay-
ers occurs invariably for any chemical species driven by
a gradient of the chemical potential and is the predomi-
nant mechanism by which most drug molecules reach
their intended site of action.

One of the central and as yet unresolved issues in
developing structure-activity relationships for various
biological processes and in designing effective drugs and
drug delivery systems is the determination of the loca-
tions and physicochemical nature of barrier domains in
biological membranes for the transport of various mo-
lecular agents. Even in the absence of membrane pro-
teins, uncertainty as to the location of the barrier domain
arises due to the heterogeneity oftrans-bilayer atomic
distributions, reflecting (i) a hydrated headgroup inter-
face, (ii) the ester/ether linkages between the headgroups
and acyl chains, (iii) an ordered acyl chain region, and
(iv) a region of relatively disordered acyl chains near the
bilayer center. This heterogeneity is known to underlie
the bell-shaped polarity profile (Griffith, Dehlinger &
Van, 1974; Subczynski et al., 1994) within a bilayer
interior as demonstrated in Fig. 1. In the absence ofCorrespondence to:B. Anderson
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chain ordering effects, the least polar region would im-
pose the highest energetic barrier to the transport of polar
permeants. However, chain ordering in bilayers imposes
an additional diffusional resistance and an entropic bar-
rier to partitioning, respectively (Bassolino-Klimas,
Alper & Stouch, 1993; Marqusee & Dill, 1986; Xiang &
Anderson, 1995a), such that the actual location of the
transport barrier domain is determined by the balance of
these factors.

The degree of success achieved using Hanschp pa-
rameters, obtained from octanol/water partition coeffi-
cients (Leo, Hansch & Elkins, 1971), in correlating trans-
port processes in biological membranes supports Over-
ton’s suggestion that solute permeability through
biological membranes correlates with the corresponding
bulk oil/water partition coefficient (Overton, 1899).
However, membranes with different lipid composition
may display substantially different chemical selectivity
to solute transport. For example, studies in the authors’
laboratories using functional group contributions have
shown that the barrier domain for transport across human
stratum corneum, the barrier properties of which are gen-
erally attributed to the multiple lamellae of lipid bilayer
membranes localized within its intercellular spaces,
closely resembles octanol in its selectivity to permeant

structure (Anderson, Higuchi & Raykar, 1988; Anderson
& Raykar, 1989). Similarly, correlations between octa-
nol/water partition coefficients and transport of solutes
across the blood-brain barrier are well established
(Levin, 1980; Rapoport, Ohno & Pettigrew, 1979). On
the other hand, recent studies in egg lecithin bilayers,
also conducted in the authors’ laboratories, have demon-
strated a chemical selectivity for this membrane more
closely resembling that expected if the barrier domain
were hydrocarbonlike, with negligible hydrogen bonding
capacity (Xiang & Anderson, 1994; Xiang, Chen &
Anderson, 1992).

To maintain certain biological functions, many natu-
ral membranes exist in a highly ordered state either
through changes in phase structure or through intercala-
tion of various ordering agents such as cholesterol and
sphingomyelin (van Blitterswijk, van der Meer & Hilk-
mann, 1987). For example, some natural plasma mem-
branes contain up to a 50% mole fraction of cholesterol.
Key lipid constituents isolated from the intercellular lipid
bilayers in the outer layer of the skin (viz., the stratum
corneum) (Lampe, Williams & Elias, 1983; White, Mire-
jovsky & King, 1988) and from brain myelin (Clowes,
Cherry & Chapman, 1971) exist mainly in a gel phase or
a gel-fluid phase coexistence region at physiological
temperatures. Although increases in bilayer chain order-
ing are known to systematically reduce solute perme-
abilities (Xiang & Anderson, 1995b; Xiang & Anderson,
1997), how these changes alter thechemicalselectivity
of lipid bilayers to solutes varying in polarity and in the
number and nature of hydrogen bonding substituents re-
mains unclear.

Some evidence also suggests that the carbonyl di-
poles present in most phospholipids have an important
influence on the polarity within the bilayer interior
(Flewelling & Hubbell, 1986). However, the effect of
the mode(s) of linkage of the hydrocarbon chains to the
glycerol moiety in phospholipids on barrier properties
has not yet been addressed. Although the linkage is
through an ester bond in most phospholipids of biologi-
cal interest, ether bonded lipids exist in mammalian
membranes and other biological membranes and the
functional potency of certain lipids is attributed to this
ether linkage (Snyder, 1985). Thus, a comparative study
of the effects of ester and ether linkages on the chemical
selectivity of the barrier domain in phospholipid bilayers
would shed light on changes of local polarity as a result
of these linkage alterations.

This study examines the permeability coefficients
for a series ofa-substitutedp-toluic acid analogues in
LUVs composed of dipalmitoylphosphatidylcholine
(DPPC), dihexadecylphosphatidylcholine (DHPC) and
DPPC/Cholesterol (CHOL) (50:50 mol%). The perme-
ability coefficients (Pm) obtained and the incremental
free energies of transfer from water to the barrier domain

Fig. 1. The polarity (or hydrophobicity) profile in a microsomal lipid
bilayer from calf liver as derived from spin-label ESR experiments. The
definition of the polarity index and the experimental procedure for its
acquisition were described by Griffith et al. (1974). These data serve
only to demonstrate the nonuniformity of the chemical microenviron-
ment within a particular lipid membrane. The actual polarity profiles in
other lipid bilayers such as those investigated in this work may be
significantly different. Furthermore, the effects of polar probes used on
local polarity are not known.

78 T.-X. Xiang et al.: Barrier Domain Microenvironment in Lipid Bilayers



for individual functional groups calculated from thesePm

values are compared with corresponding values from
partition coefficient measurements between water and
1-octanol, butyl ether, 1-chlorobutane, 1,9-decadiene, 1-
hexadecene, and n-hexadecane, respectively. Previous
transport studies to obtain functional group contributions
were performed in these laboratories using ‘‘black’’ lipid
membranes (BLM) containing egg lecithin (Xiang &
Anderson, 1994; Xiang et al., 1992). Because of the dif-
ficulty of forming stable ‘‘black’’ lipid films using satu-
rated phospholipids and uncertainty as to the true lipid
compositions in ‘‘black’’ lipid bilayers composed of
more than one lipid component, a vesicular efflux
method was developed using large unilamellar vesicles
in conjunction with size-exclusion chromatography and
ultrafiltration. This transport method overcomes the
shortcomings inherent in BLM experiments and allows
flux to be monitored over a longer time frame than other
methods. The series ofa-substitutedp-toluic acids were
chosen as their polar substituents are sufficiently isolated
to preclude the possibility of intramolecular hydrogen
bonding with other substituents in the same molecule.
The presence of an ionizable -COOH group allowed per-
meability coefficients varying over roughly 5–6 orders of
magnitude to be determined by selecting a suitable pH
‘‘window’’ for each permeant so that fluxes were in a
detectable range.

