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Abstract. The chemical selectivities of the transport bar- phase shifts the barrier domain further into the bilayer
riers in lipid bilayers varying in composition and phase interior (i.e., deeper within the ordered chain region).
structure (gel-phase DPPC and DHPC bilayers and lig-
uid-crystalline DPPC/CHOL/50:50 mol% bilayers) have Key words: Permeability — Partition coefficients —
been investigated by determining functional group con4 ipid bilayers — Group contributions — Linear free
tributions to transport of a series @fsubstitutecp-toluic  energy relationships
acid analogs obtained in vesicle efflux experiments. Lin-
ear free energy relationships are established between the
free energies of transfer for this series of compounddntroduction
from water to the barrier domain and corresponding val-
ues for their transfer from water into six model bulk Biological membranes are described on a molecular level
solvents (hexadecane, hexadecene, decadiene, chlorotas fluid mosaics of proteins embedded within a lipid
tane, butyl ether, and octanol) determined in partitioningbilayer matrix (Singer & Nicholson, 1972). One of the
experiments to compare the barrier microenvironment tanajor functions of biological membranes is to regulate
that in these model solvents. The barrier microenvironthe permeation of various chemical species into and out
ment in all bilayers studied is substantially more hydro-of cells. Although the transport of a large number of
phobic than octanol, thus establishing the location of themolecules of biological interest involves carriers and
barrier beyond the hydrated headgroup interfacial regiongchannel proteins, passive permeation across lipid bilay-
as the interface is expected to be more hydrophilic tharers occurs invariably for any chemical species driven by
octanol. The chemical nature of the barrier domain mi-a gradient of the chemical potential and is the predomi-
croenvironment varies with bilayer phase structure. Thenant mechanism by which most drug molecules reach
barrier regions in non-interdigitated DPPC and interdigi-their intended site of action.
tated DHPC gel-phase bilayers exhibit some degree of One of the central and as yet unresolved issues in
hydrogen-bond acceptor capacity as may occur if thesdeveloping structure-activity relationships for various
domains lie in the vicinity of the ester/ether linkages biological processes and in designing effective drugs and
between the headgroups and the acyl chains. Intercalalrug delivery systems is the determination of the loca-
tion of 50 mol% cholesterol into DPPC bilayers, which tions and physicochemical nature of barrier domains in
induces a phase transition to a liquid-crystalline phasebiological membranes for the transport of various mo-
substantially increases the apparent barrier domain hylecular agents. Even in the absence of membrane pro-
drophobicity relative to gel-phase bilayers to a nonhy-teins, uncertainty as to the location of the barrier domain
drogen bonding, hydrocarbonlike environment resemarises due to the heterogeneity todins-bilayer atomic
bling hexadecene. This result, combined with similardistributions, reflecting (i) a hydrated headgroup inter-
observations in liquid-crystalline egg-PC bilayets ( face, (ii) the ester/ether linkages between the headgroups
Pharm. Sci(1994),83:1511-1518), supports the notion and acyl chains, (iii) an ordered acyl chain region, and
that the transition from the gel-phase to liquid-crystalline(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
Correspondence taB. Anderson interior as demonstrated in Fig. 1. In the absence of
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00 structure (Anderson, Higuchi & Raykar, 1988; Anderson
v o5 & Raykar, 1989). Similarly, correlations between octa-
3 nol/water partition coefficients and transport of solutes
= o across the blood-brain barrier are well established
z (Levin, 1980; Rapoport, Ohno & Pettigrew, 1979). On
% 15 the other hand, recent studies in egg lecithin bilayers,
O.

25 also conducted in the authors’ laboratories, have demon-
strated a chemical selectivity for this membrane more
closely resembling that expected if the barrier domain
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Position in Bllayer (A) were hydrocarbonlike, with negligible hydrogen bonding
capacity (Xiang & Anderson, 1994; Xiang, Chen &
oe— AN NN @ Anderson, 1992).
°- LARA ANAL Lo To maintain certain biological functions, many natu-
. ‘ 'QQQ AN ! ' ral membranes exist in a highly ordered state either
| ARA VA | through changes in phase structure or through intercala-
I | | tion of various ordering agents such as cholesterol and
&—— /YN NN % i sphingomyelin (van Blitterswijk, van der Meer & Hilk-
1 |

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

Fig. 1. The polarity (or hydrophobicity) profile in a microsomal lipid e ; . ; .
bilayer from calf liver as derived from spin-label ESR experiments. The.Comeum) (Lampe, Williams & Elias, 1983; White, Mire

definition of the polarity index and the experimental procedure for itsJOVSky & King, 1988) and from brain mye”n (C|0WES,
acquisition were described by Griffith et al. (1974). These data serveCherry & Chapman, 1971) exist mainly in a gel phase or
only to demonstrate the nonuniformity of the chemical microenviron-a gel-fluid phase coexistence region at physiological
ment within a particular lipid membrane. The actual polarity profiles in temperatures. A|though increases in b“ayer chain order-
o_the‘rllipid bilgyers such as those investigated in this work may being are known to systematically reduce solute perme-
significantly different. Furthermore, the effects of polar probes used on_,~,... . .
local polarity are not known. abilities (Xiang & Anderson, 1995 Xlang & Ander;qn,
1997), how these changes alter ttteemicalselectivity
of lipid bilayers to solutes varying in polarity and in the

chain ordering effects, the least polar region would im-number and nature of hydrogen bonding substituents re-
pose the highest energetic barrier to the transport of poldains unclear. .
permeants. However, chain ordering in bilayers imposes Some evidence also suggests that the carbonyl di-
an additional diffusional resistance and an entropic barPoles present in most phospholipids have an important
rier to partitioning, respectively (Bassolino-Klimas, influence on the polarity within the bilayer interior
Alper & Stouch, 1993; Marqusee & Dill, 1986; Xiang & (Flewelling & Hubbell, 1986). However, the effect of
Anderson, 1998), such that the actual location of the the mode(s) of linkage of the hydrocarbon chains to the
transport barrier domain is determined by the balance o@lycerol moiety in phospholipids on barrier properties
these factors. has not yet been addressed. Although the linkage is

