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Abstract. The influence of varying concentrations of a the P, ratios using the theoretical model yielded solu-
transmembrane peptide, gramicidin A (gA), and cholesility parameters for gA and Chol in EPC membranes of
terol (Chol) on the passive permeation @f 13.2 and 7.7 (cal/m¥p, respectively, suggesting that gA
methylhippuric acid (MHA) anda-carbamoylp-  decreases the barrier domain hydrophobicity while Chol
methylhippuric acid (CMHA) across egg-lecithin mem- has a minimal effect on barrier hydrophobicity. After
branes (EPC) has been investigated in vesicle effluxcorrecting for barrier domain hydrophobicity, permeabil-
experiments. Incorporation of 0.25 volume fraction of ity decrements due to membrane ordering induced by gA
gA in its nonchannel conformation increased the permeor Chol were found to exhibit a strong correlation with
ability coefficient @) for CMHA by a factor of 6.0 + membrane order as predicted by free-surface-area theory,
1.8 but did not alterP,, for MHA, a more lipophilic  regardless of whether gA or Chol is used as the ordering
permeant. In contrast, incorporation of 0.26 volumeagent.

fraction Chol with no added protein decreased Ehe

values for both CMHA and MHA by similar factors of Key words: Permeability coefficients — Gramicidin A
4.2 £ 1.1 and 3.5 + 1.2, respectively. A quantitative — Cholesterol — Lipid bilayers — Solubility param-
structure-transport model has been developed to accoumters — Fluorescence anisotropy — Regular solution
for the dependence d&?,, on the membrane concentra- theory

tions of gA and Chol in terms of induced changes in both

membrane chain ordering and hydrophobicity. Chain or- )

dering is assumed to affe,, for both permeants simi- Introduction

larly since they are comparable in molecular size, while . . .
changes irP,, ratios in the presence of gA or Chol are Biomembranes are commonly described as fluid mosaics
attributed to alterations in membrane hydrophobicity.0f Proteins embedded within lipid bilayer matrices
Changes in lipid chain ordering were detected by moni{Singer & Nicolson, 1972). Proteins and cholesterol
toring membrane fluidity using fluorescence anisotropy(Chol) may comprise a substantial fraction of the overall
of 1-[4-(trimethylamino)phenyl]-6-phenylhexa-1,3,5- Mass of blom_embranes, the composition of which may
triene incorporated into the membranes. The influenc&/ary over a wide range depending on the type of mem-
of additives on membrane hydrophobicity, which gov-rane and on physiological or pathological conditions
ernsP,, ratios through effects on solute partitioning into (Yeéagle, 1992). For example, the protein content in
the barrier domain, were rationalized within the frame-G0lgi membranes from rat liver is 1.21 mg per mg phos-
work of regular solution theory using solubility param- Pholipid while brush border membranes contain about

eters as a measure of membrane hydrophobicity. Fits 0p-3 Mg protein per mg phospholipid (Hauser et al., 1980;
Daum, 1985). Cholesterol comprises about 30% of the

total lipid mass in mammalian plasma membranes while
more is found in lysosomes, endosomes, and Golgi
* Present addressDivision of Pharmaceutical Sciences, College of (Yeagle’ 1992)'

Pharmacy, University of Kentucky, Lexington, KY 40535, USA _Alth_OUQh th? transport OT many molecules of bIIO-
logical interest involves carriers and channel proteins,

Correspondence taB.D. Anderson passive diffusion within biomembranes invariably occurs
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for any small molecule upon its transfer from water into effects of a transmembrane peptide, gramicidin A (gA),
the membrane and is the predominant transport mechas a model of the possible effects of proteins on solute
nism for many permeants. Because of this fundamentabasal permeability. Gramicidin A is a member of a large
importance, extensive investigations of the passive perfamily of polypeptide antibiotics produced Wacillus
meation of small molecules have been undertaken in thérevis,an aerobic soil bacterium. It consists of 15 amino
past several decades using various model membraneacid residues, the sequence of which from the N- to
especially protein-free lipid bilayers (for examplage C-terminus is formyl-Val-Gly,-Ala;-Leu,-Alas-Valg-
(Haydon & Hladky, 1972; Finkelstein, 1976; Carruthers Val,-Valg-Trpg-Leu, ;- Trp;,-Leu; - Trp;s-Leu; - Trp, s
& Melchior, 1983; Walter & Gutknecht, 1986; Xiang, ethanolamine with alternating andp chirality (Ander-
Chen & Anderson, 1992; Clerc & Thompson, 1995; son, 1984; Cornell, 1987). Gramicidin A is almost in-
Lande, Donovan & Zeidel, 1995; Xiang & Anderson, soluble in water and can easily span certain bilayers in
1997; Paula, Volkov & Deamer, 1998). These studieseither a channel conformation where gA forms right-
have provided insight into the mechanisms by which thenanded head-to-head single helical dimers with two
lipid composition (e.g., the acyl chain length, degree ofmonomers joined at their N-termini at the bilayer center
unsaturation, and headgroup charges) and membrar@ a nonchannel conformation where gA forms double-
physical state (e.g., phase structure, surface pressure, ahdlical head-to-tail dimers depending on the organic sol-
temperature) affect molecular permeation processes. vent history for its incorporation into the membranes
The barrier function of biomembranes arises largely(Wallace, 1990; Killian, 1992). Thus, gramicidin A can
from the hydrophobicity and order of the membrane in-be utilized as a model for the membrane-spanning part of
terior (Griffith, Dehlinger & Van, 1974; Seelig & Seelig, intrinsic membrane proteins. Gramicidin A and its in-
1974; Subczynski et al.,, 1994; Xiang & Anderson, fluence on membrane structure have been extensively
1997). Cholesterol increases membrane order and detudied using various spectroscopic and thermal methods
creases lipid hydration because of its rigid ring structure(Cox et al., 1992; Koeppe, Killian & Greathouse, 1994;
(Stockton & Smith, 1976; Simon, Mcintosh & Latorre, Muller, van Ginkel & van Faassen, 1995).
1982). Intercalation of Chol in gel-phase phospholipid The influence of gramicidin A and cholesterol on the
membranes also shifts the barrier domain further into theéransport mechanisms of neutral and ionizee-p-
acyl chain region (Xiang, Xu & Anderson, 1998). Bio- methylhippuric acid analogues (XMHA) and neutral
membranes appear to differ markedly from protein-freea-X-p-toluic acid (XTA) (X = H, Cl, OCH;, CN, OH,
lipid bilayers in their chemical selectivity to solute trans- COOH, and CONH) across phospholipid membranes
port. For example, previous studies suggest that the bahkas been investigated in previous studies by the authors
rier domain for transport across the blood-brain barrier(Xiang et al., 1998; Xiang & Anderson, 2000). Linear
closely resembles octanol in its selectivity to permeanfree energy relationships were established using various
structure (Rapoport, Ohno & Pettigrew, 1979; Levin, model solvents to explore the barrier hydrophobicity in
1980). In contrast, the barrier domain within protein- the membranes. The barrier domains in gA- and Chol-
free liquid-crystalline lipid membranes resembles that ofcontaining membranes were found to be substantially
a nonpolar solvent (e.g., decadiene) with negligible hy-more hydrophobic than octanol, thus establishing the lo-
drogen bonding capacity (Walter & Gutknecht, 1986; cation of the barrier domain as being beyond the hy-
Xiang et al., 1992; Xiang & Anderson, 1994). These drated headgroup region and eliminating transient water
studies have provided a qualitative description of solvenpores as a significant transport pathway. The addition of
properties in biomembranes, but a quantitative approachO mol% gA was found to decrease the hydrophobicity
is needed to describe changes in solute permeabilitpf the barrier domain from an environment resembling
across biomembranes varying in protein compositionthat of decadiene to that of a solvent possessing some
While intensive efforts have been devoted to understanddegree of hydrogen-bond acceptor capacity (e.g., butyl
ing the mechanisms for various protein-mediated transether) while the addition of 50 mol% Chol had a minimal
port processes, little is known regarding how stronglyeffect on barrier domain hydrophobicity in liquid-
membrane proteins affect the basal permeability of smaltrystalline membranes.
molecules, how these permeability changes depend on The aim of the present study is to develop a quan-
the nature, conformation, and concentration of memditative model to describe changes in solute permeability
brane proteins, and the role membrane proteins play icoefficients accompanying the incorporation of varying
regulating membrane hydrophobicity and order. concentrations of gA or Chol into lipid bilayer mem-
The relationship between molecular permeabilitybranes. Changes of membrane order and hydrophobicity
and protein content is difficult to determine quantita- in gA- and Chol-containing egg lecithin membranes and
tively in natural biomembranes where the distributiontheir effects on solute permeability have been evaluated
and structure of various membrane proteins are generallgy fluorescence anisotropy measurements using mem-
unknown. Therefore, in this study, we have explored thébrane-incorporated 1-[4-(trimethylamino)phenyl]-6-
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phenylhexa-1,3,5-triene (TMA-DPH), fluorescence life- a test tube, and evaporated to a dry thin film under nitrogen. PA (5
time determinations using 12-(9-anthroyloxy) stearicMol%) was included in these membranes to reduce the rate of vesicle
acid (12-ANS), and permeability coefficients obtained aggregation and thereby enhance vesicle stability (Cevc et al., 1988).