Materials and Methods

CHEMICALS

DPPC (>99%), DPPA (>99%), and egg-lecithin (>99%) were pur-
chased from Avanti Polar Lipids, (Pelham, AL). DHPC (99%), cho-

lesterol (99+%) and3H-cholesterol (1 mCi/mL) were purchased from
Sigma Chemical (St. Louis, MO). All lipids were stored in a freezer
upon arrival. Chlorobutane (99.5%) and butyl ether (99.3%) were ob-
tained from Aldrich Chemical (Milwaukee, WI).3H-D-glucose (1
mCi/mL, specific activity4 60 Ci/mmol) and3H-mannitol (1 mCi/
mL, specific activity4 15 Ci/mmol) were obtained from American
Radiolabeled Chemicals (St. Louis, MO). The structures of thea-
substitutedp-toluic acids used as permeants in the transport experi-
ments are shown in Fig. 2.p-Toluic acid (>98%, Sigma),a-hydroxy-
p-toluic acid (Sigma) anda-chloro-p-toluic acid (95%, Aldrich) were
used as received without further purification. The remaining com-
pounds in Fig. 2 were synthesized as reported previously (Xiang &
Anderson, 1994). Final purities of all compounds synthesized were
>95% by HPLC.

DETERMINATION OF PERMEABILITY COEFFICIENTS

Permeant efflux from LUVs was monitored to obtain lipid bilayer
permeability coefficients. The experimental procedure, as depicted by
a flow chart in Fig. 3, included the steps described below.

LUV Preparation and Characterization

Lipids were accurately weighted, dissolved in chloroform, evaporated
to a dry thin film on the bottom of a round-bottom flask, and left under

Fig. 2. Molecular structures ofa-substitutedp-toluic acids employed
in this study.

Fig. 3. Flow diagram of the experimental procedures employed for
determining permeability coefficients.
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vacuum for 2 hr at≈50°C. An aqueous solution containing (1–3) ×
10−3 M p-toluic acid analogue (cold compound) or 10m Ci/mL radio-
labeleda-D-glucose, 0.04M buffer (MES, phosphate or carbonate) at a
given pH and ionic strength (0.1, adjusted with sodium chloride) was
then added to a final total lipid concentration of 5–7.5 mg/mL. The
lipids were hydrated by repeated vortexing and shaking at∼50°C, well
above the main transition temperatures for DPPC (41°C) or DHPC
(44°C). The lipid suspensions formed were then forced through 0.2
mm polycarbonate filters (Nuclepore, Pleasanton, CA) 17 times at
∼50°C to form LUVs. A small amount of dipalmitoylphosphatidic acid
(DPPA, 4 mol %) was added to these lipid systems to prevent aggre-
gation and increase LUV stability (Cevc et al., 1988). This small
amount of DPPA has been shown to have a minimal effect on bilayer
phase structure (Marra-Feil, 1995).

Vesicle hydrodynamic diameters,d, were determined by dynamic
light scattering (DLS) measurements on every vesicle preparation.
The apparatus for DLS experiments consisted of a goniometer/auto
correlator (Model BI-2030AT, Brookhaven, Holtsville, NY) and an Ar+

ion laser (M95, Cooper Laser Sonics, Palo Alto, CA) operated at 514.5
nm wavelength. One drop of LUV suspension was placed in a clean
glass test tube (13 × 75 mm) and brought to a volume of 2 mL with the
same filtered buffer solution. The sample was placed in a temperature-
controlled cuvette holder with a toluene index-matching bath. Auto-
correlation functions were determined for a period of 100 sec with a
10–80msec duration at 90° and analyzed by the method of cumulants.

The captured liposomal volume was measured in a single batch (3
samples) according to a method developed by Hope et al. (1985). The
liposomes were prepared in the presence of 5mCi/ml mannitol. An
aliquot (60ml) was then loaded onto a Sephadex column and eluted by
centrifugation (vida supra). This was sufficient to remove all the un-
entrapped material. Aliquots of the eluted sample were then assayed
for phosphorus content and entrapped3H-mannitol.

To determine if the extrusion and gel filtration (described below)
steps significantly altered the lipid composition of DPPC/CHOL (50:50
mol ratio) vesicles, the initial lipid preparations (a single batch of three
samples) were spiked with radiolabeled cholesterol (2mCi) and the
contents of cholesterol and DPPC lipids in the samples before and after
the extrusion and gel filtration were analyzed for3H-cholesterol and
phosphorus (Bartlett, 1959).

GEL FILTRATION

Aliquots (0.5–0.6 ml) of the LUVs prepared above were loaded onto a
size-exclusion column packed with Sephadex G-50 (medium fraction-
ation range, Sigma) in a 10-ml disposable syringe and equilibrated at
25°C with the same buffer solution as that used to prepare the LUVs
but without permeant. The permeant loaded LUV samples was then
eluted by centrifugation (Model CL, IEC, Needham Hts., MA) at two-
speeds (2 min atg 4 300; 1 min atg 4 900). The pH of the eluent
was monitored to make sure that the eluent pH and that in the original
LUV sample were identical. Vesicles with entrapped permeant ap-
peared in the void volume of the size-exclusion column and were well
separated from the fraction of extravesicular permeant. HPLC analyses
of initial and equilibrium extravesicular permeant concentrations in the
LUVs indicated an initial ratio of the entrapped to extravesicular per-
meant concentration after size-exclusion chromatography on the order
of 105. The eluted LUVs were collected in a screw-capped 10-ml glass
vial and immediately placed in a 25°C water bath.

ULTRAFILTRATION

The concentration gradient created by gel filtration resulted in a net
flux of permeant across the LUVs and a continuous increase in the

permeant concentration outside the LUVs with time. To determine the
flux, aliquots (0.4 ml) of the LUVs after the gel filtration were taken at
various time intervals and loaded onto a Centricon-100 filter (MWCO
4 100,000; Amicon, Beverly, MA). The loaded sample was then cen-
trifuged atg 4 1,200 for 3–6 min. The effects of permeant binding to
the Centricon-100 filter on filtrate concentrations were examined with
selected permeants and at several different permeant concentrations.
No significant binding was detected after new filters were precondi-
tioned by rinsing with deionized water. Permeant concentrations in the
collected filtrate (ca. 100–200ml) were subsequently analyzed by
HPLC for a-substitutedp-toluic acids or by liquid scintillation count-
ing (Beckman LS1801, Beckman Instr., Fullerton, CA) for3H-glucose
after 100 ml of the filtrate was mixed with 3 ml of a scintillation
cocktail (Aquasol, Opti-Fluor, Packard Instrument, Meriden, CT).
Total permeant concentrations in the LUVs were determined by lysing
samples with a small amount of Triton X-100 (Sigma) prior to analysis.

