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ABSTRACT: Nonesterified fatty acids are key intermediates in cellular metabolism whose intracellular
concentration is regulated by multiple anabolic, catabolic, and oxidative enzymatic cascades. Herein, we
demonstrate that fatty acids induce transmembrane monovalent cation flux with an apparent rate constant
kapp= 1074 — 103 s71. Fatty acid-induced cation efflux exploits the ionic association of the cation with

the carboxylate anion of the fatty acid and the subsequent transmembrane flip-flop of the fatty acid
cation complex. Rates of fatty acid-induced transmembrane cation flux were dependent upon complex
host-guest interactions between the fatty aewhtion complex and the phospholipid constituents which
comprise the membrane bilayer including (1) the degree of unsaturation of the fatty acid guest and the
regiospecificity and stereospecificity of its olefinic linkages; (2) the phospholipid subclass and individual
molecular species which constitute the host membrane phospholipids; (3) impedance matching of host
and guest hydrophobic characteristics; and (4) the cholesterol content of the membrane bilayer. Arrhenius
analysis demonstrated that fatty acid-inducedefflux was facilitated largely by changes in the entropy

of activation of ion translocation and not the energy of activation. Moreover, Arrhenius analysis
demonstrated that the energy of activation of ion translocation was phospholipid subclass specific. For
example, arachidonic acid-induced cation efflux in membranes comprised of 18D plasmenylcholine
possessed aB, = 5.3 + 0.4 kcal/mol, while that for 16:018:1 phosphatidylcholine was 72 0.5
kcal/mol. Electrophysiologic measurements of planar lipid membranes containing 10 mol % arachidonic
acid as a substitutional impurity confirmed the ability of physiologically relevant amounts of fatty acid to
induce ion translocation with a specific conductance of 2.6.3 uS/cn?. Collectively, these results
demonstrate that fatty acids facilitate transmembrane cation flux by an ion carrier type mechanism and
suggest that fatty acid-mediated ion transport contributes to the leakage current present in many cell
types and thus potentially modulates cellular responsivity during signal transduction where the intracellular
content of fatty acids changes dramatically.

Mammalian cell membranes are comprised of a diverse leading to an abrupt increase in membrane fatty acid
array of lipid constituents including phospholipids, nonpolar concentrations1(—4). Typically, the released fatty acids
lipids, and cholesterol which are juxtaposed in a bilayer contain multiple unsaturated centers which are targets for
configuration that provides an effective permeability barrier subsequent oxidation and enzyme-mediated covalent trans-
to the large ionic gradients manifest across cellular mem- formation resulting in the formation of biologically active
branes. In resting cells, nonesterified fatty acids contribute eicosanoid metabolites5( 6). Traditional dogma has
only a relatively small fraction of total lipid to the membrane emphasized the role of these eicosanoid metabolites as lipid
lipid pool which has been estimated in most cell membranes second messengers which mediate their effects after the
to vary from 2 to 5% {, 2). However, ligand stimulation  interaction of each eicosanoid metabolite with its specific
results in the rapid release of nonesterified fatty acids by receptor counterpart7( 8). More recently, many direct
the actions of a variety of substrate-specific phospholipaseseffects of the released nonesterified fatty acid itself on
cellular function have been recognized including its role in
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flop (rate constantks = 1072 — 10 s') (17—19). Previous nitrogen stream, and subsequently subjected to high vacuum
work also revealed that fatty acids can exploit their rapid (less than 50 mTorr) for at least 2 h. The dried lipid film
transmembrane flip-flop rates to mediate the transhilayer flux was suspended in 0.6 mL of medium A (0.29 MSQO, or

of protons R0). lItis largely believed that fatty acid-mediated NaSO,, pH = 6.3) by vigorous vortexing for 2 min and
proton flux leads to the well-known uncoupling effect of fatty subsequent sonication (4 min, 40% duty cycle) twice utilizing
acids on mitochondrial oxidative phosphorylati@i( 22. a Vibra Cell Model VC 600 sonicator (Sonics Material,
However, to the best of our knowledge, no studies have Danbury, CT) under a nitrogen atmosphere. The average
reported the ability of fatty acids to act as potential (either diameter of the vesicles, as measured by the light-scattering
chemical or electrical) driven transmembrane ion carriers. method 27) with a submicron particle analyzer (Coulter,
Herein, we exploit a new technigue we have developed that Hialeah, FL), was about 30 nm, which was consistent with
measures the rate of monovalent cation efflux from the our previous results utilizing inulin trapping2). The
intravesicular compartment of small unilamellar vesicRS) ( average diameters of vesicles comprised of each choline
to demonstrate that fatty acids facilitate transmembrane cationglycerophospholipid subclass are almost identical within the
flux (e.g., K" or Nat flux) through an ion carrier mechanism experimental error. Vesicles containing physiologically
modulated by critical hostguest relationships present in the relevant ion concentration gradients were prepared with 75
membrane bilayer. Since the electrophysiologic character-mM K,SO, (pH = 6.3) by similar procedures.