f icl 1 tudi f b | thvl LUVs containing up to 0.25 volume fraction of gA were prepared by
rom vesicle effiux studies fon-carbamoylp-metnyl-- 4ing an aliquot of a solution of gA in ethanol (Myrand evaporating

hippuric acid (CMHA) and unsubstituteg-methyl-  ne solvent under nitrogen. This method is known to incorporate gA
hippuric acid (MHA). The fluorophores in TMA-DPH into lipid membranes in a predominantly nonchannel conformation
and 12-ANS reside in the ordered lipid chain region (Muller etal., 1995). The dried film was then left under vacuum for 12
(POdO & Blasie, 1977; Lentz, ]_993), which is known to hr to eliminate trace quantities of organic solvent. An aqueous solution
be the barrier domain for solute permeation across lipicFontaining (1-2) x 10 m permeant, 0.01 bufer (phosphate or bo-
membranes (Xiang et al.. 1992 Xiang & Anderson, rate), 0.1m NaCl, and 0.02 m EDTA at a given pH was then added

L . ."to yield a final total lipid concentration of 8-10 mg/ml. The dried
1994). In the quantitative approach developed in thlqipid-peptide film was hydrated by repeated vortexing and shaking.

paper, changes in membrane order induced by gA Ofhe suspension formed was then extruded successively through 0.4, 0.2
Chol influence solute permeability according to the pre-and/or 0.1um polycarbonate filters (Nuclepore, Pleasanton, CA) to
dictions of free-surface-area theory, (Xiang & Anderson,form predominantly large unilamellar vesicles (LUVs) with similar
1997) where free surface areas can be obtained frorfydrodynamic diameters (Xiang & Anderson, 1995).

TMA-DPH fluorescence anisotropy data. The model

permeants chosen for this study have a similar moleculabynamic Light Scattering

size but markedly different lipophilicities. Thus,

changes in theirelative permeability coefficients with The vesicle hydrodynamic diametel,was determined in each vesicle

A, . sample by dynamic light scattering (DLS) measurements. The appa-
added gramicidin A or cholesterol are sensitive toratus for DLS experiments consisted of a goniometer/autocorrelator

changes of membrane hydrophObiCity rather than mem('l\/lodel BI-2030AT, Brookhaven, Holtsville, NY) and an argon ion
prane order. _SOlUb”'ty parameters, derived from solu-jaser (M95, Cooper Laser Sonics, Palo Alto, CA) operated at 514.5 nm
tion theory (Hildebrand & Scott, 1950), are employed aswavelength. A 3Qul aliquot of the LUV suspension was added to 2 ml
guantitative descriptors of membrane hydrophobicity.of the same filtered buffer solution and placed in a clean glass test tube
Though regular solution theory has been particularly suc{13x75mm). Th_e sample was .then placed i_n atemperature—contrqlled
cessful in describing thermodynamic properties of d”utecuveyte holder with a.toluene mdeg-matchlng bath. Autqcorrelatlon
d relativelv nonpolar solutions (Grant & Hiauchi functions were determined for a period of 100-500 sec with a 20-30
an . y, . p . ,g ' psec duration at 90°C and analyzed by the method of cumulants.
1990), its applicability to molecular transport in biomem-
branes has not been widely explored. The results pre- . .
sented herein demonstrate that the dependence of soltﬁ@pt'de Content Analysis
permeablllty coefficients on gA and_ Chol Con(_:en_trauonAn analytical method developed previously (Xiang & Anderson, 2000)
in model membranes can be described quantitatively byas employed to determine the gA concentration in the LUVs. The
considering the combined effects of membrane order andesicles were lysed and diluted in methanol (1:2 v/v). The clear sample

hydrophobicity. was then analyzed for gA by measuring absorbance at 280 nm (Cary 3E
UV-Vis Spectrophotometer, Varian) and comparing to a standard curve
Materials and Methods of gramicidin A in methanol/water (1:2 v/v) and for phosphorus content

by the method of Bartlett (Bartlett, 1959). Incorporation of gramicidin
A into lipid membranes was verified by the failure to detect a signifi-
cant amount of gA in the aqueous filtrate upon ultrafiltration of gA-
L-a-lecithin-(phosphatidylcholine) (>99%) from egg yolk (EPC) and containing LUVS.

phosphatidic acid (PA) (>99%) were purchased from Avanti Polar

Lipids (Pelham, AL). Cholesterol (99+%) was purchased from Sigma

(St. Louis, MO). Gramicidin A was purchased from Fluka Chemical DETERMINATION OF PERMEABILITY COEFFICIENTS
(Ronkonkoma, NY). All the phospholipids were stored in a freezer

upon arrival. a-Carbamoylp-methyl-hippuric acid was synthesized in The efflux transport method employed has been described in detail
this laboratory as described elsewhere (Mayer, Xiang & Andersonpreviously (Xiang & Anderson, 1998; Xiang & Anderson, 2000) and is
2000). p-Methylhippuric acid (>98%, Sigma Chemical (St. Louis, therefore summarized below:

MO) was used as received without further purification. 1-[4-
(Trimethylamino)phenyl]-6-phenylhexa-1,3,5-triene (TMA-DPH) and
12-(9-anthroyloxy) stearic acid (12-ANS) were purchased from Mo-
lecular Probes (Eugene, OR). All other reagents were obtained co
mercially and were of analytical reagent grade.