HPLC ANALYSES

An HPLC system consisting of a syringe-loaded sample injector (Rheo-
dyne Model 7125, Rainin Instrument, Woburn, MA), a solvent delivery
system (110B, Beckman Instruments, San Ramon, CA) operated at a
flow rate of 0.6–1.0 ml/min, a dual-wavelength absorbance detector
(Model 441, Water Associates, Milford, MA) operated at 254 nm, an
integrator (Model 3392A, Hewlett-Packard, Avondale, PA), and a re-
versed-phase column packed with 5mm Spheri-5 RP-18 (Brownlee
OD-MP, 4.6 mm i.d. × 10 cm, Rainin) was used at ambient temperature
for the analyses of the samples taken during the transport and partition
experiments. Acetonitrile:water mobile phases varying from 10 to
30% organic solvent depending on the analyte lipophilicity and buff-
ered to a pH of 3.0 using 0.01M phosphate buffer were employed.

MODELING OF FLUX DATA

The entrapped permeant concentration varies with time according to
the following kinetic equation

−
dCi

t

dt
= kobs~Ci

t − Co
t! (1)

whereCi
t andCo

t are permeant concentrations inside and outside LUVs
at timet, respectively, andkobsis the first-order rate constant. Since the
total mass of permeant in the sample is a constant andCi is equal toCo

at equilibrium, one obtains

Co
t =

1

Vo
@~Vi + Vo!Co

` − Vi Ci
t# (2)

whereVi andVo are the total internal and external aqueous volumes,
respectively. Combining Eqs. 1 and 2 and considering the fact thatVi

<<Vo, Eq. 1 becomes

dCo
t

dt
= kobs~Co

` − Co
t ! (3)

Solving this differential equation with the known initial concentration,
Co

o, gives
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ln~Co
` − Co

o!/~Co
` − Co

t ! = kobst (4)

The apparent permeability coefficientPapp can be obtained from the
first-order rate constant,kobs, and the ratio between the entrapped vol-
ume and surface area of the LUVs, V/A, via the equation

Papp = kobsV/At (5)

The V/A ratio is obtained from the vesicle hydrodynamic diameter,d,
via the equation,V/A = d/6.

DETERMINATION OF PARTITION COEFFICIENTS

The octanol/water, decadiene/water, hexadecene/water, and hexadec-
ane/water partition coefficients for the series ofp-toluic acid analogues
were obtained previously (Xiang & Anderson, 1994). In this study,
chlorobutane/water and butyl ether/water partition coefficients for the
same series of compounds were determined using the same shake flask
method as used previously. In brief, a 1-ml aqueous solution with (0.2
− 1) × 10−4 M permeant and 0.1-M NaCl was placed in a 5-ml test tube
along with 1–2 ml of organic solvent. The sample was vortexed and
centrifuged, then allowed to stand in a water bath at 25°C for 5 hr.
Aliquots were carefully withdrawn from both phases for subsequent
analysis by HPLC as described above. The aqueous phase was main-
tained at a pH >2 units below the permeant pKa value(s) by titration
with 0.1 N HCl. The organic solvents were washed three times with an
equal volume of deionized water before the partition experiments.

Results and Discussion

VESICLE CHARACTERIZATION

The captured liposomal volume measured in DPPC
vesicles according to a method developed by Hope et al.
(1985) was found to be 3.3 ± 0.4 L/mol lipid. The av-
erage diameter of these vesicles as measured by dynamic
light scattering was 160 ± 10 nm. Assuming a bilayer
thickness of 4.46 nm and a surface area per lipid mol-
ecule of 0.48 nm2 (Braganza & Worcester, 1986), the
captured volume for a unilamellar dispersion of 160 nm
vesicles should be 3.4 L/mol lipid, in close agreement
with the experimental results. Using a similar method of
preparation, Marra-Feil (1995) also demonstrated by
freeze-fracture techniques that the vesicles formed are
primarily unilamellar.

To determine if the extrusion and gel filtration steps
significantly altered the lipid composition of DPPC/
CHOL (50:50 mol ratio) vesicles, the initial lipid prepa-
rations were spiked with radiolabeled cholesterol (2mCi)
and the contents of cholesterol and DPPC lipids in the
samples before and after the extrusion and gel filtration
were analyzed. The cholesterol composition after the ex-
trusion and gel filtration steps was 46 ± 5 mol%, equal to
the expected 50 mol% cholesterol within experimental
error.

BILAYER PERMEABILITY COEFFICIENTS

To validate the transport methods employed in this study,
the permeation rates for radiolabeleda-D-glucose across
egg-lecithin vesicles were measured and compared to
available literature values. Figure 4A shows two repre-
sentative release profilesvs. time for a-D-glucose across
egg-PC liposomes formed by extrusion through 0.1 or
0.2 micron polycarbonate filters. Rate constants,kobs,
were determined from the slopes of the lines representing
linear least-squares fits of the data, from which the ap-
parent permeability coefficients,Papp, were calculated
according to Eq. 5 using vesicle hydrodynamic diameters
obtained in DLS measurements to obtainV/A ratios. The
glucose permeability coefficients obtained were (2.7 ±
0.4) × 10−11 cm/sec and (3.3 ± 0.5) × 10−11 cm/sec for
egg-lecithin vesicles prepared by extrusion through 0.1
and 0.2mm polycarbonate filters, respectively. These
values are in close agreement with the results of Brunner
et al. (1980), (3 ± 2) × 10−11 cm/sec. Since a reduction
of filter pore-size from 0.2 micron to 0.1 micron is ex-
pected to decrease the percentage of multilamellar
vesicles (Hope et al., 1985), the absence of a significant
difference between the permeability coefficients ob-

Fig. 4. Representative first-order release profilesvs. time for 3H-a-D-
glucose. (A) across egg-PC bilayers (d, extrusion through 0.2mm
filters; ands, extrusion through 0.1m filters). (B) across DPPC (d),
DHPC (s), and DPPC/CHOL (j) bilayers.
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tained in vesicles prepared by extrusion through 0.1 and
0.2 mm polycarbonate filters suggests that the small per-
centage of multilamellar vesicles likely to be present had
only a minor influence on the permeability measure-
ments.