The degree of success achieved using Hanspa-  through an ester bond in most phospholipids of biologi-
rameters, obtained from octanol/water partition coeffi-cal interest, ether bonded lipids exist in mammalian
cients (Leo, Hansch & Elkins, 1971), in correlating trans-membranes and other biological membranes and the
port processes in biological membranes supports Overfunctional potency of certain lipids is attributed to this
ton’s suggestion that solute permeability throughether linkage (Snyder, 1985). Thus, a comparative study
biological membranes correlates with the correspondingf the effects of ester and ether linkages on the chemical
bulk oil/water partition coefficient (Overton, 1899). selectivity of the barrier domain in phospholipid bilayers
However, membranes with different lipid composition would shed light on changes of local polarity as a result
may display substantially different chemical selectivity of these linkage alterations.
to solute transport. For example, studies in the authors’  This study examines the permeability coefficients
laboratories using functional group contributions havefor a series ofa-substitutedp-toluic acid analogues in
shown that the barrier domain for transport across humahUVs composed of dipalmitoylphosphatidylcholine
stratum corneum, the barrier properties of which are gen(DPPC), dihexadecylphosphatidylcholine (DHPC) and
erally attributed to the multiple lamellae of lipid bilayer DPPC/Cholesterol (CHOL) (50:50 mol%). The perme-
membranes localized within its intercellular spaces,ability coefficients P, obtained and the incremental
closely resembles octanol in its selectivity to permeanfree energies of transfer from water to the barrier domain
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for individual functional groups calculated from thegg
values are compared with corresponding values from *
partition coefficient measurements between water an
1-octanol, butyl ether, 1-chlorobutane, 1,9-decadiene, 1}
hexadecene, and n-hexadecane, respectively. Previols .
transport studies to obtain functional group contributions
were performed in these laboratories using “black” lipid
membranes (BLM) containing egg lecithin (Xiang & Fig. 3. Flow diagram of the experimental procedures employed for
Anderson, 1994; Xiang et al., 1992). Because of the dif-determining permeability coefficients.

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 lesterol (99+%) andH-cholesterol (1 mCi/mL) were purchased from

h lipi icul # Sigma Chemical (St. Louis, MO). All lipids were stored in a freezer
more than one Ipld component, a vesicular efflux upon arrival. Chlorobutane (99.5%) and butyl ether (99.3%) were ob-

method was developed using large unilamellar vesiclegined from Aldrich Chemical (Milwaukee, WIPH-D-glucose (1

in conjunction with size-exclusion chromatography andmci/mL, specific activity= 60 Ci/mmol) and*H-mannitol (1 mCi/
ultrafiltration. This transport method overcomes themL, specific activity = 15 Ci/mmol) were obtained from American
shortcomings inherent in BLM experiments and allowsRadiolabeled Chemicals (St. Louis, MO). The structures of ¢he
flux to be monitored over a longer time frame than Othersubstitutedp-toluic_aci(_is used as permeants in _the transport experi-
methods. The series of substitutecp-toluic acids were o' aré shown in Fig. 2>-Toluic acid (>98%, Sigmaj-hydroxy-

. ) g . 5—toluic acid (Sigma) and-chlorof-toluic acid (95%, Aldrich) were
chosen as their polar substituents are sufficiently isolateglseq as received without further purification. The remaining com-

to preclude the possibility of intramolecular hydrogen pounds in Fig. 2 were synthesized as reported previously (Xiang &
bonding with other substituents in the same moleculeAnderson, 1994). Final purities of all compounds synthesized were
The presence of an ionizable -COOH group allowed per=95% by HPLC.

meability coefficients varying over roughly 5-6 orders of

magnltude to be determined by selecting a swtab_le PHYETERMINATION OF PERMEABILITY COEFFICIENTS

“window” for each permeant so that fluxes were in a

detectable range. 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.
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HPLC Anatysis

Materials and Methods

CHEMICALS LUV Preparation and Characterization

DPPC (>99%), DPPA (>99%), and egg-lecithin (>99%) were pur- Lipids were accurately weighted, dissolved in chloroform, evaporated
chased from Avanti Polar Lipids, (Pelham, AL). DHPC (99%), cho- to a dry thin film on the bottom of a round-bottom flask, and left under
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vacuum for 2 hr ats50°C. An aqueous solution containing (1-3) x permeant concentration outside the LUVs with time. To determine the
1073 m p-toluic acid analogue (cold compound) or wOCi/mL radio- flux, aliquots (0.4 ml) of the LUVs after the gel filtration were taken at
labeleda-D-glucose, 0.044 buffer (MES, phosphate or carbonate) at a various time intervals and loaded onto a Centricon-100 filter (MWCO
given pH and ionic strength (0.1, adjusted with sodium chloride) was = 100,000; Amicon, Beverly, MA). The loaded sample was then cen-
then added to a final total lipid concentration of 5-7.5 mg/mL. The trifuged atg = 1,200 for 3—6 min. The effects of permeant binding to
lipids were hydrated by repeated vortexing and shakirigo@tC, well the Centricon-100 filter on filtrate concentrations were examined with
above the main transition temperatures for DPPC (41°C) or DHPCselected permeants and at several different permeant concentrations
(44°C). The lipid suspensions formed were then forced through 0.2No significant binding was detected after new filters were precondi-
wm polycarbonate filters (Nuclepore, Pleasanton, CA) 17 times attioned by rinsing with deionized water. Permeant concentrations in the
[B0°C to form LUVs. A small amount of dipalmitoylphosphatidic acid collected filtrate ¢a. 100-200 wl) were subsequently analyzed by
(DPPA, 4 mol %) was added to these lipid systems to prevent aggreHPLC for a-substitutedp-toluic acids or by liquid scintillation count-
gation and increase LUV stability (Cevc et al., 1988). This small ing (Beckman LS1801, Beckman Instr., Fullerton, CA) fsk-glucose
amount of DPPA has been shown to have a minimal effect on bilayerafter 100 ul of the filtrate was mixed with 3 ml of a scintillation
phase structure (Marra-Feil, 1995). cocktail (Aquasol, Opti-Fluor, Packard Instrument, Meriden, CT).
Vesicle hydrodynamic diameteid, were determined by dynamic  Total permeant concentrations in the LUVs were determined by lysing
light scattering (DLS) measurements on every vesicle preparationsamples with a small amount of Triton X-100 (Sigma) prior to analysis.
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 A_Ito, CA) operateq at 514.EHPLC ANALYSES
nm wavelength. One drop of LUV suspension was placed in a clean
glass test tube (13 x 75 mm) and brought to a volume of 2 mL with the
same filtered buffer solution. The sample was placed in a temperatureAn HPLC system consisting of a syringe-loaded sample injector (Rheo-
controlled cuvette holder with a toluene index-matching bath. Auto-dyne Model 7125, Rainin Instrument, Woburn, MA), a solvent delivery
correlation functions were determined for a period of 100 sec with asystem (110B, Beckman Instruments, San Ramon, CA) operated at a
10-80p.sec duration at 90° and analyzed by the method of cumulantsflow rate of 0.6-1.0 ml/min, a dual-wavelength absorbance detector
The captured liposomal volume was measured in a single batch (§Model 441, Water Associates, Milford, MA) operated at 254 nm, an
samples) according to a method developed by Hope et al. (1985). Thiftegrator (Model 3392A, Hewlett-Packard, Avondale, PA), and a re-
liposomes were prepared in the presence @fG/ml mannitol. An  versed-phase column packed withpn Spheri-5 RP-18 (Brownlee
aliquot (60p.) was then loaded onto a Sephadex column and eluted byOD-MP, 4.6 mm i.d. x 10 cm, Rainin) was used at ambient temperature
centrifugation (vida supra). This was sufficient to remove all the un- for the analyses of the samples taken during the transport and partition
entrapped material. Aliquots of the eluted sample were then assaye@Xperiments. Acetonitrile:water mobile phases varying from 10 to
for phosphorus content and entrapgetimannitol. 30% organic solvent depending on the analyte lipophilicity and buff-
To determine if the extrusion and gel filtration (described below) ered to a pH of 3.0 using 0.04 phosphate buffer were employed.
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.(@) and the  MopeLING OF FLux DATA
contents of cholesterol and DPPC lipids in the samples before and after