MATERIALS

Gel Filtration

mA size-exclusion column (Sephadex G-50, medium fractionation range,
Sigma) in a 10 ml disposable syringe was equilibrated with the same
buffer solution as that used to prepare the LUVs but without permeant.
Aliquots (0.5-0.6 ml) of the permeant-loaded LUVs prepared above
were transferred onto the column and eluted by centrifugation at two
speeds (2 min at 300 ¢; 1 min at 900 xg). Vesicles with entrapped
permeant appearing in the void volume of the gel column well sepa-

Lipids (50-100 mg EPC, 3-6 mg PA, and/or Chol at varying volume rated from the extravesicular permeant fraction were collected in a

fractions) were accurately weighed, dissolved in 25 mL chloroform in screw-capped 10-ml glass vial that was immediately placed in a 25°C

PREPARATION AND CHARACTERIZATION OF LARGE
UNILAMELLAR VESICLES

Vesicle Preparation
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water bath. HPLC indicated an initial ratio of entrapped to extrave-vesicle samples was maintained at 25°C by a circulating water bath
sicular permeant concentration after size-exclusion chromatography ofirechne, Princeton, NJ).
the order of 16.

Ultrafiltration FLUORESCENCELIFETIME MEASUREMENTS

The efflux of permeant due to the concentration gradient created by gellzluorescence lifetimes for 12-(3-anthroyloxyl)-stearic acid (12-ANS)

filtration was determined by monitoring extravesicular permeant Con_lncorporated into lipid membr_anes (I|p|d. and 12-ANS concentrations
centrations by HPLC. Aliquots (0.4 ml) of the LUVs obtained from gel were 0.2 w and 5uwm, respectively) and in hexadecane (at_ a 12-ANS
filtration were taken at various time intervals and loaded onto a Cen-concentration of 4*_M) were measured on an |S$ K2 multn‘r«_aquency
tricon-100 filter (MWCO = 100,000; Amicon, Beverly, MA), centri- phase and modulatlo.n fluoromete_r (ISS, Champaign, IL) equipped with
fuged at 1,200 x for 36 min and aliquots of the filtrate4. 100-200 a frequency synthesizer (Marconi Instruments, Allendale, NJ) and an

wl) were subsequently analyzed. Total permeant concentrations in thESS'ADC interface for.data collection a_md analysis. Samples wgre ex-
LUVs were determined by lysing samples with a small amount of cited by the 350 nm line of an argon ion laser. The phase shifts and

Triton X-100 (Sigma) prior to analysis. modulfa\tion factors were determined at 12 different modulgtio_n fre-
Changes of the extravesicular permeant concentration with timeluencles between 10 and 150 MHz. _The fluores_cence emission was

were described by the following kinetic equation collected through a 390 nm cut-on filter. _A_ npnlmear least-squares
program from ISS (ISS187) was used to minimize the redycethe

IN[(C.. = C/(C., = CY] = Kypet (1) squared deyiation between the observe(_:i and_ca!culated phase shifts_ and
demodulation factors) and calculate various lifetime components using

whereC,, C,, andC,, are the extravesicular permeant concentrations atingle- or multi-exponential decay models. A solution of 1,4-bis[5-

time 0,t, and at equilibrium, respectively, arld,. is the apparent ~Phenyl-2-oxazolylbenzene (POPOP) in methano( 1.32 ns) was

first-order rate constant. used as a reference.

P = Kopd1 + 107 PRayv/A )
THEORETICAL SECTION

Recent studies in the authors’ laboratory have shown that the
permeabilities of ionized MHA analogues are negligible in the pH According to the “barrier domain” permeability model (Xiang &
range of interest (6.5-9.5) (Xiang & Anderson, 2000). Thus, the per-Anderson, 1994, 1997), the lipid bilayer is viewed as a multilaminate
meability coefficient for a neutral MHA permeaii,, can be obtained assembly of distinctly different regions (i.e., the polar head groups,
from the first-order rate constar,, via the above equation whekg, ordered acyl chains, and the relatively disordered hydrocarbon chain
is the acid dissociation constant of the permeant and the ratio betweeregion in the center), with one region constituting the rate-limiting or
the entrapped volume and surface area of the LUX8, is obtained  barrier domain. The permeability coefficient for a given soliRg,

from the vesicle hydrodynamic diameter(V/A = d/6). can therefore be expressed as
Kw—b Db
HPLC Analyses Pn=—g— O]
b

An HPLC system described previously (Xiang & Anderson, 2000) and

a reversed_phase column packed Wmm'ﬁ Jupi[er RP-C18 (Phenome_ WhereKWAb andDb are the partition coefficient from water into and the

nex, Torrance, CA) were used for the analyses of the samples takefliffusion coefficient in the barrier domain, respectively, afyds the

during the transport experiments. The mobile phase contained 7-3#ickness of the barrier domain. Supporting this permeability model

viv% acetonitrile solvent depending on the analyte lipophilicity and are recent computer simulations by Marrink and Berendsen (1994,

0.01m phosphate buffer at pH= 3.0. 1996) which have demonstrated distinctly different permeability prop-
erties in different regions of lipid membranes. The location of the
barrier domain has been established to be the acyl chain region, the

FLUORESCENCEANISOTROPY MEASUREMENTS solvent properties of which resemble those in nonpolar hydrocarbons
such as decadiene and hexadecene (Xiang & Anderson, 1994).
The steady-state fluorescence anisotropy for TMA-DPH incorporated In contrast to the barrier domain model, the bulk solubility-

into lipid membranes was measured with a Greg 200 spectrofluoromdiffusion model treats the lipid bilayer as a thin isotropic bulk solvent

eter (ISS, Champaign, IL) in the photon counting mode using LUV fiim and the permeability coefficien®,, is calculated as (Xiang &

samples prepared according to the procedures described above wiknderson, 1997)

final lipid and probe concentrations of 0.3wmand 1w, respectively.

The excitation was at 360 nm (300 W Xenon arc lamp, ILC Technol- Kw_oDo

ogy, Sunnyvale, CA) and the fluorescence emission was collected:’o:d—o ®

through a cut-on filter at 400 nm. The fluorescence intensities were

collected through a polarizer oriented parallg) ¢r perpendicularl()  wherek,, , is the bulk solventiwater partition coefficierD, is the

to the direction of the excitation polarization. The steady-state anisotyitfysion coefficient in the model solvent, am is the overall mem-

ropy, rss was calculated as follows: brane thickness. Because of the ordered nature of the barrier domain,
P, as defined in Eq. 4 is generally smaller th@npredicted from the

_ - 'HO) -Glg-1g) 3 bulk solubility-diffusion permeability model, even when a model sol-

_(lu' IH") +2G(I5 - 10 vent is chosen which closely resembles the hydrophobicity of this
domain (Xiang & Anderson, 1997).

where P measures the contribution from scattered light in the absence Since D, is determined mainly by the packing density of the

of probe ands is the grating correction factor. The temperature of the medium and depends only weakly on medium polarity (Chan, 1983),

ss
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changes of membrane hydrophobicity in the presence of differenfTable 1. Hydrodynamic diameters (d) of large unilamellar vesicles
amounts of transmembrane peptides/proteins and other membrane cocemprised of EPC, PA and different concentrations of gramicidin A or

stituents are assumed to affect only the partition coeffici&pt, .. cholesterol
These changes are described here in the framework of regular solutios
theory (Hildebrand & Scott, 1950). According to this theory and in the Vesicle composition d (nmy* Extrusion procedure
limit of dilute solutions, lo@, can be expressed as (mol%)
Vg ) ) EPC/PA/gA:

logP, =109(Do/do) + 530357 Ow = 39" = (Bm = 897] + 10g(V/ V) 95/5/0 177+3 2x0.4m + 15 x 0.2um