Liposomes consisting of DPPC, DHPC, DPPC/
CHOL (50:50 mole ratio) lipids were employed for this
study. The phase structures for these lipid bilayers have
been established from numerous recent studies using13C
and 2H-NMR, ESR and DSC methods (Huang et al.,
1993; Ruocco, Siminovitch & Griffin, 1985; Sankaram
& Thompson, 1991; Vist & Davis, 1990). These studies
have clearly shown that at 25°C, DPPC and DHPC bi-
layers consist of single noninterdigitated and interdigi-
tated gel phases, respectively, and DPPC:CHOL bilayers
at a 1:1 mole ratio exist in a single ordered liquid-
crystalline phase. Using an NMR line-broadening per-
meability method, we have shown that phase separations
in DPPC:CHOL bilayers at 25°C occur only in a choles-
terol concentration range between 0.05 and 0.3 mole
fraction (Xiang & Anderson, 1998), much lower than the
cholesterol concentration used in this study (0.5 mole
fraction). Thus, all systems employed consisted of a
single lipid phase.

The permeability coefficients fora-D-glucose across
DPPC, DHPC, and DPPC/CHOL (50:50 molar ratio)
were also determined over the pH range of interest to
assess the dependence of barrier properties on pH. Since
glucose is not ionizable within the pH range explored,
any systematic change ofPapp with pH would reflect an
alteration of bilayer barrier properties with pH. Figure
4B shows three representative release profiles versus
time for a-D-glucose across DPPC, DHPC, and DPPC/
CHOL (50:50 mole ratio) liposomes. The permeability
coefficients obtained are plotted in Fig. 5 as a function of
solution pH. As noted,Papp for a-D-glucose is indepen-

dent of pH, consistent with previous observations dem-
onstrating the pH independence of the permeability of
acetamide across egg-PC bilayers (Xiang et al., 1992).
Particularly noteworthy is the finding that the permeabil-
ity coefficients for a-D-glucose across the gel-phase
DPPC and DHPC bilayers and the cholesterol-rich or-
dered DPPC bilayers (Papp 4 (0.4−3.3) × 10−13 cm/sec)
are 2–3 orders of magnitude smaller than thePapp across
the relatively disordered egg-PC bilayers, demonstrating
the strong effects of bilayer chain ordering on solute
transport.

Representative efflux measurements forp-toluic
acid anda-hydroxy-p-toluic acid across DHPC bilayers
at four different pH values are plotted in Fig. 6A andB,
respectively, according to Eq. 4. The possible effects of
permeant self-association in the bilayers on permeability
were examined for a selected permeant (a-hydroxy-p-
toluic acid) by varying the permeant concentration over
0.01–10 mM at pH 4 8.0. No systematic change in the
permeability coefficient was observed (data not shown).
As illustrated in Fig. 6A andB, the rate constants for both
p-toluic acid anda-hydroxy-p-toluic acid are strongly
dependent on solution pH but at any given pHp-toluic
acid has a much greater rate constant thana-hydroxy-p-
toluic acid. SemilogarithmicPapp vs.pH profiles for the
series ofp-toluic acid analogues listed in Fig. 2 across
gel-phase DPPC bilayers, interdigitated gel-phase DHPC

Fig. 5. Permeability coefficients versus pH fora-D-glucose across
DHPC (s), DPPC (d) and DPPC/CHOL (h) bilayers.

Fig. 6. Representative first-order release profiles versus time forp-
toluic acid (A) anda-hydroxy-p-toluic acid (B) across DHPC bilayers
at four different pH values.
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bilayers and ordered liquid-crystalline phase DPPC/
CHOL (50:50) bilayers are presented in Fig. 7A–C, re-
spectively. (In DPPC/CHOL bilayers, the permeation
rates for the most lipophilic permeants in the series,p-
toluic acid anda-chloro-p-toluic acid, were too fast to be
detected by the present method.)

At a given pH, these analogues exist partially in their
neutral form (HA) and partially as anions (A−), deter-
mined by their characteristic dissociation constants,Ka.
Since the bilayer barrier properties are independent of
pH and neutral and ionized permeants are known to ex-
hibit considerably different permeability coefficients
(Xiang et al., 1992), the variation ofPapp with pH for
these compounds shown in Fig. 7A–C may therefore be
attributed to the different permeability coefficients of the
neutral and anionic species,PHA and PA, respectively,
and changes in the relative fractions ofHA andA− with
solution pH. In the absence of unstirred layer effects
(negligible in this study), the apparent permeability co-
efficient can be expressed as

Papp 4 fHAPHA + (1 − fHA)PA (6)

where the fraction of neutral speciesHA is

fHA =
1

1 + Ka/@H+#
(7)

or

fHA =
1

1 + Ka1/@H+# + Ka1 Ka2/@H+#2
(8)

for a monocarboxylic acid or a dicarboxylic acid, respec-
tively. Acid dissociation constants for the series ofp-
toluic acid analogues were determined previously (Xiang
& Anderson, 1994). According to Eq. 6, at low pH
where [H+] >> Ka (or Ka1 andKa2 for a-carboxy-p-toluic
acid), fHA approaches one andPapp reaches a plateau
value of PHA. At high pH, fHA becomes negligible and
Papp approaches a limiting value ofPA. At intermediate
pH values, where [H+] << Ka (or Ka1 and Ka2 for the
dicarboxylic acid) butfHAPHA is still much greater than
(1 − fHA)PA, Papp ≈ PHA[H+]/Ka (Papp ≈ PHA [H+]2/
Ka1Ka2 for the dicarboxylic acid), and logPapp is linearly
dependent on pH with a slope of −1 or −2. The curves
shown in Fig. 7A–C, which represent nonlinear regres-
sion analyses of the data according to Eq. 6, indicate that
this model can satisfactorily describe thePapp vs. pH
profiles generated. The permeability coefficients for the
neutral species of thep-toluic acid analogues across
DHPC, DPPC and DPPC/CHOL bilayers obtained from
the non-linear fits are summarized in Table 1 along with
those in egg-PC bilayers determined previously in these

Fig. 7. Apparent permeability coefficientsvs.pH
for the series ofp-toluic acid analogues across
DPPC/CHOL (A), DPPC (B) and DHPC (C)
bilayers. The curves were generated by nonlinear
least-squares fits according to Eqs. 6–8.
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laboratories using the BLM method (Xiang & Anderson,
1994).

