J. Membrane Biol. 173, 187-201 (2000) The Journal of
Membrane
Biology

© Springer-Verlag New York Inc. 2000

Influence of a Transmembrane Protein on the Permeability of Small Molecules Across
Lipid Membranes

T.-X. Xiang, B.D. Anderson
Department of Pharmaceutics & Pharmaceutical Chemistry, University of Utah, Salt Lake City, UT 84112, USA

Received: 12 July 1999/Revised: 20 October 1999

Abstract. The influence of the nonchannel conformation transport, constitutes an important step toward under-
of the transmembrane protein gramicidin A on the per-standing permeability in biomembranes.

meability coefficients of neutral and ionized-X-p-

methyl-hippuric acid analogues (XMHA) (X= H,  Key words: Permeability — Gramicidi A — Partition
OCH,, CN, OH, COOH, and CON}) across egg- coefficients — Lipid bilayers — Membrane transport —
lecithin membranes has been investigated in vesicle eftinear free-energy relationships

flux experiments. Although 10 mol% gramicidin A in-

creases lipid chain ordering, it enhances the transport of

neutral XMHA analogues up to 8-fold, with more hy- Introduction

drophilic permeants exhibiting the greatest increase.

Substituent contributions to the free energies of transfeBiomembranes, commonly described as a fluid mosaic of
of both neutral and anionic XMHA analogues from water proteins embedded within a lipid bilayer matrix (Singer
into the bilayer barrier domain were calculated. Linear& Nicolson, 1972), function as a barrier to transport of
free-energy relationships were established between theséiemical species involved in various life processes and
values and those for solute partitioning from water into@s a matrix on which various biochemical reactions may
decadiene, chlorobutane, butyl ether, and octanol to agccur. Although the transport of many molecular species
sess barrier hydrophobicity. The barrier domain is simi-(€-9., glucose, amino acids, metal ions, etc.) of biological
lar for both neutral and ionized permeants and substarninterest involves carriers and channel proteins, passive
tially more hydrophobic than octanol, thus establishingdiffusion within biomembranes is the predominant
its location as being beyond the hydrated headgroup remechanism for many permeants, including lipophilic
gion and eliminating transient water pores as the transdrug molecules as well as low molecular weight polar
port pathway for these permeants, as the hydrated intecompounds. Because of this fundamental importance,
face or water pores would be expected to be more hyextensive investigations of the passive permeation of
drophilic than octanol. The addition of 10 mol% small molecules have been undertaken in the past several
gramicidin A alters the barrier domain from a decadiene-decades using various model membranes, especially pro-
like solvent to one possessing a greater hydrogen-bontgin-free lipid bilayers (Haydon & Hladky, 1972; Finkel-
accepting capacity. The permeability coefficients forstein, 1976; Carruthers & Melchior, 1983; Walter & Gut-
ionized XMHAs increase with Naor K* concentration, ~knecht, 1986; Xiang, Chen & Anderson, 1992; Clerc &
exhibiting saturability at high ion concentrations. This Thompson, 1995; Lande, Donovan & Zeidel, 1995;
behavior can be quantitatively rationalized by Gouy-Xiang & Anderson, 1997; Paula, Volkov & Deamer,
Chapman theory, though ion-pairing cannot be conclu1998). These studies have provided insight into the
sively ruled out. The finding that transmembrane pro-mechanisms by which the chemical composition of bi-

teins alter barrier selectivity, favoring polar permeantlayer lipids (e.g., the acyl chain length, degree of unsat-
uration, and headgroup charges) and the physical states

of the membranes (e.g., phase structure, surface pressure,
- and temperature) affect permeation.
Correspondence toB.D. Anderson Nevertheless, one of the principal and as yet unre-
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solved issues in understanding molecular permeatiom andp chirality (Anderson, 1984; Cornell, 1987). Grami-
mechanisms in biomembranes is the role membrane praidin A is almost insoluble in water and can easily span
teins play in determining passive permeation rates acrossertain bilayers in either a channel conformation where
biomembranes. While intensive efforts have been degA forms right-handed head-to-head single helical
voted to understanding the mechanisms for various prodimers with two monomers joined at their N-termini at
tein-assisted transport processes (e.g., carriers, channelse bilayer center or a nonchannel conformation where
and pumps), it is somewhat surprising that so little isgA forms double-helical head-to-tail dimers depending
known about the mechanisms by which these protein®n the organic solvent history for its incorporation into
alter basal permeability properties of biomembranesthe membranes (Wallace, 1990; Killian, 1992). As a
Among the important questions that need to be addressedembrane-spanning, relatively simple, hydrophobic
are: (i) How strongly do membrane proteins affect basalpolypeptide, gramicidin has become a prototype for stud-
permeabilities of neutral and ionic small molecule per-ies of protein-lipid model systems (e.g., as a model for
meants? (i) Can the effects of membrane proteins béhe membrane-spanning part of intrinsic membrane pro-
explained in terms of structural changes (e.g., orderingeins) (Killian, 1992) and is currently the best character-
and hydrophobicity) of the lipid chains within the mem- ized transmembrane peptide. Gramicidin A and its in-
branes due to the presence of these membrane proteiflsence on membrane structure have been widely studied
(Muller, van Ginkel & van Faassen, 1996; Subczynski etusing fluorescence, NMR, ESR, DSC, CD, IR, Raman,
al., 1998)7? (iii) Do membrane proteins alter the path-and X-ray diffraction methods. For example, gA gener-
way(s) through which permeants diffuse across memally increases chain order and reduces both rotational and
branes? and (iv) How do these effects depend on th&anslational diffusion rates in the interior of liquid-
nature, conformation, and amount of membrane proteinsrystalline phospholipid membranes (Cox et al., 1992;
and their location in the membranes (i.e., periphggl Koeppe, Killian & Greathouse, 1994; Patyal, Crepeau &
integral)? Freed, 1997), though these perturbations of the bilayer
Biomembranes varying in lipid and protein compo- structure depend slightly on the conformation of gA
sition differ markedly in their chemical selectivity to (Muller, van Ginkel & van Faassen, 1995). These mem-
solute transport. For example, studies in the authorsbrane properties are expected to strongly affect molecu-
laboratories have shown that the barrier domain forar permeability across biomembranes (Xiang & Ander-
transport across human stratum corneum, the barrieson, 1997 and 1998).
properties of which are generally attributed to the mul- This study is the first of a series of investigations on
tiple lamellae of lipid bilayers localized within its inter- the effects of transmembrane proteins on molecular
cellular spaces, closely resembles octanol in its selectiviransport across model biomembranes. In this study, we
ity to permeant structure (Anderson, Higuchi & Raykar, have explored the permeabilities of a series of neutral
1988; Anderson & Raykar, 1989). Similar correlationsand ionized permeantsy-X-p-methyl-hippuric acids
between solute transport across the blood-brain barriggXMHA, X = H, OCH;, CN, OH, COOH, and CON}J
and partition coefficients in octanol are well establishedacross egg lecithin bilayers with 10 mol% gA incorpo-
(Rapoport, Ohno & Pettigrew, 1979; Levin, 1980). In rated predominantly in a nonchannel conformation. Be-
contrast, the barrier domain within protein-free liquid- cause of this nonchannel conformation of gA and the
crystalline lipid membranes resembles that of a nonpolarelatively large size of the XMHA permeants employed,
solvent (e.g., decadiene) with negligible hydrogen bondthe permeabilities obtained are exclusively basal perme-
ing capacity (Walter & Gutknecht, 1986; Xiang et al., abilities the magnitudes of which, however, may be al-
1992; Xiang & Anderson, 1994b). tered due to changes of membrane structure (e.g., local
It is very difficult to explore the above fundamental order) or due to the potential existence of an additional
issues in natural biomembranes where the distributiopermeation pathway along the protein/lipid interface in
and structure of various membrane proteins are unthe presence of gA. The permeability results were used
known. Therefore, we attempt in this paper to shed lightto generate functional group contributions to the transfer
on the first three questions by investigating the effects orof permeant from water to the barrier domain. Linear
solute basal permeability of a model transmembrane profree-energy relationships were developed between these
tein, gramicidin A (gA), reconstituted into phospholipid results and data for solute partition coefficients from wa-
bilayers in its nonchannel conformation. Gramicidin A ter into four distinctive organic solvents (decadiene,
is a member of a large family of polypeptide antibiotics chlorobutane, butyl ether, octanol) in order to character-
produced byBacillus brevis,an aerobic soil bacterium. ize changes in the chemical selectivity of the transport
It consists of 15 amino acid residues, the sequence dbarrier in the presence of gA. The series of XMHA ana-
which from its N- to C-terminus is formyl-ValGly,- logues were chosen because their polar substituents (X)
Alas-Leu,-Alas-Valg-Val,-Valg-Trpg-Leu, ,-Trp,,-  are sufficiently isolated to preclude the possibility of
Leu,~Trp,s-Leu, ,-Trp,s-ethanolamine with alternating intramolecular hydrogen bonding. The use of polar sub-
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stituents as probes of barrier environment is necessary as 0]
more lipophilic probes such as -GHgroups in a parent X—CHZ‘Q—gNHCHZCOOH
permeant molecule often fail to distinguish between non-
polar and polar, hydrogen bonding solvent environments