the extrusion and gel filtration were analyzed fisi-cholesterol and ) ) o )
phosphorus (Bartlett, 1959). The entrapped permeant concentration varies with time according to

the following kinetic equation

GEL FILTRATION et

Al —gt = Kond G = Co) ®
quots (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 ajyhereC! andC', are permeant concentrations inside and outside LUVs

25°C with the same buffer solution as that used to prepare the LUVt timet, respectively, anél,y,is the first-order rate constant. Since the

but without permeant. The permeant loaded LUV samples was theRgta] mass of permeant in the sample is a constanGaiglequal toC,
eluted by centrifugation (Model CL, IEC, Needham Hits., MA) at two- gt equilibrium, one obtains

speeds (2 min aj = 300; 1 min atg = 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-ct :i
peared in the void volume of the size-exclusion column and were well ° Vo
separated from the fraction of extravesicular permeant. HPLC analyses

of initial and equilibrium extravesicular permeant concentrations in thewherevi andV, are the total internal and external aqueous volumes,

LUVs indicated ap initial rat'io of the gntrapped to extravesicular per- respectively. Combining Egs. 1 and 2 and considering the factthat
meant concentration after size-exclusion chromatography on the ordeg
<V, Eg. 1 becomes

of 10°. The eluted LUVs were collected in a screw-capped 10-ml glass
vial and immediately placed in a 25°C water bath.

{(Vi +Vo)Co -V, Ci] @

dcg .
dt = kobs (Co - Co) (3)
ULTRAFILTRATION

The concentration gradient created by gel filtration resulted in a netSolving this differential equation with the known initial concentration,

flux of permeant across the LUVs and a continuous increase in theC, gives
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IN(C5 = CY/(CF = Ch) = Kyt @) A
0.15
The apparent permeability coefficieRy,,, can be obtained from the —
first-order rate constank,,, and the ratio between the entrapped vol- ¢5~ 9-127
ume and surface area of the LUVs, V/A, via the equation ‘e
Q 0.097
=
Papp: kobsV/A( (5) 9° 0.06-
g
The V/A ratio is obtained from the vesicle hydrodynamic diameder, % 0.031
via the equationV/A = d/6. e-
000 '(/ T T T T
0 50 100 150 200
DETERMINATION OF PARTITION COEFFICIENTS Time (min)
B

The octanol/water, decadiene/water, hexadecene/water, and hexadec- 4
ane/water partition coefficients for the seriepebluic acid analogues

were obtained previously (Xiang & Anderson, 1994). In this study, —'_':
chlorobutane/water and butyl ether/water partition coefficients for the Q@
same series of compounds were determined using the same shake flasb3
method as used previously. In brief, a 1-ml agueous solution with (0.2 =

0.24

- 1) x 10“*m permeant and 0.&-NaCl was placed in a 5-ml test tube ;°
along with 1-2 ml of organic solvent. The sample was vortexed and 'y ¢ 1
centrifuged, then allowed to stand in a water bath at 25°C for 5 hr. %

o

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,pialue(s) by titration

with 0.1 N HCI. The organic solvents were washed three times with an
equal volume of deionized water before the partition experiments.

400 600 800
Time (hrs)

0 200

Fig. 4. Representative first-order release profilestime for *H-a-p-

. . glucose. Q) across egg-PC bilayer®( extrusion through 0.Z2um

Results and Discussion filters; andO, extrusion through 0.1 filters). (B) across DPPC@®),
DHPC (©), and DPPC/CHOL W) bilayers.

VESICLE CHARACTERIZATION
BILAYER PERMEABILITY COEFFICIENTS

The captured liposomal volume measured in DPPC
vesicles according to a method developed by Hope et allo validate the transport methods employed in this study,
(1985) was found to be 3.3 + 0.4 L/mol lipid. The av- the permeation rates for radiolabelee-glucose across
erage diameter of these vesicles as measured by dynamegg-lecithin vesicles were measured and compared to
light scattering was 160 + 10 nm. Assuming a bilayeravailable literature values. FiguréAdshows two repre-
thickness of 4.46 nm and a surface area per lipid molsentative release profiles.time for a-D-glucose across
ecule of 0.48 nrh (Braganza & Worcester, 1986), the egg-PC liposomes formed by extrusion through 0.1 or
captured volume for a unilamellar dispersion of 160 nm0.2 micron polycarbonate filters. Rate constamtg,
vesicles should be 3.4 L/mol lipid, in close agreementwere determined from the slopes of the lines representing
with the experimental results. Using a similar method oflinear least-squares fits of the data, from which the ap-
preparation, Marra-Feil (1995) also demonstrated byparent permeability coefficients?,,, were calculated
freeze-fracture techniques that the vesicles formed araccording to Eq. 5 using vesicle hydrodynamic diameters
primarily unilamellar. obtained in DLS measurements to obt&itA ratios. The