BARRIER DOMAIN MODEL FOR LIPID

BILAYER TRANSPORT

The overall resistance of a heterogenous bilayer mem-
brane to solute permeation, as expressed by the inverse
of permeability coefficientPm, is the summation of the
resistances in different regions across the bilayer (Dia-
mond, Szabo & Katz, 1974), or

1

Pm
= *

0

d dz

Kz/wDz
(9)

whereKz/w andDz are the partition coefficient from wa-
ter into and the diffusion coefficient in the bilayer at
positionz for the permeating solute, respectively, andd
is the entire bilayer thickness including the bilayer/water
interface. If transport is governed primarily by a distinct
region within the lipid bilayer, however, it may be pos-
sible to describe the permeability coefficient,Pm, by the
following solubility-diffusion model:

Pm =
Kbarrier/wDbarrier

dbarrier
(10)

whereKbarrier/w andDbarrier are the partition coefficient
from water into and the diffusion coefficient in the bi-
layer barrier domain for the permeating solute, respec-
tively, and dbarrier now represents the thickness of the
barrier domain. Since the series of compounds listed in
Fig. 2 are similar in molecular size and shape and there-
fore are likely to exhibit similar diffusional characteris-
tics and volume displacement within lipid bilayers, their
inherent polar/hydrogen bonding nature which deter-
minesKbarrier/w becomes the predominant variable influ-
encing their relative permeabilities. However, macro-
scopic membrane/water partition coefficients which are

experimentally accessible may not be a good measure of
the relevant partition coefficients,Kbarrier/w, as the zone
of minimum partitioning may account disproportionately
for the permeability coefficient.

Solvent physicochemical properties that determine
solute partitioning behavior can be analyzed in terms of
polarity/polarizability, as usually characterized by the di-
electric constante, and hydrogen-bond donating/
accepting capacity (Kamlet et al., 1988; Marcus, 1991).
Lipid bilayers are unique in that different regions within
the bilayer may possess markedly different solvent prop-
erties. The hydrated headgroup region at the bilayer/
water interface, for example, resembles a highly polar,
hydrogen-bond donating/accepting solvent such as iso-
amyl alcohol (Diamond & Katz, 1974). The region of
ester/ether linkage(s) between the headgroups and the
acyl chains is less hydrated but is enriched in hydrogen-
bond acceptor groups. The acyl chain region is hydro-
carbonlike but its polarizability may be altered by the
degree of chain unsaturation and its effective polarity
may be increased by its proximity to the hydrated inter-
face.

Whether proximity to the bilayer interface leads to a
higher degree of water penetration or interchain hydra-
tion (Ho, Slater & Stubbs, 1995) and stronger electro-
static interactions remains unclear. Water penetration
was found only in the vicinity of the carbonyl groups in
fully hydrated bacterial phospholipid bilayers by X-ray
and capacitance measurements (Simon, McIntosh & La-
torre, 1982) and in gel and liquid-crystalline phase DPPC
bilayers by molecular dynamics simulations (Berger, Ed-
holm & Jahnig, 1997). Very small amounts of water
penetration deep into the acyl chain region have been
inferred in some ESR and fluorescence experiments
(Griffith et al., 1974; Ho et al., 1995) but the influence of
the bulky polar spin and fluorescent labels on these mea-
surements is not known. Electrostatic interaction (e.g.,
the Born and image energies) can arise from the dipoles
of the glycerol esters/ethers, the charges in the choline

Table 1. Permeability coefficients (cm/sec) for neutrala-substitutedp-toluic acid analogues across four different lipid bilayer membranes at 25°Ca

Permeant X Lipid Bilayer Composition

DHPC DPPC DPPC/CHOL Egg-PCc

a −H (6.3 ± 0.2) × 10−5 (1.3 ± 0.2) × 10−4 −b 1.1 ± 0.2
b −Cl (4.9 ± 0.4) × 10−5 (1.3 ± 0.1) × 10−4 −b (6.4 ± 0.1) × 10−1

c −OCH3 (2.6 ± 0.7) × 10−5 5.8 × 10−5 (2.5 ± 1.4) × 10−3 (3.5 ± 0.1) × 10−1

d −CN (2.1 ± 0.2) × 10−6 (2.6 ± 0.1) × 10−6 (2.6 ± 0.4) × 10−4 (2.7 ± 0.5) × 10−2

e −OH (4.5 ± 0.5) × 10−7 (1.4 ± 0.2) × 10−6 (1.4 ± 0.2) × 10−5 (1.6 ± 0.4) × 10−3

f −COOH (1.6 ± 0.1) × 10−7 (3.4 ± 0.3) × 10−7 (4.0 ± 0.6) × 10−6 (1.8 ± 0.3) × 10−4

g −CONH2 (5.1 ± 1.2) × 10−9 (4.6 ± 0.3) × 10−9 (1.1 ± 0.3) × 10−7 (4.1 ± 0.4) × 10−5

a Expressed as mean ±SD.
b Too fast to be detectable by the present method.
c Determined from previous experiments using the BLM transport method (Xiang & Anderson, 1994).
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headgroups, and bound water molecules. Previous stud-
ies have suggested that bound, organized (i.e., polarized)
water molecules at the interface and in the vicinity of the
carbonyl groups in the ester linkages are a major con-
tributor to the overall dipole potential or the apparent
polarity in the bilayer interior (Flewelling & Hubbell,
1986; Gawrisch et al., 1992; Griffith et al., 1974; Zheng
& Vanderkooi, 1992). The electrostatic interaction due
to interface dipoles is heterogenous depending on the
depth in the bilayer interior (Flewelling & Hubbell,
1986). In the highly ordered mid-chain region of
roughly 5–10 Å in length, the dipole potential varies
gradually, reaching a maximum in the center of the bi-
layer. Because of this potential gradient, a neutral but
polar molecule may also be subjected to the influence of
the hydrated interface. The apparently polar nature of
bilayers could also arise from the direct dipole-dipole
interaction between polar permeants and methylene
groups in lipid acyl chains. These methylene groups
possess a small dipole of ca. 0.3 D (Evans & Ulman,
1990) and are capable of creating only a small interface
potential of 9 mV/CH2 (Brockman, 1994). However, in
a highly ordered bilayer, these dipoles are highly ordered
and in closer contact with permeating solutes.

The above considerations led us to explore in greater
detail the apparent solvent characteristics of the barrier
domain by comparing functional group contributions ob-
tained from permeability coefficients, thought to reflect
primarily changes inKbarrier/w, with those generated in
bulk solvent/water partition coefficient experiments.