ization of transmembrane fatty acid-induced ion translocation Measurement of Fatty Acid-Induced Membrane Perme-
demonstrates the likelihood that substantial cellular leakageability. In most respects, the procedures were similar to those
currents can be attributed to fatty acid-induced cation flux, described previously2@). Typically, sealed vesicles in
we propose that fatty acids modulate cellular resting mem- medium A were diluted 100-fold with a &free isoosmotic
brane potential and thereby influence a wide variety of medium B (e.g., 0.29 M LEQ,, pH = 6.3) to create an ion

potential-dependent cellular responses. concentration gradient by addition of 20 of vesicles in
medium A to 2.0 mL of medium B while stirring. Next,
MATERIALS AND METHODS the diluted vesicles were gently stirred for up to 3 days.

) , Passive ion leakage resulted in a change in the ion concen-

Materials. Fatty acids and cholesterol were purchased y4iion gradient across the membrane, which was quantified
from Nu Chek Prep, Inc. (Elysian, MN). Lysoplasmenyl- jjizing a potential-sensitive dye [diS(5)] after a valino-
choline (LPlasChd)and plasmenylcholine (PlasCho) were -y cin"or monensin-induced transmembrane potential was
synthesized from bovine heart lecithin as described previ- generated. After the diluted vesicles had been gently stirred
ously 4). Other phospholipids, including lysophosphati-  fo selected time intervals, AL of diSCs(5) solution (0.27
dylcholines (LPhosCho) and plasmanylicholines (AIkCho), mg/m| in ethanol) was added with a Hamilton microliter
were purchased from Avanti Polar Lipids, Inc. (Alabaster, syringe directly to the vesicle solution [final diS()
AL). All choline glycerophospholipids were further purified  concentration LM]. The fluorescence intensities of digC
by reversed-phase HPLC and extracted twice by the Bligh 5y \vere measured with a SLM 4800C spectrofluorometer
and Dyer procedure2f). The concentrations of fatty acids (SLM Instrument, Urbana, IL) employing an excitation
and of phospholipids were determined by capillary gas \yayelength of 618 nm and an emission wavelength of 690
chromatography after acid methanolysis utilizing arachidic ., Ninety seconds after addition of dig8), 4 uL of
acid (20:0) as an internal standa@g). 3, 3-Dipropylthi- valinomycin or monensin solution (final concentrationNt)
adicarbocyanine iodide [diS(5)] was supplied by Molecular a5 injected with the vesicle solution to generate a trans-

Probes, Inc. (Eugene, OR). Most other chemicals were memprane potential. Meanwhile, the fluorescence intensity

obtained from Sigma Chemical Co. (St. Louis, MO). of diSG(5) was continuously monitored. The passive ion
Preparation of Small Unilamellar Vesicle®2hospholipids leakage at each time intervd) ¢an be determined from the
or their mixtures with fatty acids and/or cholesteroj{ol magnitude of the residual transmembrane potential created

total lipid) were dissolved in chloroform, dried under a after the addition of valinomycin.
Measurement of Membrane Conductance Using Planar

L ABBREVIATIONS: AlkCho, plasmanylcholine (alkylacyl choline Lipid Bilayers. B'!ayers Were_ fo_rmed by spreading lipids
glycerophospholipid); diSg5), 3, 3-dipropyithiadicarbocyanine iodide; ~ over a 0.25 mm diameter orifice in polystyrene cuvettes and
FA, free fatty acid; PlasCho, plasmenylcholine; PhosCho, phosphati- allowing them to thin into a membrane bilayer as described

dylcholine; 14:1-14:1 PhosCho, 1,2-ditetradéefoylsn-glycero-3- ; ; N ; ini
phosphocholine; 16:0-18:1 PA, 1-hexadecanoyl-2-octatleadyl-sn- previously @9). Briefly, a lipid solution of 30 mg total lipid

glycero-3-phosphate; 16:18:1 PhosCho, 1-hexadecanoyl-2-octadec- in 1 mL of n-decane was used to form the b"ayer' The |ipid