(Orbach & Finkelstein, 1980; Walter & Gutknecht,

1986). The presence of an ionizable carboxylic group in X
the XMHA analogues allowed permeability coefficients T
varying over roughly 5-6 orders of magnitude to be de- -H
termined in the efflux transport experiments by selecting -OCH;
a suitable pH “window” for each permeant so that fluxes -CN
were in a detectable range. -OH
Apart from the fundamental importance of under- -COOH
standing the transport of ionizable molecules (e.g., fatty -CONH,

acids and peptide derivatives) across biomembranes, t o

. pep . ) . l~,lelg. 1. Molecular structures of-X-p-methylhippuric acids (XMHA)
prediction of their permeation rates across biome employed as permeants in this transport stuly.

branes would also be particularly useful in drug devel-

opment. Solute ionization can alter the permeation rat
EPARATION AND CHARACTERIZATION OF LARGE

across biomembranes often by several orders of magn|-
NILAMELLAR VESICLES

tude, potentially accompanied by changes in the trans-
port mechanism. In addition to the commonly assumec\/eSiCIe Preparation
mechanisms of ionizable permeant transport via aqueous
pores or by solubility and diffusion of the neutral speciesLipids (50-100 mg eggPC and 3-6 mg PA) were accurately weighed,
through the lipid bilayer matrix (Paula et al., 1996, dissolved in 25 mL chloroform in a test tube, divided into 5-10 ali-

1998), other transport mechanisms have been invoked t@'ts: and evaporated to a dry thin film under nitrogen. A 1.4 mL

rationalize the passive diffusion of ions, including the netahquot of a solution of gramicidin A (1 m) in ethanol was then added

f FIOH" al ds of | | to each sample and the solvent was removed under a stream of nitrogen.
movement o H™ along strands of water molecules The preparation of gA in ethanol is known to incorporate gA into lipid

extending into the membranes via rearrangements of hymembranes in a predominantly nonchannel conformation (Muller et al.,
drogen bonds (Nichols et al., 1980), transmembrane mi1995). The dried film was then left under vacuum for 12 hr. A 1 mL
gration of CI ions assisted by the “flip-flop” of lipid aliquot of an aqueous solution containing (1-2) x31Q of XMHA
molecules (Toyoshima & Thompson, 1975), the forma-Permeant (unlabeled) or 10Ci/mL of radiolabeledx-glucose, 0.0

tion of ion pairs in the membrane interior (Riddell & buffer (citric acid, phosphate, Tris-HCI, or carbonate), 0.0+0MNaCl,

and 0.02 nw EDTA at a given pH was then added to a final total lipid

Zhou, 1994), and the formation of deep, asymmetric_ . = 10 mg/mL. The dried lipid-protein film was hydrated

thinning defects in the bilayer whereby water and polaryy yepeated vortexing and shaking. The suspension formed was then

lipid head groups penetrate the membrane interior to proextruded successively through 0.4, 0.2 andripolycarbonate filters

vide a solvation shell for the ion (Wilson & Pohorille, (Nuclepore, Pleasanton, CA) to form large unilamellar vesicles

1996). (LUVs). A small amount of negatively charged PA (5 mol%) was
included in these membranes to reduce the rate of vesicle aggregation
and increase vesicle stability (Cevc et al., 1988).

Materials and Methods Dynamic Light Scattering

Vesicle hydrodynamic diameterd, were determined in each vesicle
preparation by dynamic light scattering (DLS) measurements. The ap-
MATERIALS paratus for DLS experiments consisted of a goniometer/auto correlator
(Model BI-2030AT, Brookhaven, Holtsville, NY) and an Aion laser
(M95, Cooper Laser Sonics, Palo Alto, CA) operated at 514.5 nm
L-a-lecithin-(phosphatidylcholine) (>99%) from egg yolk (eggPC) and wavelength. Approximately 3Q.L of LUV suspension was placed in
phosphatidic acid (PA) (>99%) were purchased from Avanti Polarg clean glass test tube (13 x 75 mm) and diluted to 2 mL with the same
Lipids, (Pelham, AL). Gramicidin A was purchased from Fluka filtered buffer solution. The sample was placed in a temperature-
Chemical (Ronkonkoma, NY). All the lipids were stored in a freezer controlled cuvette holder with a toluene index-matching bath. Auto-
upon arrival. °H-D-glucose (1 mCi/mL, S.A. 60 Ci/mmol) was ob- correlation functions were determined for a period of 100-500 sec with
tained from American Radiolabeled Chemicals (St LOUiS, MO) Thea 15-30MSGC duration at 90°C and ana|yzed by the method of cumu-
five a-X-p-methyl-hippuric acid analogues (% CN, OCH;,, OH, lants.
COOH, and CONH) shown in Fig. 1 were synthesized in this labora-
tory as described elsewhere (Mayer, Xiang & Anderson, 2000, protein Content Analyses
preparatior). Final purities of these synthesized compounds were
>95% by HPLC. p-Methyl-hippuric acid (>98%, Sigma Chemical, St. Incorporation of gramicidin A into lipid membranes was demonstrated
Louis, MO) was used as received without further purification. by the failure to detect a significant amount of gA in the aqueous
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filtrate upon ultrafiltration of gA-containing eggPC LUVs. A new ana- mined by lysing samples with a small amount of Triton X-100 (Sigma)
lytical method was developed to determine the gA concentration in theprior to analysis.