' 6) 94/5/1 183+5 2% 0.4um + 15 x 0.2um

93/5/2 178+5 2 x0.4em + 15 x 0.2um

whered,, ands_ are respectively the solubility parameters of water and ~ 91/5/4 189+ 4 2x0.4.m + 15 x 0.2um
the permeating solut&/, andV, are respectively the molar volumes of ~ 88/5/7 183+4 2x0.4um + 10 x 0.2um
the solute and bulk solvent chosen as a model of the memtiRaséhe +5x0.1pm
gas constant, arillis the absolute temperature. The last term in Eq. 6  87/5/8 188+ 6 2x0.4um + 10 x 0.2um
accounts for the transformation of solute concentration units from mole +5x0.1pm
fraction to molarity which is applicable t&,,_, (Diamond & Katz, 85/5/10 195+6 2 x0.4um + 10 x 0.2um
1974). The bulk solvent chosen is assumed to have a molar volume +10 % 0.1um

similar to the effective molar volume of the membrane. The solubility
parameter §,) for membranes containing two different constituents EPC/PA/Chol:

can be calculated as follows (Bustamante & Selles, 1986) 86/5/9 180+3 2x0.4m +15x0.2um
79/5/16 179+ 4 2 x 0.4m + 15 x 0.2um

5. = (1- )5, + 0 @ 72/5/23 185+3 2 x 0.4m + 15 x 0.2um
" 20+ @202 65/5/30 190+5 2 % 0.4em + 15 x 0.2um

whered, and$, are the solubility parameters for the membrane com-
ponents 1 and 2, respectively, agd is the volume fraction of com-
ponent 2 in the membrane. In this analysis, EPC is assumed to be
component 1 while component 2 is either gA or Chol.

We have previously introduced a correction factor to quantify the
effects of lipid chain ordering on permeability (Xiang & Anderson,
1997). This permeability decrement factéy, is defined as follows:

2Mean *sp from 3—4 determinations.

a =¢a - depd)? (12
2= z0mT02 O

andfepc andVepc are, respectively, the solute permeability decrement
logf,, = logP,,— logP, 8) and the effective molar volume in EPC-only membranes. These equa-
tions, which provide a theoretical basis for describing quantitatively the
We have recently shown that, regardless of the membrane compositioi€ffects of different concentrations of various membrane components on
phase structure, and temperature, the permeability decrefperis, solute permeability across biomembranes, were utilized to model the
determined mainly by permeant size (cross-sectional-agaand  €xperimental permeabilities obtained in this study.
membrane mean free-surface-aréq,(Xiang & Anderson, 1997,
1998), with the latter being intimately related to lipid order parameter,
S, (DeYoung & Dill, 1988; Nagle, 1993), as described in Eq. 9: Results and Discussion

_ A (1+25,)
fm=foeXP N5 (9  EFFECTS OF & OR CHOL CONCENTRATION
A, (1-S0
ON PERMEABILITY
wheref, and\ are constants independent of solute size and membrane
order parameter ard, is the area per lipid in the crystal. Transmem- To minimize possible effects of membrane surface cur-
brane peptides/proteins and other membrane components may altgiatyre on solute permeability (Brunner et al., 1980),

both chain packing (e.g5,) and hydrophobicity (€.g8,) with bothS,,  3rge ynilamellar vesicles having similar hydrodynamic
andd, being functions of the concentrations of these membrane com-,

ponents. Changes in membrane order with changes in membrane cor‘ﬁj—lameters were pr'epareq. Due to the vary!ng r|g|d|ty o.f
position can be evaluated using fluorescence anisotropy, deuteriuffi€Mbranes containing different concentrations of grami-
NMR, and other spectroscopic methods. cidin A or cholesterol, extrusion through various combi-
Combining Egs. 6 and 8, the ratio of a given solute’s permeability nations of different pore-size polycarbonate filters (0.4,
coefficient in a 2-component membrane (i.e., containing either gA orQ.2 and/or 0.3Jum) was required, as described in Table 1.
Chol with EPC) to that in a pure EPC membrane can be written as Tgple 1 also lists the hydrodynamic diameters obtained
by dynamic light scattering, demonstrating that it was
10g(P,/Pepd = a0, + a2<p§ +10g(Vepc/V,) + log (foy/fepo) (10) possible to obtain hydrodynamic diameters within a nar-
row range of 170-200 nm using these extrusion se-

where quenceS
Gramicidin A was added from ethanolic solution,
2V, which has been shown to result in the incorporation of
% =7 z0m 0ere ~ 22)Pepc 2 (1 gA into membranes in a predominantly nonchannel con-
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Fig. 1. Representative flux profiles fow-carbamoylp-methyl-
hippuric acid (CMHA) across EPC membranes at 25°C. K@), (n
the presence of 10 mol% gramicidin A (pH 6.55); ©) in the pres-

ence of 23 mol% cholesterol (pE 6.49); and X), in the absence of
both gA and Chol (pH= 6.49).

-2
formation (Muller et al., 1995). However, nonchannel

gramicidin A is known to undergo a transition to a chan-

nel conformation at elevated temperatures (Cox et al.z 41 MHA
1992), which is followed by a transition to &, non- E
lamellar phase. Vesicle fusion and leakage subsequent
to this transition may affect permeability measurements. g
Fortunately, Muller et al. (1995) noted that the dilution ,
and unilamellarity of vesicles make vesicle fusion due to2 CMHA
a transition to theH, phase highly improbable. Since 'BM
fusion of liposomes into larger vesicles and/or the for-
mation of vesicle aggregates would lead to significant

Fig. 2. Log of the permeability coefficient®,,, for CMHA (®) and
MHA (O) as a function of the volume fraction of gAp{,) in EPC
membranes.

-6 1

-10

changes of vesicle hydrodynamic diameter, we moni- 0.00 0.05 010 015 020 025 0.30
tored vesicle size after the addition of 10 mol% grami- o
cidin A in EPC/PA membranes using dynamic light scat- Chol

tering. Although occasional Iargg changgs of vesicle sizq:ig_ 3. Log of the permeability coefficients?,, for CMHA (@) and
were observed after prolonged incubation, most of theyHa (0) as a function of the mole fraction of Chabg;,,) in EPC

vesicle samples prepared were stable over the time frameembranes.