To determine if the extrusion and gel filtration steps glucose permeability coefficients obtained were (2.7 +
significantly altered the lipid composition of DPPC/ 0.4) x 10** cm/sec and (3.3 + 0.5) x I8 cm/sec for
CHOL (50:50 mol ratio) vesicles, the initial lipid prepa- egg-lecithin vesicles prepared by extrusion through 0.1
rations were spiked with radiolabeled cholesterqh(2) and 0.2um polycarbonate filters, respectively. These
and the contents of cholesterol and DPPC lipids in thevalues are in close agreement with the results of Brunner
samples before and after the extrusion and gel filtratioret al. (1980), (3 + 2) x 10 cm/sec. Since a reduction
were analyzed. The cholesterol composition after the exef filter pore-size from 0.2 micron to 0.1 micron is ex-
trusion and gel filtration steps was 46 + 5 mol%, equal topected to decrease the percentage of multilamellar
the expected 50 mol% cholesterol within experimentalvesicles (Hope et al., 1985), the absence of a significant
error. difference between the permeability coefficients ob-
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. . Fig. 6. Representative first-order release profiles versus timepfor
Llposomes CO”S'$t'”9 ,Of DPPC, DHPC, DPP_C/ toI?Jic acid FEA) and a-hydroxy{-toluic acid B;)across DHPC bilae‘;ers
CHOL (50:50 mole ratio) lipids were employed for this 4t four different pH values.
study. The phase structures for these lipid bilayers have
been established from numerous recent studies dshg
and ?H-NMR, ESR and DSC methods (Huang et al., dent of pH, consistent with previous observations dem-
1993; Ruocco, Siminovitch & Griffin, 1985; Sankaram onstrating the pH independence of the permeability of
& Thompson, 1991; Vist & Davis, 1990). These studiesacetamide across egg-PC bilayers (Xiang et al., 1992).
have clearly shown that at 25°C, DPPC and DHPC bi-Particularly noteworthy is the finding that the permeabil-
layers consist of single noninterdigitated and interdigi-ity coefficients for a-D-glucose across the gel-phase
tated gel phases, respectively, and DPPC:CHOL bilayer®PPC and DHPC bilayers and the cholesterol-rich or-
at a 1:1 mole ratio exist in a single ordered liquid- dered DPPC bilayer$(,, = (0.4-3.3) x 10" cm/sec)
crystalline phase. Using an NMR line-broadening per-are 2-3 orders of magnitude smaller than®g, across
meability method, we have shown that phase separatiorthe relatively disordered egg-PC bilayers, demonstrating
in DPPC:CHOL bhilayers at 25°C occur only in a choles-the strong effects of bilayer chain ordering on solute
terol concentration range between 0.05 and 0.3 moléransport.
fraction (Xiang & Anderson, 1998), much lower than the Representative efflux measurements fatoluic
cholesterol concentration used in this study (0.5 moleacid anda-hydroxy{-toluic acid across DHPC bilayers
fraction). Thus, all systems employed consisted of aat four different pH values are plotted in FigA@ndB,
single lipid phase. respectively, according to Eq. 4. The possible effects of
The permeability coefficients fat-p-glucose across permeant self-association in the bilayers on permeability
DPPC, DHPC, and DPPC/CHOL (50:50 molar ratio) were examined for a selected permeadthyzdroxyp-
were also determined over the pH range of interest tdoluic acid) by varying the permeant concentration over
assess the dependence of barrier properties on pH. Sin€e01-10 nv at pH = 8.0. No systematic change in the
glucose is not ionizable within the pH range explored,permeability coefficient was observedafa not showj
any systematic change &f,, with pH would reflect an  Asillustrated in Fig. & andB, the rate constants for both
alteration of bilayer barrier properties with pH. Figure p-toluic acid anda-hydroxy{-toluic acid are strongly
4B shows three representative release profiles versudependent on solution pH but at any given pholuic
time for a-p-glucose across DPPC, DHPC, and DPPC/acid has a much greater rate constant thdrydroxyp-
CHOL (50:50 mole ratio) liposomes. The permeability toluic acid. Semilogarithmi®,,,vs.pH profiles for the
coefficients obtained are plotted in Fig. 5 as a function ofseries ofp-toluic acid analogues listed in Fig. 2 across
solution pH. As notedP,,, for a-D-glucose is indepen- gel-phase DPPC bilayers, interdigitated gel-phase DHPC
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bilayers and ordered liquid-crystalline phase DPPC/or
CHOL (50:50) bilayers are presented in Figh-C, re-
spectively. (In DPPC/CHOL bilayers, the permeation, _ 1

rates for the most lipophilic permeants in the serjgs, A7 14 Koo/[H] + Ky Ko/[H' T
toluic acid andx-chlorop-toluic acid, were too fast to be

detected by the present method.) for a monocarboxylic acid or a dicarboxylic acid, respec-
Ata given pH, these analogues exist partially in theirtively. Acid dissociation constants for the series psf
neutral form (HA) and partially as anions (A deter-  toluic acid analogues were determined previously (Xiang
mined by their characteristic dissociation constais, & Anderson, 1994). According to Eq. 6, at low pH
Since the bilayer barrier properties are independent ofyhere [H] >> K, (or K,; andK, for a-carboxyp-toluic
pH and neutral and ionized permeants are known to eXacid), f,,, approaches one anid, , reaches a plateau
hibit considerably different permeability coefficients value of P*A. At high pH, f,,» becomes negligible and
(Xiang et al., 1992), the variation d¥,,, with pH for  p__ approaches a limiting value . At intermediate
these compounds shown in Figh#C may therefore be pH values, where [H << K, (or K., and K, for the
attributed to the different permeability coefficients of the dicarboxylic acid) buf,,,P™™ is still much greater than
neutral and anionic specieB;" and P*, respectively, (1 - f,,)P", Papp = PPAHIK, (Papp = P2 [HTY
and changes in the relative fractionskbf and A~ with Ka1Kao for the dicarboxylic acid), and 1d3y,,,is linearly
solution pH. In the absence of unstirred layer effectsqependent on pH with a slope of =1 or —2. The curves
(negligible in this study), the apparent permeability co-shown in Fig. A—C, which represent nonlinear regres-

efficient can be expressed as sion analyses of the data according to Eq. 6, indicate that