membranes. LUVs were lysed and diluted 1:2 in methanol leading to The extravesicular permeant concentration due to permeant trans-
clear samples which were analyzed for gA by measuring absorption aport across LUVs varies with time according to the following kinetic
280 nm (Cary 3E UV-Vis Spectrophotometer, Varian) using a standarcequation

curve of gramicidin A in methanol/water (1:2 v/v) and for phosphorus

content by the method of Bartlett (1959). In (C. = C)/(C. —C) = Kopst (1)

whereC,, C,, andC,, are the extravesicular permeant concentrations at
time O andt, and at equilibrium, respectively, arkg, is the apparent

) . first-order rate constant. The apparent permeability coeffickept,
The ghannel and nonchannel _conformatlons of gramicidin A were de—Can be obtained from the first-order rate constag, via the equation
termined by CD spectroscopy in the wavelength range of 210-260 nm.

The CD spectra were obtained on a Jasco Model J-720 Spectropolap o = kopVIA @)

imeter (Jasco Spectroscopic, Hachioji City, Japan) with a water-cooled ap

Xenon lamp light source and a path length of 1 cm with computer-\yhere the ratio between the entrapped volume and surface area of the

controlled data acquisition and analysis. Vesicles with or without gA LUVs, VI/A, is obtained from the vesicle hydrodynamic diameter,
(for baseline measurements) were prepared at a lipid concentration qf (VIA = d/).

0.5 mv by extrusion through 0.2—0.03m polycarbonate filters.

Circular Dichroism Spectroscopy

HPLC Analyses

DETERMINATION OF PERMEABILITY COEFFICIENTS o ) o
An HPLC system consisting of a syringe-loaded sample injector (Rheo-

Permeant efflux from LUVs was monitored to obtain the permeability dyne Model 7125, Rainin Instrument, Woburn, MA), a solvent delivery

coefficient. The experimental procedure included the following steps:System (110B, Beckman Instruments, San Ramon, CA) operated at a
flow rate of 1.0-1.3 mL/min, a dual-wavelength absorbance detector

. . (Model 441, Water Associates, Milford, MA) operated at 254 nm, an

Gel Filtration integrator (Model 3392A, Hewlett-Packard, Avondale, PA), and a re-
versed-phase column packed witlwB Jupiter RP-C18 (Phenomenex,

A size-exclusion column packed with Sephadex G-50 (medium frac-Torrance, CA) was used at ambient temperature for the analyses of the

tionation range, Sigma) in a 10 mL disposable syringe was equilibratedamples taken during the transport and partitioning experiments. Ace-

at 25°C with the same buffer solution as that used to prepare the LUV$gnitrile:water mobile phases buffered to a pH of 3.0 using GO1

but without permeant. Aliquots (0.5-0.6 mL) of the permeant loadedpposphate buffer and varying from 7 to 30% organic solvent depending

LUVs prepared above were transferred onto the column and eluted by, the analyte lipophilicity were employed.

centrifugation (Model CL, IEC, Needham Hts., MA) at two speeds (2

min at 300 xg; 1 min at 900 xg). The pH of the eluent was monitored

to make sure that the eluent pH and that in the original LUV sampleReasylts and Discussion

were identical. Vesicles with entrapped permeant appeared in the void

volume of the size-exclusion column and were well separated from theP limi tudi indicated that bilit ffi
extravesicular permeant fraction. HPLC analyses of initial and equi- reliminary studies indicate al permeability coefii-

librium extravesicular permeant concentrations in the LUVs indicatedCi€Nts for the most polar permeant in the sertegar-

an initial ratio of the entrapped to extravesicular permeant concentraPamoylp-methylhippuric acid, increased systematically
tion after size-exclusion chromatography on the order of. The  with an increase in gramicidin A concentration up to 10
eluted LUVs were collected in a screw-capped 10-mL glass vial whichmol % (data not showp Given that a gramicidin con-

was immediately placed in a 25°C water bath. centration of 10 mol% has been the choice in many pre-
- vious studies of lipid-gramicidin interactions and their
Ultrafiltration effects on membrane structure (e.g., Cox et al., 1992;

Muller et al., 1995, 1996), this concentration was also
'chosen for the present study. Since liposomes with a
permeant concentration outside the LUVs with time. To determine thj’]lgh protein Co_ntent tend to be less Stable'_a small
flux, aliquots (0.4 mL) of the LUVs after the gel filtration were taken amount of negatively charged PA (5 mol%) was included
at various time intervals and loaded onto a Centricon-100 filterin these membranes to reduce the rate of vesicle aggre-
(MWCO = 100,000; Amicon, Beverly, MA). The loaded sample was gation and increase vesicle stability (Cevc et al., 1988).
then centrifuged at 1,200 g for 3-6 min. The effects of permeant Dynamic light-scattering results indicated that most
binding to the Centricon-100 filter on filtrate concentrations were ex- vesicle samples prepared in this manner maintained a

amined with selected permeants and at several different permeant Colynstant hydrodynamic diameter of approximately 190
centrations. No significant binding was detected after new filters were . bati i fatl t10 d
preconditioned by rinsing with deionized water. Permeant concentral!M OVEr an incubation ime or at leas ays.

tions in the collected filtratec@. 100-200wl) were subsequently ana-
lyzed by HPLC fora-X-p-methyl-hippuric acids or by liquid scintil-
lation counting (Beckman LS1801, Beckman, Fullerton, CA) Jdr
glucose after 10Qul of the filtrate was mixed with 3 mL of a . . . o
scintillation cocktail (Aquasol, Opti-Fluor, Packard Instrument, Mer- Displayed in Fig. 2 are CD spectra of egg lecithin
iden, CT). Total permeant concentrations in the LUVs were deter-vesicles in the presence of gramicidin A. The appear-