of the transport experiments. Moreover, circular dichro-

ism measurements reported in a previous paper by the

authors (Xiang & Anderson, 2000) indicated that the Volume fractions were calculated from the mole fraction
nonchannel conformation of gA was retained over a 10Xz and molar volume Y for gA or Chol and the molar

day period in EPC membranes. volume V, for EPC as follows

Figure 1 shows representative flux profiles for
a-carbamoylp-methyl-hippuric acid (CMHA) across - XoVa (13)
EPC membranes in the presence and absence of 10 mol% %2 (1= %5,)Vy + XV,

gramicidin A or 23 mol% Chol. Rate constantg, ()
were obtained from linear least-squares fits of the data iBBiomembranes are heterogenous along the direction nor-
Fig. 1 according to Eq. 1. Solute permeability coeffi- mal to the bilayer surface with each region (i.e., the
cients P,,) were then determined according to Eqg. 2 by headgroup and acyl chain regions) exhibiting distinctly
inputting the hydrodynamic diameter and pH corre-different barrier properties (Marrink & Berendsen,
sponding to a givemk,,s 1996). Our previous experimental studies (Xiang &
The permeability coefficients obtained for CMHA Anderson, 1994; Xiang et al., 1992) and molecular dy-
and unsubstituteg-methyl-hippuric acid (MHA) are namics studies by Marrink and Berendsen (1996) have
plotted in Figs. 2 and 3, respectively, as a function of theshown that the barrier domain in liquid-crystalline mem-
volume fraction,e,, of gA or Chol in EPC membranes. branes resides in the highly-ordered acyl chain region.
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Table 2. Physicochemical properties of solutes and membrane com- -3.0
ponents in the barrier domain
.3.5 1 EPC/gA

Solute or pK, Molar volumé Solubility g\
membrane component (ml/mol) parameters nf 4.0

(cal/mly2 ~

o § 4.5 1
p-Methyl-hippuric acid 3.8% 140.0 13.2 g EPC/Chol
a-Carbamoylp-methyl- %—; 501 © O o—=Q
hippuric acid 3.70 140.1 15.7 Ie) ’

Gramicidin A NAP 1252 13.8 —

(13?) -5.5 1
Egg lecithin NAP 423 8.32¢
Cholesterol NAP 371@ 8.7074 -6.0 T T T

7.7 0.0 0.1 0.2 0.3 0.4
b,

aFrom (Mayer et al., 2000)°not applicable;estimated from the
method of Fedors (1974%n the nonpolar acyl chain region where the
transport barrier resides (Xiang & Anderson, 199%%btained from
permeability results for CMHA and MHA (this study).

Fig. 4. Logarithm of the ratio oP,, values for CMHA and MHA as a
function of the volume fractiong(,) of gA (@) or Chol ©) in EPC
membranes.

EPC molecules are comprised of two acyl chains with ar‘mfra), the effects of membrane ordering alone cannot

average of one double bond per chain and an averagg oo , . :
. —~explain these observations. It is thus necessary to inves-
chain length of 18 carbon segments, about 70% of Wh'CQiggte the effects of changes in both membrar):e hydro-

constitutes the highly ordered region. Chol also reSide%hobicity and order as a function of gA and Chol com-
in the acyl chain region with the exception of its hy- position

droxyl group which anchors Chol in the headgroup in-
terfacial region. Gramicidin A forms a double-helical
head-to-tail dimer in a nonchannel conformation, whichEFFECTS OFMEMBRANE HYDROPHOBICITY

spans the entire length of the acyl chain region. MolaroN PERMEABILITY

volumes needed in Eqg. 13 and solubility parameters were

calculated for gA, the portion of Chol that resides in the As shown in Table 2, CMHA and MHA are very similar
acyl chain region, and the highly ordered acyl chains inin molecular size. As a result, the appropriate value of
EPC using the method of Fedors (1974), which is basethe permeability decremertt,, necessary to correct for
on the additivity principle for atomic and group contri- the effects of bilayer chain ordering on the transport of
butions to the energy of vaporization and molar volume these two solutes as defined in Egs. 8 and 9 should be
This method has been widely used to estimate moleculaidentical. Thus, the different changes inRygvalues for
solubility parameters (Bustamante & Selles, 1986; Lin,CMHA and MHA must originate from the effects of gA
Wang & Huang, 1991). The calculated results, presentedr Chol on membrane hydrophobicity. Using regular so-
in Table 2, indicate that the solubility parameters corre-lution theory as formulated in Eq. 6, we have

sponding to the nonpolar regions of EPC and Chol are

very close to each other (8v3.8.7 (cal/ml}2), suggest- CMHA , 5 MHA,| _ CMHA , pMHA 2Vs

ing that the effects of Chol on membrane permeability log(Prm™/Pm™) = log(Pepc ™/ Pepc) + 2.30RT
may arise mainly from its ordering effects on biomem- (85 = 3epd(Bcmua — Omua) P2
branes. (14