(8)

_ HA _ this model can satisfactorily describe t vs. pH
Papp = fuaP™ + (1 = )P © profiles generated. The permeability coeﬁﬁzpi)ents for the
where the fraction of neutral specie\ is neutral species of th@-toluic acid analogues across
1 DHPC, DPPC and DPPC/CHOL bilayers obtained from
fiin the non-linear fits are summarized in Table 1 along with

- - 7
1+ K /[H] % those in egg-PC bilayers determined previously in these
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Table 1. Permeability coefficients (cm/sec) for neutsabubstitutedo-toluic acid analogues across four different lipid bilayer membranes at®25°C

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

Permeant X Lipid Bilayer Composition

DHPC DPPC DPPC/CHOL Egg-PC
a -H (6.3+0.2) x 10° (1.3+0.2) x 10* -b 1.1+0.2
b -ClI (4.9+0.4) x 10° (1.3+0.1) x 10* -b (6.4+0.1) x 10*
c -OCH, (2.6+0.7) x 10° 5.8 x 10° (2.5+1.4)x10° (3.5+0.1) x 10*
d -CN (2.1+0.2) x 10° (2.6 +0.1) x 10° (2.6 +0.4) x 10* (2.7+0.5) x 102
e -OH (4.5+0.5) x 10 (1.4+0.2) x 10° (1.4+0.2) x 10° (1.6+0.4) x 10°
f -COOH (1.6 +0.1) x 10’ (3.4+0.3) x 107 (4.0£0.6) x 10° (1.8+0.3) x 10*
g —CONH, (5.1+1.2) x 10° (4.6 +0.3) x 10° (1.1+0.3) x 107 (4.1+0.4) x 10°

2 Expressed as meansb.
P Too fast to be detectable by the present method.
¢ Determined from previous experiments using the BLM transport method (Xiang & Anderson, 1994).

laboratories using the BLM method (Xiang & Anderson, experimentally accessible may not be a good measure of
1994). the relevant partition coefficient&, . ierns @S 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

The overall resistance of a heterogenous bilayer mempolarit'y/poIarizability, as usually characterized by the di-
brane to solute permeation, as expressed by the inver§dectric constante, and hydrogen-bond donating/
of permeability coefficienP,,, is the summation of the 2accepting capacity (Kamlet et al., 1988; Marcus, 1991).

resistances in different regions across the bilayer (Dial-iPid bilayers are unique in that different regions within
mond, Szabo & Katz, 1974), or the bilayer may possess markedly different solvent prop-

erties. The hydrated headgroup region at the bilayer/
1 d dz water interface, for example, resembles a highly polar,
p_m‘ f 0 K,,D, ©) hydrogen-bond donating/accepting solvent such as iso-

amyl alcohol (Diamond & Katz, 1974). The region of
whereK,,, andD, are the partition coefficient from wa- ester/ether linkage(s) between the headgroups and the
ter into and the diffusion coefficient in the bilayer at acyl chains is less hydrated but is enriched in hydrogen-
positionz for the permeating solute, respectively, ahd bond acceptor groups. The acyl chain region is hydro-
is the entire bilayer thickness including the bilayer/watercarbonlike but its polarizability may be altered by the
interface. If transport is governed primarily by a distinct degree of chain unsaturation and its effective polarity
region within the lipid bilayer, however, it may be pos- may be increased by its proximity to the hydrated inter-
sible to describe the permeability coefficieRf,, by the  face.
following solubility-diffusion model: 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
whereKy arrierw @Nd Dparier are the partition coefficient fully hydrated bacterial phospholipid bilayers by X-ray
from water into and the diffusion coefficient in the bi- and capacitance measurements (Simon, Mcintosh & La-
layer barrier domain for the permeating solute, respectorre, 1982) and in gel and liquid-crystalline phase DPPC
tively, and d,,ier NOW represents the thickness of the bilayers by molecular dynamics simulations (Berger, Ed-
barrier domain. Since the series of compounds listed imolm & Jahnig, 1997). Very small amounts of water
Fig. 2 are similar in molecular size and shape and therepenetration deep into the acyl chain region have been
fore are likely to exhibit similar diffusional characteris- inferred in some ESR and fluorescence experiments
tics and volume displacement within lipid bilayers, their (Griffith et al., 1974; Ho et al., 1995) but the influence of
inherent polar/hydrogen bonding nature which deter-the bulky polar spin and fluorescent labels on these mea-
minesK, . rierw DECOMeES the predominant variable influ- surements is not known. Electrostatic interaction (e.g.,
encing their relative permeabilities. However, macro-the Born and image energies) can arise from the dipoles
scopic membrane/water partition coefficients which areof the glycerol esters/ethers, the charges in the choline

BARRIER DOMAIN MODEL FOR LIPID
BILAYER TRANSPORT

Kyarrier wPbarri
sz barrier/w-barrier (10)

dbarrier
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Table 2. Bulk organic solvent/water partition coefficients for neutsasubstitutedp-toluic acid analogues at 25°C
Permeant X Organic Model Solvents

Hexadecarfe Hexadecerfe Decadien® Chlorobutan& Butyl Octano?

ethef

a H (26+0.0)x 10" (5.2+£0.1)x10* (9.0+0.1)x10* 3.8+0.4 38 2 230 +3
b Cl (1.3+0.0)x10*  (4.2+0.0) x 10" (5.3+2.4) x 10" 5.0+0.3 58 +2 131 +9
c OCH, (3.3+0.3)x10% (6.4+0.5)x10%2 (1.1+0.1)x10* (6.9+0.3)x 10" 83 +0.2 58 +2
d CN (24+0.1)x10° (9.6+1.9}x10% (1.7+0.1)x10° (2.0+0.1)x 10" 1.9 +0.0 15.3+0.6
e OH (5.3+0.2)x10°  (2.5+0.1) x 10* (7.3£0.7) x10*  (1.5+0.1) x 10° 0.25 +0.03 8.3+0.2
f COOH (9.3+0.5)x10° (4.0+0.2)x10° (1.2+0.2)x10* (3.2+0.5)x 10* 0.46 +0.03 17.3+0.2
g CONH, (1.5+0.1)x10° (7.0+0.6) x 10° (4.0+0.7)x10° (1.1+0.1)x10* 0.023 +£0.00 2.0+0.2