9'-enoylsnglycero-3-phosphocholine; 16:8:1 AlkCho, 10-hexa- composition was varied as indicated. Two microliters of this
deg&;}'-Z-fg?g}eﬁ-’gefaoyliﬂg|yl<328f0-§-gh0%%h0d|10"n?; 1&(1?5)331hpl- solution were applied to the cuvette orifice and the solvent
asCho, 10-(Z)-hexadec-*enyl-2-octadec-9enoylsnglycero-3-phos- .
phocholine; 16:6-20:4 PhosCho, 1-hexadecanoyl-2-eicosg-a1,14- ~ Was allowed to evaporate. The cuvette was placed in a
tetraenoylsn-glycero-3-phosphocholine; 16:@0:4 PlasCho, B-(Z) holder and a solution comprised of 150. mM KClI, 10_mM
hexadec-tenyl-2-eicosa-58',11,14-tetraenoylsn-glycero-3-phos- HEPES (pH= 7.0) was placed on both sides of the orifice.
phocholine; 20:+20:1 PhosCho, 1,2-dieicosa-3anoylsnglycero-3-  Next, the volume was adjusted so that no hydrostatic pressure
phosphocholine; 16:0 LPlasCho,d+Z)hexadec-%tenyl-2-hydroxy- e - . - .
snglycero-3-phosphocholine; 18:1 LPA, 1-octadé@8oyl-2-hydroxy- differential existed. After 15 min of hydration, a fire-
snglycero-3-phosphate; 18:1 LPhosCho, 1-octadezr@yl-2-hydroxy- polished glass rod was used to spread lipid from the annulus

snglycero-3-phosphocholine; 12:1 FA, 11-dodecenoic acid; 14:1 FA, of the cuvette orifice to form a continuous lipid layer across

9-tetradecenoic acid; 16:1 FA, 9-hexadecenoic acid; 18:1 FA, 9-octa- ;
decenoic acid; 20:0 FA, eicosanoic acid (arachidic acid); 20:1 FA, 11- the opening. Currents were measured under VOItage clamp

eicosenoic acid; 20:4 FA, 5,8,11,14-eicosatetraenoic acid (arachidonicconditions using a Warner 525A bilayer clamp (Warner
acid); 22:1 FA, 13-docosenoic acid; 24:1 FA, 15-tetracosenoic acid. Instrument Corporation, Hamden, CT) that was connected
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to the bath solution by agar bridges using "AggCl in coulombs. The current density)( resulting from K-
electrodes. Data were recorded and analyzed using Axotapeefflux is

(Axon Instruments, Foster City, CA). Total capacitance was

monitored with a 100 Hz (10 mV peak-to-peak) triangular o= l/(4nr?) ~ 1.9 x 10 **(d[K '], /df) (6)
voltage signal. Typically, bilayer capacitance measured in
this manner was- 0.4—0.6 uF/cn¥, with total capacitance
being a function of the area of the planar lipid bilayer present
in the cuvette orifice. Specific membrane capacitance does
not vary markedly with lipid compositior8Q). The specific

wherer is the average radius of the vesicles (15 nm).

A vesicle having a diameter of 30 nm contains ap-
proximately 5500 phospholipid molecule®?f. For mem-
branes containing 10 mol % of fatty acid, the number of

vrcr?i?r? :,?,125 ﬁg%aggigfaen\{vgs 3sfiL|f1nCriloir(]j:folf3ILaoyrfgt;ZItC:IérllZisr?,fatty acid molecules per vesicle is approximately 550. There
y g P are two major determinants of the rate of Kfflux: the

length and dielectric constant of the hydrocarbon side chains, is the transmembrane flip-flop of the fatty agidtion
(~2.1) in th_ese ;tudles_. The total membrane Capac'tancecomplex; the second is the binding or releasing rate between
was determined immediately before each voItage_ step, andthe fatty acid anions and“Kand Li* ions. Assuming one
the current response was corrected.for'changes n the areg+ jon is transported in each flip-flop cycle (i.e., flip-flop
gg:?sc?;zr?grragﬁczﬁye:)'te'ar‘]ltligleé;%rm'nat'ons were routinely is the rate-controlling step), the effective flip-flop rate of
Data Anal éis Fromr'zhe time-coﬁrse experiments and an the fatty acidcation complex molecuiles is: Ri)/550.
ySIS. P The apparent activation energy and relative activation

itensity and tranamembrane potental, the concentation of€"'OPY Of faty acidinduced Kefllux, E, ands, can be
y P ' calculated by using the following equation:

the potassium ions inside the vesicles {JK) can be
computed as described previousB3). The decrease of S/R —EJRT
[K*]in with time can be curve-fitted into an exponential Kapp= A€T € or 1nk,,,=InA+S/R—E/RT
equation by using the least-squares method: 7)