As shown in Fig. 2, thé,,, for CMHA increases by
a factor of 6.0 + 1.8 over the gA concentration rangewhere Pgpc is the permeability coefficient of solute
employed whileP,, for the more lipophilic, unsubstituted across an EPC-only membrane. The logarithm of the
permeant, MHA, remains almost unchanged. These reratio of P, values for CMHA and MHA is a linear func-
sults are in sharp contrast to those in Chol-containingion of the volume fractionp, of gA or Chol in EPC
membranes shown in Fig. 3 where the permeability comembranes with a slope that depends on the differences
efficients for both CMHA and MHA decrease by similar in the solubility parameters between the two membrane
factors of 4.2 £ 1.1 and 3.5 + 1.2, respectively. Thus,components §gpc and d,) and between the two per-
changes in solute permeability with transmembrane pepmeants §pyaanddyna). Figure 4 shows the logarithm
tide content depend on permeant lipophilicity, while per-of the ratio of P,, values for CMHA and MHA as a
meability changes resulting from cholesterol incorpora-function of the volume fractior, of gA or Chol. Re-
tion appear to be independent of permeant lipophilicity.markably, while log PSMH/PMPA] is virtually un-
Since both gA and Chol order EPC membrangsl  changed with varying Chol concentration in EPC mem-
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branes, it increases substantially with increasing gA coning van der Waals interactions for permeating solutes in
centration. Since CMHA has an extra amide group, theChol-containing membranes less favorable. Indeed, in-
increase in log PSMP4/PMHAA] reflects a more favor- tercalation of Chol in lipid membranes has been known
able electrostatic interaction for CMHA in gA- to decrease the depth of water penetration in lipid mem-
containing membranes. Least-squares fits of the data ibranes by about 2.5 A (Simon et al., 1982; Perochon,
Fig. 4 yielded slopes for the gA and Chol-containing Lopez & Tocanne, 1992). A slight increase of hydro-
membranes of 2.5 = 0.3 and -0.3 £ 0.3, respectivelyphobicity in the interior of DOPC and EPC membranes
Using the method of Fedors (1974), solubility parametersn the presence of 30 mol% Chol has also been observed
(39 for CMHA and MHA were calculated to be 15.7 and in a previous ESR study (Subczynski et al., 1994). How-
13.2 (cal/mly2, respectively, while their molar volumes ever, the present results suggest that these effects, if any,
(Vg were estimated to be 140 ml/mol. Combining all are minor in comparison to the Chol induced chain or-
these results, solubility parameters for gA and Chol ofdering effects on membrane permeabilitid@a infra).
dya = 13.2 anddcp,, = 7.7 (cal/mly’2, respectively, This is consistent with recent findings in the authors’
were obtained from Eq. 14. Apparently, the greater in-laboratory that the presence of 50 mol% Chol in phos-
crease inPGMMA over PMHA in gA-containing mem-  pholipid membranes shifts the effective barrier domain
branes can be accounted for by an increase in membraredrophobicity from decadiene-like to an environment
solubility parameterd,) due to the larger value @f,, in resembling hexadecene, a slightly more hydrophobic sol-
comparison todgpe The structural factors that deter- vent (Xiang et al., 1998).
mine the solubility parameter of gA include the disper-
sion interactions, polar interactions, and hydrogen-
bonding interactions as described by the following em-EFFECTS OFGRAMICIDIN A ON
pirical equation (Hansen & Beerbower, 1971; Hoy & MEMBRANE HYDROPHOBICITY
Martin, 1975):
Changes in membrane hydrophobicity in the presence of
8oa=05+02+ 50 (150  gramicidin A were also investigated by monitoring the
fluorescence lifetime of 12-(9-anthroyloxyl)-stearic acid
wheredg, 8, andd,, are the partial solubility parameters (12-ANS) incorporated into bilayer membranes as a
due to dispersion, polar, and hydrogen bonding interacfunction of added gA. This probe is known to reside
tions in gA. If the dispersion interactions for both gA and well within the ordered acyl chain region of the bilayer
EPC are similar, the larger effectivg, value may arise  (Podo & Blasie, 1977), which is the barrier domain for
from the additional contributions of polar and hydrogen-solute permeation, and is well suited to examine changes
bonding functional groups to the solubility parameter of of barrier hydrophobicity in the presence of gramicidin A
gA. The increase 0b,, in the presence of gA thus re- as a result of its well-defined location within the bilayer
flects a more hydrophilic environment in the membraneand the sensitivity of its fluorescence lifetime to the hy-
interior. drogen-bond donating capacity of the surrounding me-
The method of Fedors (1974) was also used to esdium and to relatively polar tryptophan residues located
timate the solubility parameter for gA, which requires in close proximity (Perochon et al., 1992; Garrison et al.,
only a knowledge of the chemical structure of the amino1994). Figure 5 shows the mean lifetime and long and
acid residues in gA. Thg, value so obtained is 13.8 short lifetime components of 12-ANS as a function of gA
(cal/ml}“2, close to the value (13.2 (cal/mi) obtained concentration in EPC membranes. Analyses of the fluo-
from Eq. 14. This may be fortuitous, however, since the rescence data indicated that the fluorescence decay can
individual contributions of the amino acid residues con-be best described as biexponential both in the mem-
sidered in isolation are likely to be altered due to thebranes and in hexadecane, in agreement with previous
double-helical secondary structure for nonchannel gAstudies in viscous paraffins and lipid bilayers (Matayoshi
and the ordering and relative immobility of the peptide in & Kleinfeld, 1981). The long lifetime component domi-
the membranes. Nevertheless, the lagg value ob-  nates the fluorescence decay with a fraction of >0.9. As
tained supports our earlier assertion that the effectivéllustrated in Fig. 5, the mean and long lifetimes decrease
transport pathway is more hydrophilic due to the pres-significantly (>20%) with increasing gA concentration.
ence of the transmembrane peptide gA (Xiang & Ander-The fluorescence lifetime for 12-ANS is sensitive to sol-
son, 2000). Itis also possible that the more polar CMHAvent viscosity (Matayoshi & Kleinfeld, 1981). For ex-
preferentially permeates within a region nearer to theample, the mean lifetime for 12-ANS in low-viscosity
lipid-gramicidin interface. hexane is 7.3 ns (Garrison et al., 1994) while the present
The slightly smallesqy,, (7.7 = 0.6 (cal/ml¥2) in  measurements and studies by Matayoshi et al. (1981)
comparison tdgpc (8.3 (cal/mly2), though not statisti- yielded mean lifetimes of 9.3 ns and 11 ns in the more
cally significant, may arise from the higher degree ofviscous solvents, hexadecane and paraffin oil, respec-
saturation and rigidity in Chol than in egg lecithin mak- tively. This trend is opposite to that observed in the lipid
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Fig. 5. The average lifetime and the two lifetime components for the .Flg' 6. Steady-state fluorescence anisotropy valugsior TMA-DPH

fluorescence of 12-ANS in EPC vesicles versus the mole fraction ofIn EPC membranes as a function of the volume fractighof gA (@)

membrane-incorporated gramicidin A. Ke@), average lifetime;®), or Chol (©) in EPC membranes.
long lifetime component; andk(), short-lifetime component.

lished. However, all of these factors may lead to an in-
. crease in the barrier domain polarity, consistent with the
membranes, however, where the mean lifetime of 12- - :
ANS decreases with the gA concentration in the memjncreased value for the membrane solub|I|Fy parameter in
. the presence of the transmembrane peptide, gA.
branes even though the presence of gramicidin A was
found to decrease membrane fluidity as measured by the
fluorescence anisotropy of TMA-DPHifla infra). Had  EFFECTS OFMEMBRANE ORDER ONPERMEABILITY
this viscosity effect been absent, the reduction of the
lifetime for 12-ANS in the peptide-containing mem- Figure 6 shows the steady-state anisotropy (for
branes might have been more substantial. TMA-DPH as a function of the volume fractiorp4) of
Three factors may be responsible for the reductiongA or Chol in EPC membranes. TMA-DPH has a posi-
of the fluorescence lifetime for 12-ANS. First, due to tively charged trimethylamino headgroup and is thereby
thermal fluctuations in the peptide conformation, a frac-tethered to the bilayer surface and oriented, on average,
tion of the hydrogen-bonding groups such as amidenormal to the membrane interface. The steady-state an-
bonds in gA may be accessible within the nonpolar acylisotropy of TMA-DPH is known to primarily reflect lipid
chain region. Applying multiple linear regression analy- ordering in biomembranes because of the approximately
sis to the observed Stokes’ shift, Garrison and coworkersollinear excitation/emission dipoles with respect to the
(1994) found that the fluorescence properties of 9-aniong molecular axis in TMA-DPH (Engel & Prendergast,
throyloxy fatty acids are sensitive to the hydrogen-bond1981). This is supported by a high correlation €
donating capacity of the solvent but are not affected by0.97) between the order paramete®y for TMA-DPH
the hydrogen-bond accepting capacity. Indeed, the lifeestimated from the correspondimg, values and lipid
time for 6-ANS in hexane is reduced from 7.8 ns to 6.0segmental order parametei§,) in the plateau region
ns upon the addition of a small amount of ethanol (1%obtained from?H-NMR in various lipid membranes
v/v), a hydrogen-bond donating solvent, while it is actu- (Xiang et al.,unpublished resuljs Thus, similarval-
ally increased in ethyl acetate, a polar, hydrogen-ues for TMA-DPH indicate similar lipid chain order.
accepting solvent (Garrison et al., 1994). Second, wateAs shown in Fig. 6, both gA and Chol increase chain
molecules penetrate deeper into the acyl chain region irdering within lipid membranes with gA demonstrating
the presence of the relatively hydrophilic transmembrane more substantial increasergfat a given volume frac-
peptide. Third, the fluorescence may be quenched byion. Using Raman spectroscopy and calorimetry, Chap-
relatively polar tryptophan residues in gramicidin A as man et al. (1977) found that the action of gramicidin on
suggested by the decrease of the fluorescence intensitghain order is similar to that of cholesterol in that both
for n-(9-anthroyloxy) fatty acidsn(= 2, 6, 9, and 12) in decrease the number gaucheconformers in liquid-
gA-containing DMPC membranes (Haigh, Thulborn & crystalline bilayers.
Sawyer, 1979), though these residues reside mainly near From Eqgs. 10-12, one can evaluate the ordering ef-
the surface of the membranes and the quenching effifects of gA or Chol on the solute permeability decrement
ciency is the lowest for 12-(9-anthroyloxy) fatty acids. (f,) from changes in solute permeability coefficients
At present, the exact mechanism(s) cannot be estalwith the concentration of gA or Chol in the membranes
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Fig. 7. Logarithm of the ratiof, /fzpc as a function of the volume
fraction, ¢,, of gA or Chol in EPC membranes. Key: CMHA®] and
MHA (O) in gA-containing membranes; and CMHAA] and MHA
(A) in Chol-containing membranes.