2 Expressed as meansb.
P Determined from previous experiments (Xiang & Anderson, 1994).
¢ This study.

headgroups, and bound water molecules. Previous studrent. Hexadecane is nonpolar, resembling the acyl
ies have suggested that bound, organized (i.e., polarizeadhain region in saturated lipid bilayers. Hexadecene and
water molecules at the interface and in the vicinity of thedecadiene have different degrees of chain unsaturation
carbonyl groups in the ester linkages are a major conand therefore may be used to describe the possible ef-
tributor to the overall dipole potential or the apparentfects of double bond(s) in egg-PC and cholesterol on
polarity in the bilayer interior (Flewelling & Hubbell, barrier properties. Chlorobutane is relatively polar with
1986; Gawrisch et al., 1992; Griffith et al., 1974; Zheng a dielectric constant of 7.3, which is significantly greater
& Vanderkooi, 1992). The electrostatic interaction duethan that of nonpolar hydrocarbornsa(1.9-2.3). These
to interface dipoles is heterogenous depending on théur solvents have negligible hydrogen-bond donating/
depth in the bilayer interior (Flewelling & Hubbell, accepting capacity. Butyl ether has a single oxygen atom
1986). In the highly ordered mid-chain region of which may function as a hydrogen-bond acceptor resem-
roughly 5-10 A in length, the dipole potential varies bling those in the ester/ether linkages in DPPC and
gradually, reaching a maximum in the center of the bi-DHPC bilayers. Octanol, which has the same atomic
layer. Because of this potential gradient, a neutral butomposition as butyl ether, is capable of both hydrogen-
polar molecule may also be subjected to the influence obond donation and acceptance, and is extensively em-
the hydrated interface. The apparently polar nature oployed as a model solvent for structure-biological activ-
bilayers could also arise from the direct dipole-dipoleity studies. Bulk solvent/water partition coefficients for
interaction between polar permeants and methylen¢he series op-toluic acid analogues in each model sol-
groups in lipid acyl chains. These methylene groupsvent system, determined in this or a previous study
possess a small dipole of ca. 0.3 D (Evans & Ulman,(Xiang & Anderson, 1994), are presented in Table 2.
1990) and are capable of creating only a small interface  The patrtition coefficients for a series of solutes from
potential of 9 mV/CH (Brockman, 1994). However, in water into two different organic solvents; andK,, can
a highly ordered bilayer, these dipoles are highly orderedften be correlated through a linear free energy relation-
and in closer contact with permeating solutes. ship as described by Eq. 11 (Collander, 1951)
The above considerations led us to explore in greater
detail the apparent solvent characteristics of the barriefogk, = slogk, + i
domain by comparing functional group contributions ob-
tained from permeability coefficients, thought to reflect
primarily changes irK,riers With those generated in
bulk solvent/water partition coefficient experiments.

(11)

wheres andi are constants. The quality of the correla-
tion and the values of the parameterandi are used to
assess similarities in the chemical microenvironments of
the two solvent systems. A slopg, close to one indi-
cates that the two solvents exhibit nearly identical chemi-
cal selectivities for the series of solutes under study. An
Six model solvents (hexadecane, hexadecene, decadierseyalue of >1 implies that solvent 1 is less polar and
chlorobutane, butyl ether, and octanol) were chosen toherefore more selective to solutes varying in polarity
describe, respectively, the possible contributions of pothan solvent 2 and vice versa fex 1. As shown in Fig.
larity, polarizability and hydrogen-bond donating/ 8, an excellent correlatiom (= 0.99) exists between the
accepting capacity of the bilayer barrier microenviron-logarithms of hexadecane/water and chlorobutane/water

BuLk SoLVENT/WATER PARTITION COEFFICIENTS
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partition coefficients with a slope of 1.06, indicating the
similar chemical selectivities of these two aprotic non- 0
hydrogen-bonding solvents for the seriepefubstituted
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 g 6-
solvent butyl ether or the hydrogen-bond donating/ % g
accepting solvent octanol and the non-hydrogen-bonding 2

/s)
o

(cm

44

solvent chlorobutane are compared= 0.60;r = 0.96 107
for butyl ether and = 0.32;r = 0.89 for octanol), using -12 . r . .
this solute set which contains both hydrogen-bond do- -6 -4 -2 0 2 4
nating and accepting substituents. logKorg/w
Fig. 9. Linear free energy relationships between the permeability co-
SOLVENT NATURE OF THE TRANSPORT efficients, R, and various model solvent/water partition coefficients,
BARRIER MICROENVIRONMENT Korgms fOr p-toluic acid and itsa-substituted analogues. Key®j,
hexadecane(), chlorobutane;®), butyl ether; (J), octanol; and4\),

) ) . ) hexadecene.
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 syjtable model solvent for mimicking the barrier domain
size (and therefore diffusivity) among the seriespef  is one which provides as value of one, indicating that

toluic acid analogues, one can define a linear free energihe chemical selectivity of the barrier domain exactly
relationship correlating the logarithms of lipid bilayer matches that of the bulk solvent.

permeability CoefﬁCientS:,)m, with the |Ogarithms of bulk Figure A—C show correlations between |®n for
organic solvent-water partition coefficientSy, g the neutral species gktoluic acid and itsx-substituted

) analogues across DPPC, DHPC and DPPC/CHOL bilay-
logPy, = slogky g * i (12)  ers, respectively, and I, Using various organic

solvents (octanol, butyl ether, chlorobutane, decadiene,

As in Eq. 11, the slopes, often referred to as the selec- hexadecene, and hexadecane). The parameter value
tivity coefficient (Katz, Hoffman & Blumenthal, 1983), generated from regression analyses are summarized ir
measures the relative chemical affinities of a series offable 3 along with the data for egg-PC bilayers obtained
solutes for the barrier domain in the bilayer versus thepreviously using the BLM transport method (Xiang &
organic solvent chosen for the correlation. The mostAnderson, 1994). Correlations of permeabilities in
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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 £04 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 -14 +04 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-PC 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 24 +05 -5.1 £0.7 0.909

2Determined from previous experiments using the BLM transport method (Xiang & Anderson, 1994).