BULK SOLVENT/WATER PARTITION COEFFICIENTS

Six model solvents (hexadecane, hexadecene, decadiene,
chlorobutane, butyl ether, and octanol) were chosen to
describe, respectively, the possible contributions of po-
larity, polarizability and hydrogen-bond donating/
accepting capacity of the bilayer barrier microenviron-

ment. Hexadecane is nonpolar, resembling the acyl
chain region in saturated lipid bilayers. Hexadecene and
decadiene have different degrees of chain unsaturation
and therefore may be used to describe the possible ef-
fects of double bond(s) in egg-PC and cholesterol on
barrier properties. Chlorobutane is relatively polar with
a dielectric constant of 7.3, which is significantly greater
than that of nonpolar hydrocarbons (ca. 1.9–2.3). These
four solvents have negligible hydrogen-bond donating/
accepting capacity. Butyl ether has a single oxygen atom
which may function as a hydrogen-bond acceptor resem-
bling those in the ester/ether linkages in DPPC and
DHPC bilayers. Octanol, which has the same atomic
composition as butyl ether, is capable of both hydrogen-
bond donation and acceptance, and is extensively em-
ployed as a model solvent for structure-biological activ-
ity studies. Bulk solvent/water partition coefficients for
the series ofp-toluic acid analogues in each model sol-
vent system, determined in this or a previous study
(Xiang & Anderson, 1994), are presented in Table 2.

The partition coefficients for a series of solutes from
water into two different organic solvents,K1 andK2, can
often be correlated through a linear free energy relation-
ship as described by Eq. 11 (Collander, 1951)

logK1 4 slogK2 + i (11)

wheres and i are constants. The quality of the correla-
tion and the values of the parameterss and i are used to
assess similarities in the chemical microenvironments of
the two solvent systems. A slope,s, close to one indi-
cates that the two solvents exhibit nearly identical chemi-
cal selectivities for the series of solutes under study. An
s value of >1 implies that solvent 1 is less polar and
therefore more selective to solutes varying in polarity
than solvent 2 and vice versa fors < 1. As shown in Fig.
8, an excellent correlation (r 4 0.99) exists between the
logarithms of hexadecane/water and chlorobutane/water

Table 2. Bulk organic solvent/water partition coefficients for neutrala-substitutedp-toluic acid analogues at 25°Ca

Permeant X Organic Model Solvents

Hexadecaneb Hexadeceneb Decadieneb Chlorobutanec Butyl
etherc

Octanolb

a H (2.6 ± 0.0) × 10−1 (5.2 ± 0.1) × 10−1 (9.0 ± 0.1) × 10−1 3.8 ± 0.4 38 ± 2 230 ± 3
b Cl (1.3 ± 0.0) × 10−1 (4.2 ± 0.0) × 10−1 (5.3 ± 2.4) × 10−1 5.0 ± 0.3 58 ± 2 131 ± 9
c OCH3 (3.3 ± 0.3) × 10−2 (6.4 ± 0.5) × 10−2 (1.1 ± 0.1) × 10−1 (6.9 ± 0.3) × 10−1 8.3 ± 0.2 58 ± 2
d CN (2.4 ± 0.1) × 10−3 (9.6 ± 1.9} × 10−3 (1.7 ± 0.1) × 10−2 (2.0 ± 0.1) × 10−1 1.9 ± 0.0 15.3 ± 0.6
e OH (5.3 ± 0.2) × 10−5 (2.5 ± 0.1) × 10−4 (7.3 ± 0.7) × 10−4 (1.5 ± 0.1) × 10−3 0.25 ± 0.03 8.3 ± 0.2
f COOH (9.3 ± 0.5) × 10−6 (4.0 ± 0.2) × 10−5 (1.2 ± 0.2) × 10−4 (3.2 ± 0.5) × 10−4 0.46 ± 0.03 17.3 ± 0.2
g CONH2 (1.5 ± 0.1) × 10−6 (7.0 ± 0.6) × 10−6 (4.0 ± 0.7) × 10−5 (1.1 ± 0.1) × 10−4 0.023 ± 0.00 2.0 ± 0.2

a Expressed as mean ±SD.
b Determined from previous experiments (Xiang & Anderson, 1994).
c This study.
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partition coefficients with a slope of 1.06, indicating the
similar chemical selectivities of these two aprotic non-
hydrogen-bonding solvents for the series ofp-substituted
toluic acid analogues. Figure 8 also demonstrates poorer
correlations and slopes far from one for the linear free
energy relationship when the hydrogen-bond accepting
solvent butyl ether or the hydrogen-bond donating/
accepting solvent octanol and the non-hydrogen-bonding
solvent chlorobutane are compared (s 4 0.60;r 4 0.96
for butyl ether ands4 0.32;r 4 0.89 for octanol), using
this solute set which contains both hydrogen-bond do-
nating and accepting substituents.

SOLVENT NATURE OF THE TRANSPORT

BARRIER MICROENVIRONMENT

The location of the barrier domain and the relative af-
finities of solute molecules for this domain are unknown
a priori. However, because of the similarity in molecular
size (and therefore diffusivity) among the series ofp-
toluic acid analogues, one can define a linear free energy
relationship correlating the logarithms of lipid bilayer
permeability coefficients,Pm, with the logarithms of bulk
organic solvent-water partition coefficients,Korg/w:

logPm 4 slogKorg/w + i (12)

As in Eq. 11, the slope,s, often referred to as the selec-
tivity coefficient (Katz, Hoffman & Blumenthal, 1983),
measures the relative chemical affinities of a series of
solutes for the barrier domain in the bilayer versus the
organic solvent chosen for the correlation. The most

suitable model solvent for mimicking the barrier domain
is one which provides ans value of one, indicating that
the chemical selectivity of the barrier domain exactly
matches that of the bulk solvent.

Figure 9A–C show correlations between logPm for
the neutral species ofp-toluic acid and itsa-substituted
analogues across DPPC, DHPC and DPPC/CHOL bilay-
ers, respectively, and logKorg/w using various organic
solvents (octanol, butyl ether, chlorobutane, decadiene,
hexadecene, and hexadecane). The parameter values
generated from regression analyses are summarized in
Table 3 along with the data for egg-PC bilayers obtained
previously using the BLM transport method (Xiang &
Anderson, 1994). Correlations of permeabilities in

Fig. 8. Linear free energy relationships between various organic
solvent (hexadecane, butyl ether, and octanol)/water partition
coefficients, Korg/w, and the chlorobutane/water partition coefficients,
Kchlorobutane/water, of p-toluic acid and itsa-substituted analogues at
25°C.