these epithelia. Indeed, as shown in Fig. 7 or 8, the
%hange in permeability decrement due to membrane or-
rHering exceeded an order of magnitude over the concen-
tration ranges for gA and Chol employed in this study.

and the permeant and membrane constituent solubilit
parameters obtained above. The results for the logarith
of the ratio off,, in either gA or Chol-containing mem-
branes relative tdp in EPC-only membranes are pre-
sented in Fig. 7. Both transmembrane gA and Chol re-
ducef,, with the effect being more pronounced when gA CONCLUSIONS
is the ordering agent, consistent with the separate experi-
mental results for the steady-state anisotropy) (of In summary, a quantitative approach has been developed
TMA-DPH in gA vs. Chol-containing EPC membranes to model the dependence of solute permeability on the
(Fig. 6). concentrations of a transmembrane peptide, gramicidin
The dependence of the permeability decremgpt, A, and cholesterol in lipid bilayer membranes. The ef-
on fluorescence anisotropy,, of TMA-DPH in both gA  fects of these membrane components on solute perme-
and Chol-containing EPC membranes is shown in Fig. 8ability can be rationalized in terms of their independent
Although the data points do not appear to be entirelycontributions to bilayer chain ordering and barrier do-
randomly distributed about the fitted line, which may main hydrophobicity. The ordering and hydrophobicity
result in part from the experimental uncertainties andeffects have been modeled, respectively, in the frame-
model approximations, the linear fits of the four data setawork of free-surface-area theory and regular solution
for two different solutes (CMHA and MHA) in different theory using membrane order parameters and solubility
membranes (gA and Chol-containing membranes) yielgparameters as indices to describe changes in lipid pack-
slopes in a narrow range of =17 to —22. A least-squareéng and barrier domain hydrophobicity in membranes
fit of all the data points yields a slope and intercept ofvarying in gA or Chol concentration. This combined
-18.6 + 1.8 and 3.48 + 0.37% (= 0.91), respectively, theoretical model satisfactorily accounts for the transport
suggesting that, as a first approximatipcan be mod- results fora-carbamoylp-methylhippuric acid and the
eled as a universal function of membrane order as chamnsubstitutegi-methylhippuric acid, two permeants with
acterized here by fluorescence anisotropy for TMA-similar molecular size but markedly different lipophilic-
DPH, regardless of the nature of the ordering agentity. Thus, transmembrane gA in its nonchannel confor-
Strong correlations between permeability coefficients formation increases the permeability of the more hydro-
small molecules (e.g., water, acetamide and urea) anghilic permeant, CMHA, but has no influence on MHA.
fluorescence anisotropy values for membrane-boundransmembrane gA decreases the hydrophobicity of the
DPH have also been found in model lipid membranesharrier domain while increasing chain ordering. The bal-
varying in Chol, sphingomyelin content and acyl chainance of these changes may result in enhancement or in-
saturation (Lande et al., 1995), leading to the suggestiohibition of permeability depending on permeant lipo-
that the barrier function of several epithelia such as renaphilicity and size. The permeabilities of both model per-
collecting duct, urinary bladder, and gastric mucosa mayneants decrease with added Chol due mainly to the
be due to the low fluidity of the apical membranes of ordering effects of Chol in lipid membranes. These dis-
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P Fig. 9. A schematic depiction of the effects of trans-

_ = o membrane peptides (pan&) and Chol (paneB) on
|°9P,,C == X ga logP . ———» Xchol solute permeabilityP,,,, across biomembranes. The

== gt 5 ™ logP,(,) solid lines represent the net effects of changes in
mem membrane order and hydrophobicitide . (8,

logf (S ) andf.(S,), respectively) on solute permeability.

tinct behaviors of a transmembrane peptide and choles- conformational studies with mixed-chain unsaturated phospholipid
terol and their effects on solute permeability are depicted bilayer systemsBiochemisty31:1112-1118
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quantitative permeability model developed here to othef, . 00 | v pill, k.A. 1988. Solute partitioning into lipid bilayer
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teins. Biol. 17:121-154

Engel, L.W., Prendergast, F.G. 1981. Values for and significance of

. . . order parameters and “cone angles” of fluorophore rotation in lipid
This work was supported by a grant from the National Institutes of bilayers.Biochemistry20:7338-7345

Health (RO1 GM51347). The authors would like to thank Dr. James
Herron, University of Utah, for his assistance with the fluorescence
polarization experiments which were performed in his laboratory.

Fedors, R.F. 1974. A method for estimating both the solubility param-
eters and molar volumes of liquidBolym. Eng. Scil4:147-154
Finkelstein, A. 1976. Water and nonelectrolyte permeability of lipid
bilayer membranesl. Gen. Physiol68:127-135
Garrison, M.D., Doh, L.M., Potts, R.O., Abraham, W. 1994. Fluores-
References cence spectroscopy of 9-anthroyloxy fatty acids in solveDiem.
o ) Phys. Lipids70:155-162
Anderson, O.S. 1984. Gramicidin channefnu. Rev. Physiol.  Grant"p 3.w., Higuchi, T. 1990. Solubility Behavior of Organic Com-
46:531-548 pounds. John Wiley & Sons, New York
Bartlett, G.R. 19_59. C_olorim_etric assay methods for free and phosphorGrifﬁth, O.H., Dehlinger, P.J., Van, S.P. 1974. Shape of the hydropho-
ylated glyceric acids). Biol. Chem234:469-471 bic barrier of phospholipid bilayers (evidence for water penetration
Brunner, J., Graham, D.E., Hauser, H., Semenza, G. 1980. lon and j, biological membranes)l. Membrane Biol15:159-192
sugar permeabilities of lecithin bilayers: comparison of curved a”dHaigh, E.A., Thulborn, K.R., Sawyer, W.H. 1979. Comparison of fluo-
planar bilayersJ. Membrane Biol57:133-141 rescence energy transfer and quenching methods to establish the
Bustamante, P., Selles, E. 1986. Relationship between the solubility position and orientation of components within the transverse plane

parameter and the binding of drugs by plasma proteinharm. of the lipid bilayer. Application to the gramicidin A-bilayer inter-
Sci. 75:639-643 action. Biochemistry18:3525-3532

Carruthers, A., Melchior, D.L. 1983. Studies of the relationship be- Hansen, C., Beerbower, A. 1971. Solubility parameténs. Kirk-
tween bilayer water permeability and bilayer physical st&ie- Othmer Encyclopedia of Chemical Technology. A. Standen, editor.
chemistry22:5797-5807 Wiley, New York

Cevc, G., Seddon, J.M., Harttung, R., Eggert, W. 1988. PhosphatidylHauser, H., Howell, K., Dawson, R.M.C., Bowyer, D.E. 1980. Rabbit
choline-fatty acid membranes. I. Effects of protonation, salt con-  small intestinal brush border membrane. Preparation and lipid com-
centration, temperature and chain length on the colloidal and phase position. Biochim. Biophys. Act&02567-577
properties of mixed vesicles, bilayers and nonlamellar structuresHaydon, D.A., Hladky, S.B. 1972. lon transport across thin lipid mem-
Biochem. Biophys. Act840:219-240 branes: A critical discussion of mechanisms in selected systems.