DPPC and DHPC bilayers with hexadecene/water ananuch less polar than octanol, there are significant dif-
decadiene/water partition coefficients were excluded beferences noted in Table 3. For example, liquid-
cause, unlike cholesterol and egg-PC, which possess oreystalline bilayers (DPPC/CHOL and egg-PC) exhibit
or more double bonds, the acyl chains in DPPC andarrier properties most closely matched by partially un-
DHPC are fully saturated. Although the correlation co-saturated hydrocarbon bulk solvents (e.g., hexadecene o
efficient is generally higher when the chemical selectiv-decadiene) whereas the chemical selectivities of the gel-
ity coefficient (i.e., the slope) is closer to one, it is the phase bilayers (DHPC and DPPC) are intermediate be-
value of s itself which is both more sensitive to the tween those in hexadecane and butyl ether. Thus, slopes
choice of a model solvent and a more revealing indicatosignificantly less than one (i.e., 0.7) were found in log-
of barrier domain properties. Octanol, a relatively polar,log plots of permeability coefficients in gel-phase DPPC
hydrogen-bonding solvent, yields slopes (2.0-2.8) conand DHPC bilayers against hexadecane/water partition
siderably larger than one for all bilayers explored, indi- coefficients, while correlations with butyl ether/water
cating that the bilayer barrier domains more closely repartition coefficients yielded slopes of 1.3 and 1.2, re-
semble an aprotic hydrocarbon solvent than oc-spectively. Considered in isolation, this difference could
tanol. This observation indicates that, regardless operhaps be ascribed to the relative polarities of hexadec-
chemical composition and phase structure, the barrieane and butyl ether, which have dipole moments of 0.0
domains do not reside in the hydrated interface headand 1.8 debye units, respectively, but correlations with
group regions. Similarly, a transient water-pore pathwayhexadecane/water and chlorobutane/water partition coef-
cannot be a significant transport route for these perficients are nearly parallel despite the much higher dipole
meants. This result contrasts sharply with the alcoholimonent of chlorobutane (2.1 debye units). Thus, the dif-
like polarity profiles across phospholipid bilayers (evenferences do not appear to involve polarity. Rather the
at the membrane center) reported by Subczynski et abarrier domains in the gel-phase phospholipid bilayers
(1994). Possibly, their use of polar spin labels (nitrox-appear to possess some degree of hydrogen-bond accep
ides) at various positions in the lipid chains to probe theing capacity. This may indicate that the ester/ether link-
local hydrophobicity may have induced artificially high ages between the headgroups and the acyl chains resid
water concentrations in the vicinity of the spin probes.partially within the barrier domain. In principle, the non-
The extremely low temperature (-150°C) used in thepolar acyl chain region would impose the highest ener-
ESR studies may also have contributed to the differencegetic barrier to the transport of polar permeants due to the
between their results and those obtained in this study. absence of favorable electrostatic interactions. How-
Even though the barrier microenvironments in ever, lipid chain ordering within bilayers contributes an
DPPC, DHPC, DPPC/CHOL, and egg-PC bilayers are aladditional diffusional resistance and an unfavorable en-
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tropic contribution to solute partitioning such that the ronment have a profound effect on transport of hydro-
more rigidly packed peripheral chain region imposes gohilic compounds. For example, whereas the ratio of the
higher barrier to permeation (Bassolino-Klimas et al.,permeability coefficients fop-toluic acid in egg-PGrs.
1993; Marqusee & Dill, 1986; Xiang & Anderson, DPPC bilayers at 25°C is 8.5 x 4 0this ratio for the
199%). Furthermore, a recent molecular dynamicsstronger hydrogen-bond donetcarboxyp-toluic acid is
simulation by Marrink and Berendsen (1994) revealed &only 530. The presence of 50 mol% cholesterol in DPPC
substantial lowering of water’s diffusivity in the head- bilayers, which fluidizes the membrane but also dimin-
group/glycerol linkage region as a result of its hydrogenishes the hydrogen-bond accepting nature of the barrier
bonding to these polar groups. The evidence that hydrodomain, has an overall modest effect on the permeability
gen accepting groups lie within the barrier domain incoefficients of hydrogen-bond donating permeants be-
gel-phase bilayers suggests that as bilayers become mogause of the cancellation of these two opposing effects.
ordered, the barrier domain shifts toward the outer por-Slucose, for example, has a van der Waals volume (139
tion of the ordered chain region. Since the region of the”") comparable with those for the seriespsfoluic ana-
bilayer in which the ester/ether linkages are localized hadogues (125-157 A as estimated from an atomic incre-

a higher density of hydrogen-bonding sites than thafMent method (Edward, 1970), but the ratio of permeabil-
found in bulk butyl ether, it is likely that the barrier ity coefficients for glucose across liquid-crystalline

domain is not limited to the region of the ester/ether®PPC/CHOL and gel-phase DPPC bilayers is only 2.2 as

linkages but rather extends deeper into the highly orompared to ratios ranging from 30-100 for the series of

dered chain region within the bilayer interior. p-toluic acid analogues.

Contrary to the barrier domains in gel-phase phos-_ . Because thex—substitu.ents in the series pftoluic_
pholipid bilayers, those in more disordered liquid- acid analogues are well isolated from other functional
crystalline bilayeré such as DPPC/CHOL or egg-PC exJroups on the_ same molecule, itis appropriate to assume
hibit properties resembling slightly polarizable, nonhy- that the contributions of these substituents to solute per-

drogen accepting hydrocarbons (e.g., hexadecene meation are independent properties of the substituents.