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

CONFORMATION OF GRAMICIDIN A IN LIPID MEMBRANES
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Fig. 2. Circular dichroism spectra for gramicidin A in eggPC/PA
vesicles. Gramicidin A was incoporated from ethanol yielding the non-Fig. 3. First-order flux profiles fora-carboxyp-methylhippuric acid
channel conformation, having a minimum ellipticity at approximately 8cross eggPC/gA membranes at different pH values.
230 nm. The open and closed circles represent measurements taken 2
hr and 240 hr after the sample preparation.
ter; v is the surface concentration enhancement factor

due to electrical double layers at the lipid-water inter-
ance of a minimum at approximately 230 nm and theface; A is the membrane surface areR, is the mean
absence of a positive maximum ellipticity near 240 nmvesicle radiusR is the gas constanT; is temperaturen,
are characteristics of gramicidin A in a nonchannel con4s the number of water pores; and the permeant radius
formation (Cox et al., 1992; Muller et al., 1995). Grami- (unhydrated). The termigmr® ande, reflect the energy
cidin A in the nonchannel conformation undergoes aassociated with the formation of a pore of radiuand
transition to a channel conformation at a high temperadepthd. The only parameter that is sensitive to the per-
ture (Tournois et al., 1987; Cox et al., 1992; Killian, meant charge ig. Hamilton and Kaler (1990) assigned
1992). The stability of the non-channel conformationay value of 10 for cations in synthetic membranes con-
under the experimental conditions employed in the transtaining negatively charged headgroups. Accordingly, a
port studies (25°C) can be assessed by observing the Cfactor of 0.1 may apply for anions. Thevalue can be
spectra taken 2 and 240 hr after the sample preparatiogstimated from the Gouy-Chapman theory (Gouy, 1910;
As shown in Fig. 2, the CD spectrum is barely changedChapman, 1913). For the membranes used in our study
after 10 days’ incubation, suggesting that the nonchannethich contain only a small amount (5 mol%) of nega-
conformation remained intact during the time frame oftively charged phosphatidic acid, theparameters for
the transport experiments. single-and double-ionized anions are estimated to be
0.49 and 0.24, respectively. Thus, the aqueous pore
model would predict a maximum reduction in permeabil-
ity of a factor of 4 upon solute ionization accompanying
changes in solution pH, providing that the barrier prop-

) . erties of the membrane remain roughly constant with
Molecular transport across biomembranes is generallyarying solution pH.

attributed to one of two possible pathways (Stein, 1986; |n contrast to the above prediction, changes of sev-
Priver, Rabon & Zeidel, 1993; Xiang & Anderson, era| orders of magnitude were observed in the apparent
1994; Paula et al., 1996): diffusion through transient permeability coefficients of XMHAs with solution pH.
aqueous pores or solubility-diffusion through a lipid ma- Figure 3 shows flux profiles for one of the permeants
trix. If the former mechanism dominates, solute perme-(y-carboxyp-methyl-hippuric acid, X= COOH) across
ability would be expected to be molecular size dependengggpC/gA membranes at several pH values. As is evi-
but essentially independent of solute lipophilicity ac- gent in the linearity of these plots, the fluxes follow
cording to a simplified model by Hamilton and Kaler cjosely the kinetic model in Eq. 1 reflecting stable mem-

pH DeEPENDENCE OFMODEL PERMEANT TRANSPORT IN
EGGPC/gA BLAYERS

(1990), brane transport properties within the time domain of in-

terest. Solute flux depends strongly on solution pH,

_ Dy Yo RT[ﬂer RT/k ]exrf—klwr2+ed)/RT ©) being very low at a high pH of 9.6 and several orders

m R, Aky t of magnitude larger when solution pH is lowered to
pH = 6.3.

whereD,, is the diffusion coefficient of permeant in wa- The apparent permeability coefficients obtained ac-
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cording to Eq. 2 for all compounds in the serieseK- cients for the neutral and ionized species, respectively.
p-methyl-hippuric acids are plotted in Fig. 4 as a function The fraction of neutral specief,,, is
of pH. In every case the apparent permeability coeffi-
cients decrease with increasing solution pH approachin 1
plateau values at a high pH (>10.0) where virtually all of 'HA = 1+K /[H'] ©
the permeants are ionized and thej,, values are ex- &
tremely small (<5 x 10'° cm/sec). To assess the depen-
; . . or

dence of membrane barrier properties on solution pH, the
permeability coefficient R,,) for a-p-glucose across 1
eggPC/gA membranes was also determined over the pk,, = - po— (6)
range of interest as glucose is not ionizable within the pH 1+ Ka/[H]+ KK/ [H']
range explored and any systematic change of glucose’s
P.ppWith pH would reflect an alteration of bilayer barrier for a monocarboxylic acid or a dicarboxylic acid, respec-
properties with pH. As shown in Fig. 4, the permeability tively. The dissociation constants, for the series of
coefficient for glucose is independent of solution pH XMHA analogues were determined previously (Mayer et
within experimental error. The value obtaindd,.2 x  al., 2000,n preparatior). According to Egs. 4-6, at low
107° cm/sec, is approximately 4-fold larger than that in pH where [H] > K, (or K., andK, for a-carboxyp-
protein-free eggPC membranes (Xiang, Xu & Andersonmethylhippuric acid),f,, approaches one and,,,
1998). The above results thus suggest that at least for alaches a plateau value®i*. At high pH,f,,, becomes
the weak acids used here and in the pH range (<9.0pegligible andP,,, approaches a limiting value ot
whereP,,,, varies strongly with pH, transport proceeds At intermediate pH values, where TH< K, (or K, and
primarily through the membrane lipid matrix rather than K, for the dicarboxylic acid) buf,,P"* is still much
through transient water pores. greater than (1 £,,)P", Py, = PPATHTK, (Papp= P™

If molecular transport is governed by the solubility- [H*]%/K ;K for the dicarboxylic acid), and 0, is
diffusion pathway, the neutral (HA) and ionized (A) spe- linearly dependent on pH with a slope of -1 or —2. The
cies should exhibit substantially different permeabilitiescurves shown in Fig. 4, which represent nonlinear re-
because of their sharply differing lipophilicities. The pH gression analyses of the data according to Egs. 4-6, in-
dependence of the apparent permeability coefficient thuglicate that this model can satisfactorily describeRRg,
reflects the relative fractions of permeant in neutral and- pH profiles generated. For the dicarboxylic acid, the
ionized forms, as governed by the acid dissociation conslope of twice that for the other sets is the direct result of
stant,K,. In the absence of unstirred water layer effectsthe presence of two ionizable carboxyl groups in this
(negligible for the vesicles employed in this study) andsolute molecule. A consequence of this greater slope is
assuming the barrier properties of the bilayer to be pHhat the plateau reflecting ion transport occurs at a lower
independent, as established in Fig. 4, the apparent pepH. The permeability coefficients for six neutral and

meability coefficientP,,, can be expressed as ionized XMHA analogues across gA-containing eggPC
bilayers obtained from the nonlinear fits are summarized
Papp = fuaP™ + (1 = fu )P (4)  in Table 1 along with those across gA-free eggPC bilay-