Chan, T.C. 1983. Diffusion of pseudospherical molecules: An investi-  Quart. Rev. Biophys5:187-282
gation on the effects of dipole moment. Phys. Chem79:3591-  Hildebrand, J.H., Scott, R.L. 1950. The Solubility of Nonelectrolytes.
3593 Reinhold Publishing, New York

Chapman, D., Cornell, B.A., Eliasz, A.W., Perry, A. 1977. Interactions Hoy, K.L., Martin, R.A. 1975. Tables of Solubility Parameters. Union
of helical polypeptide segments which span the hydrocarbon region  Carbide, New York
of lipid bilayers. Studies of the gramicidin A lipid-water systein.  Killian, J.A. 1992. Gramicidin and gramicidin-lipid interactiorBio-

Mol. Biol. 113517-538 chim. Biophys. Actd113391-425

Clerc, S.G., Thompson, T.E. 1995. Permeability of dimyristoyl phos- Koeppe, R.E., Killian, J.A., Greathouse, D.V. 1994. Orientations of the
phatidylcholine/dipalmitoyl phosphatidylcholine bilayer mem- tryptophan 9 and 11 side chains of the gramicidin channel based on
branes with coexisting gel and liquid-crystalline phag&sphys. J. deuterium nuclear magnetic resonance spectroscBjpphys. J.
68:2333-2341 66:14-24

Cornell, B. 1987. Gramicidin A-phospholipid model systemisBio- Lande, M.B., Donovan, J.M., Zeidel, M.L. 1995. The relationship be-
energ. Biomembrl9:655-676 tween membrane fluidity and permeabilities to water, solutes, am-

Cox, K.J., Ho, C., Lombardi, J.V., Stubbs, C.D. 1992. Gramicidin monia, and protonsl. Gen. Physiol106:67-84



148 T.X. Xiang et al.: Peptide/Cholesterol Effects on Lipid Bilayer Transport

Lentz, B.R. 1993. Use of fluorescent probes to monitor molecular orderSinger, S.J., Nicolson, G.L. 1972. The fluid mosaic model of the struc-

and motions within liposome bilayer€hem. Phys. Lipid§4:99— ture of cell membranesSciencel75:720-731

?-16 ) ] N o Stockton, G.W., Smith, I.C.P. 1976. A deuterium nuclear magnetic
Levin, V.A. 1980. Relationship of octanol/water partition coefficient resonance study of the condensing effect of cholesterol on egg

and molecular weight to rat brain capillary permeabilidy.Med. phosphatidylcholine bilayer membrane8hem. Phys. Lipids

Chem.23:682-684 17:251-263

e s e o SIS, WK, WENENska, A, Vi, 3-3, Hyc, S, Kusuri A
Y Y P P phosp y 1994. Hydrophobic barriers of lipid bilayer membranes formed by

line dispersionsBiochim. Biophys. Actd06717-28 . . . .
) . . reduction of water penetration by alkyl chain unsaturation and cho-
Marrink, S.J., Berendsen, H.J.C. 1994. Simulation of water transport lesterol. Biochemistry33:7670—7681
through a lipid membranel. Phys. Chem98:4155-4168 ' o )
Marrink, S.J., Berendsen, H.J.C. 1996. Permeation process of smaliVallace, B.A. 1990. Gramicidin channels and porésnu. Rev. Bio-
molecules across lipid membranes studied by molecular dynamics Phys Biophys. Chen19:127-157
simulations.J. Phys. Chem100:16729-16738 Walter, A., Gutknecht, J. 1986. Permeability of small nonelectrolytes
Matayoshi, E.D., Kleinfeld, A.M. 1981. Emission wavelength- through lipid bilayer membraned. Membrane Biol90:207-217
dependent decay of the 9-anthroyloxy-fatty acid membrane probesyjang, T.-X., Anderson, B.D. 1994. Substituent contributions to the
Biophys. J.35:215-235 ) permeability of substituteg-toluic acids in lipid bilayer mem-
Mayer, P., Xiang, T.-X., Anderson, B.D. Independence of substituent  jranes.J. Pharm. Sci83:1511-1518
C(_)ntrlbutlons to the transport pf small mol_ecule permeant_s in lipid Xiang, T.-X., Anderson, B.D. 1995. Development of a combined NMR
bilayers.AAPS PharmScR: article 14 (http://www.pharmsci.org/) T : ) o )
paramagnetic ion-induced line-broadening/dynamic light scattering

Muller, J.M., van Ginkel, G., van Faassen, E.E. 1995. Effect of grami- L LT
o . - . . method for permeability measurements across lipid bilayer mem-
cidin A on structure and dynamics of lipid vesicle bilayers. A o
: o : g branesJ. Pharm. Sci84:1308-1315
time-resolved fluorescence depolarization stuByochemistry

34:3092-3101 Xiang, T.-X., Anderson, B.D. 1997. Permeability of acetic acid across

Nagle, J.F. 1993. Areallipid of bilayers from NMHmBiophys. J. gel and liquid-crystalline lipid bilayers conforms to free-surface-
64:1476-1481 area theoryBiophys. J.72:223-237

Paula, S., Volkov, G., Deamer, D.W. 1998. Permeation of halide anionsKiang, T.-X., Anderson, B.D. 1998. Influence of chain ordering on the
through phospholipid bilayers occurs by the solubility-diffusion selectivity of dipalmitoylphosphatidylcholine bilayer membranes

mechanismBiophys. J.74:319-327 for permeant size and shapgiophys. J.75:2658-2671
Perochon, E., Lopez, A., Tocanne, J.F. 1992. Polarity of lipid bilayers.xjang, T.-X., Anderson, B.D. 2000. Influence of a transmembrane
A fluorescence investigatioiBiochemistry31:7672—7682 protein on the permeability of small molecules across lipid mem-

Podo, F., Blasie, J.K. 1977. Nuclear magnetic resonance studies of pranes.). Membrane Biol173:187—201

lecithin bimolecular leaflets with incorporated fluorescent prObeS'Xiang, T.-X., Chen, X., Anderson, B.D. 1992. Transport methods for

Proc. Natl. Acad. Sci. US&4:1032-1036 ) ) : o .
Rapoport, S.I., Ohno, K., Pettigrew, K.D. 1979. Drug entry into the probing the barrier domain of lipid bilayer membranB®phys. J.
o o T ' 63:78-88

brain. Brain Res.172:354-359

Seelig, A., Seelig, J. 1974. The dynamic structure of fatty acyl chainsXiang, T.-X., Xu, Y.-H., Anderson, B.D. 1998. The barrier domain for
in a phospholipid bilayer measured by deuterium magnetic reso- solute permeation varies with lipid bilayer phase structiir&em-
nance Biochemistry13:4839-4845 brane Biol.165:77-90

Simon, S.A., Mcintosh, T.J., Latorre, R. 1982. Influence of cholesterol Yeagle, P. 1992. The Structure of Biological Membranes. CRC Press,
on water penetration into bilayerScience216:65-66 Boca Raton