decadiene). The slope of a log-log plot of the permeabil?:runcnonal group contributions to the standard free en-

ity coefficients in DPPC/CHOL bilayers versus the hexa—ergy of transfer from water to an organic solvent can be
. - ) . calculated by the equation
decenel/water partition coefficients is 1.00, while corre-
lations with the hydrogen-bonding solvents (butyl etherA(AG®), = —RTINKgy/Kgrp) (13)
and octanol) give slopes substantially greater than sne (
= 1.7 and 2.8, respectively). Intercalation of 50 mol% WhereKgx andKg, are the partition coefficients for the
cholesterol into gel-phase DPPC bilayers disorders thubstituted and unsubstituted solutes, respectively. Like-
bilayer chains resulting in a phase-transition to the liquidwise, because of the similar molecular size and thereby
crystalline state and abolishes the hydrogen-bond accegimilar diffusivities of thep-toluic acid analogues, func-
tor character of the transport barrier domain. Thoughtional group contributions to the standard free energy of
some evidence suggests that cholesterol interacts witansfer from water to the lipid bilayer barrier domain
the phospholipid ester groups, it is more likely that theMay t_)e estimated from Fhe permeability coefficients of
disordering effects of cholesterol in gel-phase DPPC bisubstituted and unsubstituted permeafs, and Py,
layers as demonstrated by tRE-NMR spectral line eSpectively, by the equation
shape showing axially symmetric reorientation (Vist & A(AG®)y = —RTINPry/Pry) (14)
Davis, 1990) cause the barrier domain to be shifted to the
deeper acyl chain region where the hydrophobic barrielhe incremental free energies of transfer for various sub-
is higher due to the lack of hydrogen-bonding sites andstituents at thex-position ofp-toluic acid into the barrier
less favorable electrostatic interactions. This is furtheregions of gel-phase DPPC and DHPC bilayers and lig-
supported by the results in egg-PC bilayers which araiid-crystalline DPPC/CHOL and egg-PC bilayers (the
liquid-crystalline at 25°C even though they contain nolatter of which were obtained previously (Xiang &
cholesterol (Xiang & Anderson, 1994). As shown in Anderson, 1994)) are summarized in Table 4 along with
Table 3, the barrier domain in egg-PC bilayers resemblethose for transfer of the same substituents from water to
decadiene, a nonhydrogen-bonding solvent=( 0.99)  six organic solvents (octanol, butyl ether, chlorobutane,
which is slightly more polarizable than hexadecane.decadiene, hexadecene, and hexadecane). The incre
Possibly the apparently higher polarizabilities observednental free energies of transfer into DPPC/CHOL bilay-
in both DPPC/CHOL and egg-PC bilayers reflect theers are based on an estimated permeability coefficient for
presence of a double bond in cholesterol and the presp-toluic acid, which was too high to measure using the
ence of an average of one double bond per acyl chain ipresent method. The estimate was obtained from a linear
egg-PC lipids (Fettiplace, Andrews & Haydon, 1971). extrapolation of the correlation between 1Bg, and log
Subtle changes in the transport barrier microenvi-K,,, Using hexadecene as the optimal organic solh&nt (
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Table 4. Functional group contributions to the free energy (cal/mol) of transfgrtofuic acid and itsx-substituted analogues from water into
various bilayer barrier domains and model bulk solvents at 25°C

X DHPC DPPC DPPC/CHOL Egg-PC Hexadecane Hexadecene Decadiene  Chlorobutane  Bdtyanol
Ether

H 0 0 0 0 0 0 0 0 0 0

Cl 146 0 - 325 409 126 314 -165 -250 350
OCH;, 530 460 1270 687 1240 1260 1240 1010 900 840
CN 2020 2290 2610 2170 2820 2400 2350 1750 1770 1640
OH 2930 2650 4340 3860 5100 4590 4210 4640 2980 2000
COCH 3540 3520 5080 5170 6140 5680 5270 5540 2610 1560
CONH, 5590 6050 7240 6060 7250 6730 6010 6190 4390 2870

@ Calculated according to Egs. 13 and 14.
b p,, for p-toluic acid was estimated from a linear extrapolation of the correlation line between,lagdPlog K, q.adecenemwartFig- 9C.)

= 1.00). In general, the group contribution data agredransport barrier domain. In gel-phase interdigitated and
with the findings in Fig. #—Cthat the barrier domains in noninterdigitated phospholipid bilayers, the transport
gel-phase DPPC and DHPC bilayers resemble a solveritarrier domains possess a certain degree of hydrogen:
with some hydrogen-bond accepting capacity which isbond accepting capacity. This is consistent with the no-
eliminated when a phase transition is induced by intertion that increasing lipid chain ordering shifts the barrier
calation of 50 mol% cholesterol. domain from the ordered hydrocarbon chain interior to-

Although others have speculated that nonpolar hyward the peripheral region in which the ester/ether link-
drocarbons may be a better choice than octanol as modabes between headgroups and acyl chains are localizec
solvents for the permeability barriers in lipid bilayers, Since biological membranes may exist in a gel-phase, a
selectivity constants reported previously have been quitéiquid-crystalline phase, or a state of multiphase coexis-
close to one for both octanol and nonpolar solvents (Orience, the finding that the barrier microenvironment
bach & Finkelstein, 1980; Walter & Gutknecht, 1986). changes with bilayer phase structure may provide insight
Indeed, Orbach and Finkelstein (1980) have argued thahto the molecular origins of structure-activity relation-
the choice of model solvent is not important because thehips which reflect at least in part a transport component.
selectivity constant is nearly the same for all the model
solvents employed. However, as pointed out by WalterThis work was supported by a grant from the National Institutes of
and Gutknecht (1986), nonpolar and polar, hydrogerfiealth (RO1 GM51347).
bonding solvents often appear to give similar selectivity
constants in correlations between permeability coeffi-references
cients and partitioning data because permeant hydro-
philicity is usually varied by changing the number of Anderson, B.D., Higuchi, W.l., Raykar, P.V. 1988. Heterogeneity ef-
nonpolar -CH-groups. Each -CKgroup induces only a fects on permeability-partition coefficient relationships in human
modest change in the transfer free energy. 800 cal/ stratum corneuPharm. Res5:566-573 N

. a &nder‘son, !3.D.‘, Raykar, P.V. 1989. Solute structure-permeability re-

mol) in _ContraSt to free energy changes_ of 2000_ 600 lationships in human stratum corneuth. Invest. Dermatol93:
cal/mol induced by polar, hydrogen bonding substituents 5gg_ogg
such as -CN, -OH, -COOH, and -CONHMoreover, the  Bartlett, G.R. 1959. Phosphorous assay in column chromatogrdphy.
methylene group contribution is not highly sensitive to  Biol. Chem.234:466-468
the nature of the organic solvent emp|oyed in partition-BaSSOIinO—KIimaS, D., Alper, H.E., Stouch, T.R. 1993. Solute diffusion
ing studies. in Iipid_bila)_/er mt_ambr'anes: An atomic level study by molecular

In summary, a vesicular transport method has beer%e dynamics simulationBiochemistry32:12624-12637
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