ers obtained previously (Mayer et al., 2009 prepara-
whereP** and P* are the intrinsic permeability coeffi- tion).
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Table 1. Permeability coefficients (cm/sec) for neutral and ioniae¥-p methyl-hippuric acid analogues across eggPC membranes in the absence

and presence of 10 mol% gramicidin A at 25*°C

193

Permeant X EggPC + 10% gA EggPC
Neutral species lonized species Rétio Neutral species
a —H (4.6 £0.5) x 10* (4.4 +1.5) x 10%° (9.6 +2.1) x 107 (4.9+0.4) x 10*
b —OCH, (2.0+0.2) x 10* (1.5+0.2) x 10%° (7.5+1.8) x 107 (1.0+0.1) x 10*
c -CN (1.8+0.2) x 10° (9.6+0.2) x 10** (5.3+0.7) x 10° (9.2+1.0) x 10°
d —-OH (3.1+0.3) x 1¢° (2.2+0.4) x 10*? (7.1£1.7)x 107 (5.5+0.4) x 107
e —COOH (5.1£0.1) x 10 @+1)x10" - (1.7+£0.4) x 107
f —CONH, (8.4+0.2) x 10° (2+1)x 10" - (9.9 +0.6) x 10°

aExpressed as mean + SD.
b Determined from previous experiments using the same transport method (Mayer et alin2@@paration).
®The ratio of the permeability coefficients for the corresponding ionic and neutral species in eggPC + 10% gA membranes.

As shown by the permeability data in Table 1, aalso found that permeation of halide anions through
single carboxylic ionization generally decreases the inphospholipid membranes occurs by the solubility-
trinsic permeability by 5-6 orders of magnitude. The diffusion mechanism even though the halide anions are
presence of two ionized carboxylates in hearboxyl  smaller in size and thereby their transport through tran-
substituted MHA also results in a decrease of approxisient water pores would be more favorable than the ionic
mately 6 orders of magnitude in comparison to the neuspecies used in this study. The above results further sup-
tral species, whereas a decrease of 10-12 orders of magert the conclusion that the transport of most neutral and
nitude would be expected (barring a change in mechaionized a-X-p-MHA analogues occurs through a lipid
nism) since the two —COOH groups in the permeant argathway.
well separated and therefore should exert independent
and additive contributions to the free energy of transfer_l_RN\ISPORTMECHA,\”SNIS FOR | ONIZED PERMEANTS
into the membrane. Furthermore, the ionized form of
a-carbamoylp-MHA has a permeability coefficient very
close to that for the double ionized-carboxy-p-MHA.
Apparently there is a minimum permeability for these
solutes regardless of their lipophilicities. Two mecha-
nisms may be responsible for this behavior. First, for

very impermeable solutes such as the doubly Iorllze(garrier for ion transport. To explore this possibility, the

form of a-carboxy-p-MHA, permeation through tran- : X .
sient water pores, which depends only weakly on soIu-tcr(‘;jlrr:t";l Fi)r?irr:gogggnpeéhﬂglr?]%lﬁggezcg é'i\f/lfsé)ma;?éf O%AK- cl
tion pH as described earlier, may become significant. oncentrations was investigated at a high pH10.5)

Indeed, membrane transport of small cations such as h here the permeability-oH profile has reached a plateau
drogen and potassium ions may proceed mainly through P y-pH p P

transient water pores (Paula et al., 1996). Second, th\éalue €. Fig. 4). The results are d_lsplayed in Fig. 6.
. 1 ncreases in the apparent permeability occur for MHA
permeability measurement may be limited by a slow rUp-, b increasin [N or [K*] approaching a plateau at
ture/leakage of LUVs due possibly to a slow transition high cation cor?centration (>Ol\51!):))p Since tﬁe cgtion con-
from a bilayer phase to a nonbilayey, ldhase (Cox et al., centrations employed (0.05-0v exceed the permeant

;ggZ(;u'gci)cl)Jrrl?ms et al., 1987) and/or intervesicle mterac'concentration (2 x 16 w), the apparent permeability

Referring to Fig. 4 and Table 1, it is evident that P,ppCan be expressed, according to the ion pair transport

except for the two least permeable ions, the doubly ion_mechanlsm, as

ized a-carboxy anda-carbamoylp-MHA anion, solute K [M]

permeability varies substantially with the nature of thep _—pMa_. 7 1 )
substituent X and the variations are similar in magnitude " 1+ K{[M"]

(i.e., spanning a range of 1-6 orders of magnitude) for

both the ionized and neutral species, indicating that botlwhereP™* is the intrinsic permeability coefficient for the
the ionized and neutral species follow pathways that dision pair MA andK; is the formation constant of the ion
criminate similarly between permeants on the basis opair in aqueous solution. Least-squares fits of the per-
their lipophilicity. Recent studies by Paula et al. (1998) meability data according to Eq. 7 yielded formation con-

The transport of ionized XMHA analogues may proceed
through an electrically silent mechanism involving ion
pairs between XMHA (abbr. A7) and cations M as
illustrated in Fig. B, as the formation of ion pairs is
xpected to cause a substantial reduction in the energy
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: l scribed by the Gouy-Chapman theory of the diffuse
I : double layer (Gouy, 1910; Chapman, 1913), in which the
Wat ' Memb Water relation between the surface potenti#l j and the aque-
O e T e ous electrolyte concentratioM[] can be expressed as
Double Layer Double Layer
o
. . - . - = sinh(es, /2kT) (8)
Fig. 5. Schematic depiction of the effects of various electrostatic in (8NereokT[|\/|+])l/2 o

teraction componentséetext for definitions) on transport of ionized

ermeants Ain the form of ion pairs MA (paneh) and the transport . I ,
2f anions (paneB), P (paneh) P whereo is the surface charge density,is Avogadro’s

constanteg, is the dielectric constang, is the permittiv-
ity of free spacek is the Boltzmann constant, is tem-
perature, ane is electronic charge. The contribution of

stants oK; = 17 + 4v~tand 19 + 9v™* for the ion pairs . . o I
NaA and KA, respectively, suggesting that at a salt Con_thls surface potential to the permeability of ionic solutes