Fig. 9. Linear free energy relationships between the permeability co-
efficients, Pm, and various model solvent/water partition coefficients,
Korg/w, for p-toluic acid and itsa-substituted analogues. Key: (d),
hexadecane; (s), chlorobutane; (j), butyl ether; (h), octanol; and (n),
hexadecene.
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DPPC and DHPC bilayers with hexadecene/water and
decadiene/water partition coefficients were excluded be-
cause, unlike cholesterol and egg-PC, which possess one
or more double bonds, the acyl chains in DPPC and
DHPC are fully saturated. Although the correlation co-
efficient is generally higher when the chemical selectiv-
ity coefficient (i.e., the slopes) is closer to one, it is the
value of s itself which is both more sensitive to the
choice of a model solvent and a more revealing indicator
of barrier domain properties. Octanol, a relatively polar,
hydrogen-bonding solvent, yields slopes (2.0–2.8) con-
siderably larger than one for all bilayers explored, indi-
cating that the bilayer barrier domains more closely re-
semble an aprotic hydrocarbon solvent than oc-
tanol. This observation indicates that, regardless of
chemical composition and phase structure, the barrier
domains do not reside in the hydrated interface head-
group regions. Similarly, a transient water-pore pathway
cannot be a significant transport route for these per-
meants. This result contrasts sharply with the alcohol-
like polarity profiles across phospholipid bilayers (even
at the membrane center) reported by Subczynski et al.
(1994). Possibly, their use of polar spin labels (nitrox-
ides) at various positions in the lipid chains to probe the
local hydrophobicity may have induced artificially high
water concentrations in the vicinity of the spin probes.
The extremely low temperature (−150°C) used in the
ESR studies may also have contributed to the differences
between their results and those obtained in this study.

Even though the barrier microenvironments in
DPPC, DHPC, DPPC/CHOL, and egg-PC bilayers are all

much less polar than octanol, there are significant dif-
ferences noted in Table 3. For example, liquid-
crystalline bilayers (DPPC/CHOL and egg-PC) exhibit
barrier properties most closely matched by partially un-
saturated hydrocarbon bulk solvents (e.g., hexadecene or
decadiene) whereas the chemical selectivities of the gel-
phase bilayers (DHPC and DPPC) are intermediate be-
tween those in hexadecane and butyl ether. Thus, slopes
significantly less than one (i.e., 0.7) were found in log-
log plots of permeability coefficients in gel-phase DPPC
and DHPC bilayers against hexadecane/water partition
coefficients, while correlations with butyl ether/water
partition coefficients yielded slopes of 1.3 and 1.2, re-
spectively. Considered in isolation, this difference could
perhaps be ascribed to the relative polarities of hexadec-
ane and butyl ether, which have dipole moments of 0.0
and 1.8 debye units, respectively, but correlations with
hexadecane/water and chlorobutane/water partition coef-
ficients are nearly parallel despite the much higher dipole
monent of chlorobutane (2.1 debye units). Thus, the dif-
ferences do not appear to involve polarity. Rather the
barrier domains in the gel-phase phospholipid bilayers
appear to possess some degree of hydrogen-bond accept-
ing capacity. This may indicate that the ester/ether link-
ages between the headgroups and the acyl chains reside
partially within the barrier domain. In principle, the non-
polar acyl chain region would impose the highest ener-
getic barrier to the transport of polar permeants due to the
absence of favorable electrostatic interactions. How-
ever, lipid chain ordering within bilayers contributes an
additional diffusional resistance and an unfavorable en-

Table 3. Parameter values generated from linear regression analyses of log-log plots correlating lipid
bilayer permeability coefficients and bulk solvent/water partition coefficients according to Eq. 12

Bilayer Solvent s i Correlation coef.

DHPC Hexadecane 0.70 ± 0.07 −3.7 ± 0.2 0.978
Chlorobutane 0.73 ± 0.10 −4.7 ± 0.2 0.958
Butyl Ether 1.19 ± 0.12 −6.1 ± 0.1 0.977
Octanol 2.00 ± 0.30 −8.6 ± 0.5 0.950

DPPC Hexadecane 0.74 ± 0.10 −3.3 ± 0.4 0.955
Chlorobutane 0.77 ± 0.14 −4.4 ± 0.3 0.928
Butyl Ether 1.27 ± 0.15 −5.8 ± 0.2 0.965
Octanol 2.14 ± 0.33 −8.5 ± 0.5 0.945

DPPC/CHOL Hexadecane 0.93 ± 0.11 −1.10 ± 0.5 0.980
Hexadecene 1.00 ± 0.11 −1.4 ± 0.4 0.982
Decadiene 1.13 ± 0.16 −1.5 ± 0.5 0.973
Chlorobutane 0.95 ± 0.17 −2.6 ± 0.5 0.955
Butyl Ether 1.70 ± 0.23 −4.2 ± 0.2 0.973
Octanol 2.84 ± 0.80 −7.8 ± 0.9 0.901

Egg-PCa Hexadecane 0.85 ± 0.03 −0.64 ± 0.11 0.997
Hexadecene 0.91 ± 0.04 −0.34 ± 0.11 0.996
Decadiene 0.99 ± 0.04 −0.17 ± 0.12 0.996
Chlorobutane 0.90 ± 0.04 −0.61 ± 0.11 0.989
Butyl Ether 1.39 ± 0.19 −2.3 ± 0.2 0.956
Octanol 2.4 ± 0.5 −5.1 ± 0.7 0.909

a Determined from previous experiments using the BLM transport method (Xiang & Anderson, 1994).
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tropic contribution to solute partitioning such that the
more rigidly packed peripheral chain region imposes a
higher barrier to permeation (Bassolino-Klimas et al.,
1993; Marqusee & Dill, 1986; Xiang & Anderson,
1995b). Furthermore, a recent molecular dynamics
simulation by Marrink and Berendsen (1994) revealed a
substantial lowering of water’s diffusivity in the head-
group/glycerol linkage region as a result of its hydrogen
bonding to these polar groups. The evidence that hydro-
gen accepting groups lie within the barrier domain in
gel-phase bilayers suggests that as bilayers become more
ordered, the barrier domain shifts toward the outer por-
tion of the ordered chain region. Since the region of the
bilayer in which the ester/ether linkages are localized has
a higher density of hydrogen-bonding sites than that
found in bulk butyl ether, it is likely that the barrier
domain is not limited to the region of the ester/ether
linkages but rather extends deeper into the highly or-
dered chain region within the bilayer interior.