centration of 0.1v, the condition used in most of the P* can then be written as
transport experiments, more than half of the ionizedpA = PAgzelo/KT (9)
MHA would exist as an ion pair in solution. The simi-
larities in bothK; and the plateau value in the presence ofwhereP% is the permeability in the absence of a surface
either N& and K" imply that both the formation of ion potential ’, = 0) and is independent of the aqueous
pairs and the partitioning of ion pair into the membraneelectrolyte concentrationz is the valence of the ionized
interior are independent of the chemical nature of thepermeant. The solid curve in Fig. 6 shows a least-
cations employed (Navs.K™) if the ion-pair mechanism squares fit according to Egs. 8 and 9, which yieRs=
dominates. While ion pair formation constants between9.7 + 0.9) x 10*° cm/sec and a surface charge density
carboxylic acids and alkali metal ions are scarce in theof 4.7 mol% ¢ = 0.97). This is very close to the con-
literature, a relatively strong dependence of the formacentration (5 mol%) of the negatively charged lipids
tion constants for acetate on cation size has been reportesed in these experiments. This electrically active
previously (e.g.K; for LiA and NaA are 1.8 and 0.66, mechanism is also independent of the nature of the cat-
respectively (Sillen & Martell, 1971)). ion, consistent with the permeability results in Fig. 6,
Changes in salt concentration may also alter the sursuggesting that the transport of ionized MHA analogues
face electrostatic potentialP()) between the membrane across eggPC/gA membranes may proceed through an
interface and the bulk aqueous solution caused by thelectrically active mechanism rather than in the form of
presence of negatively charged PA lipids in the mem-eutral ion pairs. lon-pair formation was also not con-
branes. This negative surface potential disfavors the pessidered to be the dominant mechanism for permeation of
meation of anions, resulting in a positive contribution to halide anions through phospholipid membranes (Paula et
the free energy of transfer of ionized permeants as showal., 1998).
in Fig. 5B. The presence of indifferent cations in solu- The strong effects of molecular ionization on per-
tion would partly shield permeating anions to the electricmeability are manifested by the ratio of the permeability
field generated by the surface charge. This can be dezoefficients for the ionized and neutral XMHA ana-
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logues as listed in Table 1. As noted, the permeabilityover the local resistances across the membrane (Dia-
ratio varies within a narrow rangé @ x 10 - 5 x 10°°. mond, Szabo & Katz, 1974),

It is interesting to compare these results with the trans-

port data available in the literature. Previous studies of1 d dz
the transport of HCI and Clacross phospholipid mem- Eﬂz fo K, wD,
branes (Gutknecht & Walter, 1981; Paula et al., 1998)

have yielded a permeability ratRy,_/P,,, of (1 x 10°,
which is 3-4 orders of magnitude smaller than the pres

ent results for XMHA analogues. Two factors may be sion coefficient for the permeating solute in the mem-

responsible for this large difference. First, the negative, ne ot positiom, respectively, and is the entire mem-
chQrge present in an |qn|zeq ).(MHA molecule is deIo'brane thickness, including the membrane/water
calized due to conjugation within the ~COQroup and e rfaces. For ionic species such as XMHanalogues,

induction.by Fhe.adjac_:ent polar atomic groups ?ncreasinqhe partition coefficienK,,, depends on the membrane
the effective ionic radius, and second, the barrier doma”botential due to the interfacial polarizatioA,), inter-

in gA-containing eggPC membranes may be less hydrofacial charge 4G.) and dipole distributions AG,)
phobic, with a higher relative dielectric constapfthan (Flewelling & Hugbell, 1986), but these free er?ergy
in eggPC membranes without gramicidin ¥ida infra). ¢, honents can be considered, to a first-order approxi-
Among various so!vat.|0n energy components that MaYnation, independent of the nature of the neutral substitu-
be altered by both ionic radius)(@and membrane dielec-

: o . - ent X in the MHA compounds. Thus, the partition co-
tric constant¢,) are the Born4G’) and image 4G")  gficient (k) is related to the intrinsic partition coeffi-
solvation energies (Parsegian, 1969)

cientK’,,,, which is defined as the partition coefficient
between two thermodynamic phases free of the interfa-

AGg +AG) = Clii 1)t In 2ew cial effects, by
B I 4q1-€0 2r € €y €md (S
(10) Kz/w = K B —(AG® +AG°c+AG°p)/KT (12)

(11)

wherekK,,, andD, are the depth-dependent partition co-
efficients from water into the membrane and the diffu-

From the above equation, itis thus clear that increases ofhe permeability model in Eq. 11, which takes into ac-

r ande,, tend to lower the solvation free energy which count the heterogeneous nature of biomembranes, can be
the ionized XMHAs must overcome in order to penetratesjmpjified to

through the membrane.

The transport of ionized XMHAS across membranes
may also be limited by the requirement of electroneu-P,, =
trality in the adjacent aqueous solutions both inside and
outside the vesicles. To maintain electroneutrality there ) ] ) )
must be either a flux of cations in the same direction, arif the overall resistance, B/, is determined dispropor-
equivalent flux of anions in the opposite direction, or ationately by the resistance in a distinct region (i.e., the
combination of the two, with respect to the flux of the Parrier domain) within the membrane. In Eq. 1,
ionized species of interest. The existence of a platea@"dDs are the corresponding partition and diffusion co-
region for P vs. pH at a high pH suggests that' to- efficients in this ba}rner domain, respe'cnvely, ay‘i,dwow
transport is not the source of ions responsible for mainfePresents the thickness of the barrier domain. Indeed,
taining electroneutrality. Other ionic species such ascomputer simulations by Marrink and Berendsen (1994;
OH™ and N4 have permeabiliies 1-2 orders smaller _199_6) have demonstra_te_d distinct permeaplhty proper'gles
than that for H (Nichols et al., 1980; Gutknecht & Wal- 1N different regions of I|_p|d m_empranes. S|.nc.e th_e series
ter, 1981), but because of their much larger concentra® XMHA compounds listed in Fig. 1 are similar in mo-

Kb/wDb

d (13

tions at pH= 9, their fluxes are on the order of 16 - lecular size and shape and therefore are likely to exhibit
1078 mole/cnfsec, comparable to those for ionized similar diffusion and excluded-volume partition proper-
XMHA analogues. ties within biomembranes (Xiang & Anderson, 1994a;

Schnitzer, 1988), their inherent lipophilicities as repre-

sented by’ become the predominant determinants of
NATURE OF THE TRANSPORTBARRIER DOMAINS IN their relative permeability coefficients. Unfortunately,
EGGPCHA BILAYERS Konw (Or K'pn) cannot be obtained from direct mem-

brane/water partition experiments as a solute tends to
If molecular permeation is governed by the solubility- partition into that region with the lowest solvation energy
diffusion mechanism, the overall membrane resistance toather than into the barrier domain where the solvation
solute permeation, defined as the inverse of the permesnergy is the highest (i.e., least favorable). Conse-
ability coefficient, P, can be expressed as the integralquently, to identify the barrier domain in biomembranes,
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one needs to search for a model solvent system whicbf polarity/polarizability, usually characterized by the di-
best describes the hydrophobicity of the barrier domainelectric constant and refractive index, and hydrogen-
To identify this model solvent, we rely on the linear bond donating/accepting capacities (Kamlet et al., 1988;
free energy principle that correlates the solvation freeMarcus, 1991). Biomembranes are unique in that even
energies for a series of solutes (RX) in one solvent within the absence of membrane proteins, they exhibit a het-
the corresponding values in another solvent of similarerogeneoutransbilayer atomic distribution, reflecting a

physicochemical properties (Collander, 1951). hydrated headgroup interface, a transition region be-
Rx N tween the headgroups and acyl chains (the glycerol link-
logKGrg,m = S 10gKGG, m + C (14)  ages), and an ordered acyl chain region. Thus, different

regions within the membranes may possess markedly

The slopess, often referred to as the selectivity coeffi- gitferent solvent properties. The hydrated headgroup re-
cient (Katz, Hoffman & Blumenthal, 1983), measures theyion 4t the membrane/water interface, for example, re-

similarity of these two solvents with respect to their af- . ples a highly polar, hydrogen-bond donating/

finities for the solute series. Am of one indicates that accepting solvent such as isoamyl alcohol (Diamond &

two solvents have identical selectivities and thereforeKatz 1974). The region of the glycerol linkages be-

;lmllar hydrophobicities. AS discussed garher, tr.]e.re'a'tween the headgroups and the acyl chains is less hydrated
tive membrane permeabilities of a series of similarly

) . is enriched in hydrogen-bon rgr . Th
sized solutes such as the series of XMHA analogues arblJt s enriched ydrogen-bond acceptor groups €

determined mainly by their relative intrinsic partition co- gcyl chain region is hydrocarbon-like but its polarizabil-
. . yoyt X P ity may be altered by the degree of chain unsaturation
efficients into the barrier domain. Thus, one can also

: : . and its effective polarity may be increased by its prox-
develop a linear free-energy relationship betwegrand . . . i
Korg fOF the series of XMHA analogues, imity to the hydrated interface. The presence of trans

membrane proteins would conceivably alter the solvation
logP¥* = s |09K§r>é/w +c (15) charactgristics of a!l these distinctive regions including
the barrier domain in the membranes.

The most suitable model solvent that mimics the barrier ~ Based on the above analysis, four model solvents

domain in biomembranes would then be the one whicHdecadiene, chlorobutane, butyl ether, and octanol) were
provides arsvalue of one. For the parent compound RH chosen to potentially describe the possible contributions

(X = H), we have of polarizability, polarity, and hydrogen-bond donating/
accepting capacity to the barrier microenvironment in
logP" =slog rglwﬁuc (16)  Phospholipid membranes in the presence of the trans-

membrane protein gA. Decadiene has two double bonds,

Subtracting Eq. 16 from Eq. 15 and definingAG®,),,  thus resembling the lipid acyl chains in eggPC, and is
andA(AG°®,)y, the functional group contributions to sol- found to mimic closely the barrier environment in eggPC_
ute transfer from water into the barrier domain in themembranes in the absence of transmembrane protein

membranes and the model organic solvent, respectivelyXiang & Anderson, 199d). Chlorobutane is relatively

as polar with a dielectric constant of 7.3, significantly
greater than that of nonpolar hydrocarboos. (.9-2.3).

A(AGS)y = -RT In(PR¥/PRH) (17)  These two solvents have negligible hydrogen-bond do-
nating/accepting capacity. Butyl ether has a single oxy-

A(AGY)y = —RT In(KF/KRH (18)  gen atom which may function as a hydrogen-bond ac-

ceptor resembling the glycerol linkages in eggPC and
we derive a linear free-energy relationship for the serieg/arious polar groups in gramicidin A. Octanol, which

of functional groupsX, has the same atomic composition as butyl ether, is ca-
pable of both hydrogen-bond donation and acceptance,
A(AGy)x =SA(AGH)x + ¢ (19  andis extensively employed as a model solvent for struc-

ture-biological activity studies. The substituent contri-

This relationship enables us to use the functional grougputions to transfer of solute from water into these four
contribution data\(AG®,)x obtained from other series of organic solvents have been reported previously (Xiang,
compounds such as X-p-toluic acids for the correlation Xu & Anderson, 1998) and are listed in Table 2 along
analysis. This is necessary as the series of XMHA anawith those obtained from the permeability coefficients
logues are relatively hydrophilic and their partition co- for XMHA analogues in either neutral or ionized form
efficients between water and a nonpolar organic solvenacross eggPC membranes in the presence and absence of
are difficult to obtain accurately. 10 mol% gA.

The solvent characteristics which determine the af-  Linear free energy relationships (i.e., plots of
finity of a solute for that solvent can be analyzed in termsA(AG®)x Vvs. A(AG®°,)x for the transfer of neutral
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Table 2. Functional group contributions to the molar free energy (cal/mol) of transferXfp-methyl-hippuric acid analogues from water into
various membrane barrier domains and model solvents at 25 °C

X EggPC + 10% gA EggPCT Decadieng& Chlorobutang& Butylethef Octanof
HA A~

H 0 0 0 0 0 0 0

OCH;, 515 630 940 1240 1010 900 840
CN 1920 910 2350 2350 1750 1770 1640
OH 2980 3160 4020 4210 4640 2980 2000
COOH 4040 — 4720 5270 5540 2610 1560
CONH, 5120 — 6400 6010 6190 4390 2870

@ Calculated according to Egs. 17 and 18.
b From (Mayer et al., 2000n preparation).
¢ From (Xiang & Anderson, 1994b; Xiang et al., 1998).
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Fig. 7. Linear free energy relationships of the functional group con-
tributions to the transfer of neutralX-p-methylhippuric acids to the
barrier domain in eggPC/gA membran&gAG©, ), with those to the
transfer to various model organic solverdAG®;).. A dashed line
with a slope of one is also shown for comparison. K&®),(decadiene;
(O), chlorobutane; ), butyl ether; and[(), octanol.

Fig. 8. Linear free-energy relationships of the functional group con-
tributions to the transfer of ionia-X-p-methyl-hippuric acids to the
barrier domain in eggPC/gA membrana$AG°®, )y, with those to the
transfer to various model organic solvent§AG®.)x. A dashed line
with a slope of one is also shown for comparison. K@®),(decadiene;
(O), chlorobutane; W), butyl ether; and[{), octanol.

XMHA analogues from water into the barrier domain in transport does not reside in the hydrated headgroup re-
gA-containing eggPC membranes and into the fourgions. This result further rules out the involvement of
model organic solvents (octanol, butyl ether, chlorobu-transient water pores in the transport of both neutral and
tane, decadiene) are displayed in Fig. 7. Similar correionized XMHA analogues as these water pores would be
lations for the ionized XMHA analogues are presented inexpected to be even more hydrophilic than octanol.
Fig. 8. The slopes and correlation coefficients generatedlso, these results are in sharp contrast to the conclu-
from linear regression analyses are summarized in Tablsions of Subczynski et al. (1994) obtained in an ESR
3 along with the results for protein-free eggPC mem-spin-labeling study that the solvent properties of phos-
branes obtained in a separate study (Xiang & Andersonpholipid membranes are alcohol-like (even at the mem-
1994%). brane center). It seems that their use of polar spin labels
The hydrogen-bonding solvent octanol yields slopegnitroxides) at various positions in the lipid chains in an
substantially greater than one in correlations with eggPGttempt to probe the local hydrophobicity may have in-
membranes in both the presence and absence of granduced artificially higher water concentrations in the
cidin A, indicating that regardless of the presence ofneighborhood of the spin probes. Alternatively, polar
gramicidin A, the barrier domains in these membranespin probes may reside at the bilayer/water interface.
resemble more closely a nonhydrogen bond donating solfhe extremely low temperature (-150°C) used in the
vent. It is thus suggested that in both protein-free ancESR studies may also have contributed to the differences
protein-containing membranes, the barrier domain forbetween their results and those obtained in this study.
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Table 3. The slopesd) and correlation coefficients’) for the linear free-energy relationships of functional group contributions between lipid
membranes and model solvents according to Eq. 19