Contrary to the barrier domains in gel-phase phos-
pholipid bilayers, those in more disordered liquid-
crystalline bilayers such as DPPC/CHOL or egg-PC ex-
hibit properties resembling slightly polarizable, nonhy-
drogen accepting hydrocarbons (e.g., hexadecene or
decadiene). The slope of a log-log plot of the permeabil-
ity coefficients in DPPC/CHOL bilayers versus the hexa-
decene/water partition coefficients is 1.00, while corre-
lations with the hydrogen-bonding solvents (butyl ether
and octanol) give slopes substantially greater than one (s
4 1.7 and 2.8, respectively). Intercalation of 50 mol%
cholesterol into gel-phase DPPC bilayers disorders the
bilayer chains resulting in a phase-transition to the liquid
crystalline state and abolishes the hydrogen-bond accep-
tor character of the transport barrier domain. Though
some evidence suggests that cholesterol interacts with
the phospholipid ester groups, it is more likely that the
disordering effects of cholesterol in gel-phase DPPC bi-
layers as demonstrated by the2H-NMR spectral line
shape showing axially symmetric reorientation (Vist &
Davis, 1990) cause the barrier domain to be shifted to the
deeper acyl chain region where the hydrophobic barrier
is higher due to the lack of hydrogen-bonding sites and
less favorable electrostatic interactions. This is further
supported by the results in egg-PC bilayers which are
liquid-crystalline at 25°C even though they contain no
cholesterol (Xiang & Anderson, 1994). As shown in
Table 3, the barrier domain in egg-PC bilayers resembles
decadiene, a nonhydrogen-bonding solvent (s 4 0.99)
which is slightly more polarizable than hexadecane.
Possibly the apparently higher polarizabilities observed
in both DPPC/CHOL and egg-PC bilayers reflect the
presence of a double bond in cholesterol and the pres-
ence of an average of one double bond per acyl chain in
egg-PC lipids (Fettiplace, Andrews & Haydon, 1971).

Subtle changes in the transport barrier microenvi-

ronment have a profound effect on transport of hydro-
philic compounds. For example, whereas the ratio of the
permeability coefficients forp-toluic acid in egg-PCvs.
DPPC bilayers at 25°C is 8.5 × 103, this ratio for the
stronger hydrogen-bond donora-carboxy-p-toluic acid is
only 530. The presence of 50 mol% cholesterol in DPPC
bilayers, which fluidizes the membrane but also dimin-
ishes the hydrogen-bond accepting nature of the barrier
domain, has an overall modest effect on the permeability
coefficients of hydrogen-bond donating permeants be-
cause of the cancellation of these two opposing effects.
Glucose, for example, has a van der Waals volume (139
Å3) comparable with those for the series ofp-toluic ana-
logues (125–157 Å3) as estimated from an atomic incre-
ment method (Edward, 1970), but the ratio of permeabil-
ity coefficients for glucose across liquid-crystalline
DPPC/CHOL and gel-phase DPPC bilayers is only 2.2 as
compared to ratios ranging from 30–100 for the series of
p-toluic acid analogues.

Because thea-substituents in the series ofp-toluic
acid analogues are well isolated from other functional
groups on the same molecule, it is appropriate to assume
that the contributions of these substituents to solute per-
meation are independent properties of the substituents.
Functional group contributions to the standard free en-
ergy of transfer from water to an organic solvent can be
calculated by the equation

D(DGo)X 4 −RTln(KRX/KRH) (13)

whereKRX andKRH are the partition coefficients for the
substituted and unsubstituted solutes, respectively. Like-
wise, because of the similar molecular size and thereby
similar diffusivities of thep-toluic acid analogues, func-
tional group contributions to the standard free energy of
transfer from water to the lipid bilayer barrier domain
may be estimated from the permeability coefficients of
substituted and unsubstituted permeants,PRX and PRH,
respectively, by the equation

D(DGo)X 4 −RTln(PRX/PRH) (14)

The incremental free energies of transfer for various sub-
stituents at thea-position ofp-toluic acid into the barrier
regions of gel-phase DPPC and DHPC bilayers and liq-
uid-crystalline DPPC/CHOL and egg-PC bilayers (the
latter of which were obtained previously (Xiang &
Anderson, 1994)) are summarized in Table 4 along with
those for transfer of the same substituents from water to
six organic solvents (octanol, butyl ether, chlorobutane,
decadiene, hexadecene, and hexadecane). The incre-
mental free energies of transfer into DPPC/CHOL bilay-
ers are based on an estimated permeability coefficient for
p-toluic acid, which was too high to measure using the
present method. The estimate was obtained from a linear
extrapolation of the correlation between logPm and log
Korg/w using hexadecene as the optimal organic solvent (s
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4 1.00). In general, the group contribution data agree
with the findings in Fig. 9A–Cthat the barrier domains in
gel-phase DPPC and DHPC bilayers resemble a solvent
with some hydrogen-bond accepting capacity which is
eliminated when a phase transition is induced by inter-
calation of 50 mol% cholesterol.

Although others have speculated that nonpolar hy-
drocarbons may be a better choice than octanol as model
solvents for the permeability barriers in lipid bilayers,
selectivity constants reported previously have been quite
close to one for both octanol and nonpolar solvents (Or-
bach & Finkelstein, 1980; Walter & Gutknecht, 1986).
Indeed, Orbach and Finkelstein (1980) have argued that
the choice of model solvent is not important because the
selectivity constant is nearly the same for all the model
solvents employed. However, as pointed out by Walter
and Gutknecht (1986), nonpolar and polar, hydrogen
bonding solvents often appear to give similar selectivity
constants in correlations between permeability coeffi-
cients and partitioning data because permeant hydro-
philicity is usually varied by changing the number of
nonpolar -CH2-groups. Each -CH2-group induces only a
modest change in the transfer free energy (ca. 800 cal/
mol) in contrast to free energy changes of 2000–6000
cal/mol induced by polar, hydrogen bonding substituents
such as -CN, -OH, -COOH, and -CONH2. Moreover, the
methylene group contribution is not highly sensitive to
the nature of the organic solvent employed in partition-
ing studies.

In summary, a vesicular transport method has been
developed to measure permeability coefficients of sol-
utes across lipid bilayers. The short time interval (<3
min) for sampling enables measurements of relatively
rapid transport processes and the use of HPLC for per-
meant concentration analyses eliminates the confounding
effects of impurities on the measurement of transport
fluxes (which may be a very severe and formidable prob-
lem for transport using radiolabeled permeants). This
study clearly demonstrates that changes in bilayer phase
structure alter the location and hydrophobicity of the

transport barrier domain. In gel-phase interdigitated and
noninterdigitated phospholipid bilayers, the transport
barrier domains possess a certain degree of hydrogen-
bond accepting capacity. This is consistent with the no-
tion that increasing lipid chain ordering shifts the barrier
domain from the ordered hydrocarbon chain interior to-
ward the peripheral region in which the ester/ether link-
ages between headgroups and acyl chains are localized.
Since biological membranes may exist in a gel-phase, a
liquid-crystalline phase, or a state of multiphase coexis-
tence, the finding that the barrier microenvironment
changes with bilayer phase structure may provide insight
into the molecular origins of structure-activity relation-
ships which reflect at least in part a transport component.

This work was supported by a grant from the National Institutes of
Health (RO1 GM51347).
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