Membrane/Permeant Solvent s r
EggPC + gA/HA Decadiene 0.83+0.06 0.990
Chlorobutane 0.75+0.08 0.977
Butyl Ether 1.22+0.17 0.962
Octanol 1.84+0.43 0.906
EggPC + gA/A Decadiene 0.74+£0.16 0.957
Chlorobutane 0.69 + 0.05 0.996
Butyl Ether 1.02+0.25 0.945
Octanol 1.29+0.60 0.837
EggPC/HAR Decadiene 0.99+0.04 0.996
Chlorobutane 0.90+0.04 0.989
Butyl Ether 1.39+0.19 0.956
Octanol 24+05 0.909

2Determined from previous experiments using the BLM transport method (Xiang & Andersort)1994

Influence of transmembrane proteins on
barrier hydrophobicity
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Fig. 9. A schematic depiction of the influence of

) . gramicidin A on the transport barrier domain in
More Hydrophobic Less Hydrophobic a lipid bilayer membrane.

The results in Table 3 also show that the transmemf{or correlations with butyl ether. These results suggest
brane protein, gramicidin A, has a substantial influencethat the barrier domain in gA-containing eggPC mem-
on the barrier domain selectivity in lipid membranes. branes is more interactive with hydrogen bonding per-
In the absence of the transmembrane proteins, the barrieneants and therefore less selective to permeant structure
domain in eggPC membranes appears to closely rethan the barrier domain in protein-free eggPC mem-
semble decadiene in its selectivitg & 0.99), while  branes. Considered in isolation, these changes in the
butyl ether and octanol yield much higher slopes (1.4-barrier selectivity could perhaps be ascribed to changes
2.4), indicating that the barrier domain in these meme-in local polarity in the membranes because decadiene
branes resembles a nonpolar, nonhydrogen-bonding so&nd butyl ether have quite different dipole moments of
vent with some degree of chain unsaturation. Clearlyca. 0.0 and 1.8 debye units, respectively. However, cor-
the barrier domain resides in the acyl chain region of therelations with chlorobutane yield even smaller slopes de-
membranes where electrostatic interaction is least favorspite chlorobutane’s higher dipole moment (2.1 debye
able. With the addition of 10 mol% gA, the slopes be-units). Thus, the differences do not appear to involve
come significantly less than 1 (i.e., 0.7-0.8) for correla-membrane polarity. Rather, the barrier domains in gA-
tions with the nonhydrogen bonding solvents (i.e., decacontaining eggPC membranes appear to possess some
diene and chlorobutane), approaching a value of 1.0-1.degree of hydrogen-bond accepting capacity, which
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1073 molecular permeability X(AG,)x = 0-5200 cal/mol
= ::Pc"c“““ andP#/PHA = 7 x 107 - 6 x 10°°) and the saturation
behaviors of the effects of indifferent electrolytes to per-
meabilities of the ionized permeants points to a solubil-

@ 10°% ity-diffusion mechanism through the lipid membranes
E rather than a transport pathway through transient water
= 10% pores for both the neutral and ionic species. On the basis
n_E 10°7] of a quantitative analysis of the solvent properties in the

membranes using the sensitive functional group contri-
bution method and the linear free-energy principle, the
origin of this strong influence of the transmembrane pro-
- tein on permeability is traced to the lowering of the hy-
CH COOH CONH2 drophobicity in the membrane interior likely due to the
presence of hydrogen bond acceptor functional groups at
Fig. 10. Comparison of the permeability coefficients for the series of ha protein-lipid interface within the membrane. Since
neutral a-X-p-methyl-hippuric acids across 'eggPC membranes in thebiomembranes are invariably composed of proteins em-
presence and absence of 10 mol% gramicidin A. . . . .
bedded in a matrix of lipid bilayer, the present revelation

of changes of membrane barrier hydrophobicity in the
presence of transmembrane proteins and their effects on
molecular permeability is believed to be an important
between lipid chains and the membran onin reomd pioneering step towards an accurate prediction of

etween fipid chains and thé membrane-spanning prog, , qq gy permeability in biomembranes. More investi-
tein, the surface of which is likely to contain functional

roups that are capable of accenting hvdroaen bond ations are underway to explore the effects of the protein
?romppenetrating peFr)meants as iIIEstrgtegin lgig 9 ontent and conformation on molecular transport across

As shown in Fig. 10, the presence of gramicidin A lipid membranes.

has a significant and complex effect on molecular per-

meabi”ty- For example, the permeability coefficient for This work was supported by a grant from the National Institutes of

the most lipophilic compound in the XMHA seriep; Health (RO1 GM51347).

methyl-hippuric acid in gA-containing eggPC mem-

branes is close to that in gA-free eggPC membranes.

On the contrary, XMHA analogues with polar, hydro-

gen-bonding X substituents exhibit permeability coeffi-

cients which are 2-8-fold larger in gA-containing eggPC anderson, B.D., Higuchi, W.I., Raykar, P.V. 1988. Heterogeneity ef-
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the series, across gA-containing and gA-free membranes Biol. Chem.234:466-468

may reflect a balance of the effects of increased chairtarruthers, A., Melchior, D.L. 1983. Studies of the relationship be-

ordering in gA-containing membranes (Muller et al., tween bilayer water permeability and bilayer physical st&ie-
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in the gA Containing membrane. centratl_on, temperature Qnd chgln length on the colloidal and phase
. properties of mixed vesicles, bilayers and nonlamellar structures.

In summary, we hz_alve found a strong _|r_1f_luence ofthe  gischem. Biophys. Acta40219-240

trans.me.mbrane protein gA on permeablhtles. Of neu”akﬁhapmaﬂ, D.L. 1913. A contribution to the theory of electrocapillarity.

and ionized XMHA analogues across egg lecithin mem- ppijos mag.25:475-481

bran'es. The general trenq .IS that given the same mOIeCL&I_Ierc, S.G., Thompson, T.E. 1995. Permeability of dimyristoyl phos-

lar size, the more hydrophilic the permeant, the larger the phatidylcholine/dipalmitoyl phosphatidylcholine bilayer mem-

increase in permeability in the presence of gA. The pranes with coexisting gel and liquid-crystalline phagisphys. J.

strong substituent and acid ionization contributions to  68:2333-2341

H OCH3 ON

could be rationalized if some of the pathways for per-
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