[K+]in =Ae®+C (1) wherekappis the apparent rate constant of fatty acid-induced
K+ efflux, Ris the ideal gas constant (8.314 J moK™1),

wheret is time, andA, B, and C are time-independent andT is the absolute temperaturd\ is a probability factor,
constants. The initial rate of the decrease of]jK(-d[K *]in/ which was assumed to be identical.
dt) was computed from the first derivatives of the equation
att = 0. If the initial passive K efflux is first order with
respect to the K concentration, the apparent rate constant,
kapp Can be calculated from

RESULTS

Nonesterified Fatty Acids Increase the Pasdion Perme-
kapp: (-d[K+]in/dt)/[K +]in ) abili_ty of Membrane Vesicles Compose_d of P_Iasmenylcholine.
Vesicles composed of plasmenylcholine [either 16t8:1
PlasCho (Figure 1A) or 16:620:4 PlasCho (Figure 1E)] did
not leak potassium ions even after incubationZd at 22
°C. However, inclusion of only 2% arachidonic acid into
the vesicles as a substitutional impurity resulted in the
leakage of potassium ions from vesicles composed of 16:
0—18:1 PlasCho and the rapid loss of potassium ions from
vesicles composed of 16:20:4 PlasCho. Increasing the
arachidonic acid concentration present in the vesicles to either
5 or 10 mol % resulted in a dose-dependent increase in
potassium ion efflux from both plasmenylcholine molecular
species (Figure 1).
The temporal dependence of potassium ion efflux from
the intravesicular compartment of vesicles composed of 16:

Assuming the unilamellar vesicles have a diameter of —18:1 PlasCho (Figure 2A) or from 16:®0:4 PlasCho
approximately 30 nm and possess a membrane thickness OFFigure 2B) can be calculated from the known internal

gpprommately 4 nm3?2), the trapped agueous voluméq) volume of each vesicle and the experimentally determined

IS fractional loss of potassium ions as described in Materials
3 3 and Methods. The initial rate constant for potassium ion
Vin = (4i3)r,,’ = (4nf3)(1L) ~ 5572 nni  (4) loss was linear as a function of fatty acid concentration up
to 10 mol % (slope for 16:618:1 PlasCho 0.00% 0.001
The whole-vesicle current resulting from"kefflux per  min-1, with a correlation coefficient = 0.99; slope for 16:
vesicle is 0—20:4 PlasCho 0.012 0.001 mirr?, with r = 0.99) (Figure
2C). Invesicles composed of 16:28:1 PlasCho containing
| = 1.6 x 10 "(dN/dt) ~ 5.4 x 10 *%d[K "], /dt)  (5) 10 mol % arachidonic acid, the whole vesicle current and
the current density were calculated to be 5.107 pA and
where 1.6x 10 % is the unitary charge of a potassium ion 17 nA/cn?, respectively, while the current and the current

where [K']iy is the initial concentration of the potassium ions
inside the vesicles (0.58 M). Since the anionic counter
currents are negligible with S& buffer, the observed
apparent rate constank.f) of K* efflux reflects the
combined rate constant oftkand Li" exchange across the
vesicle bilayers. The rate of potassium ion efflux per vesicle
can be calculated from the trapped aqueous volipednd

the change in the potassium ion concentration inside the
vesicle:

d\/dt = —6.02x 107V, (d[K 1], /dt) (3)
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o o composed of binary mixtures of either 16:08:1 PlasCho (panel
Ficure 1. Arachidonic acid induces the dose-dependent efflux of A) or 16:0-20:4 PiasCho (panel B) containing 0 mol %&)( 2

potassium ion from vesicles composed of plasmenylicholine. Small mo| 9 (), 5 mol % (©), or 10 mol % ) of arachidonic acid

unilamellar vesiclesd ~ 30 nm) composed of binary mixtures of  \ere analyzed to determine the kinetics of Kss (panels A and
16:0-18:1 PlasCho (left column) or 16:@20:4 PlasCho (right  B) and the initial rate constants ofkefflux across membranes of
column) containing the indicated amounts of arachidonic acid were gjther 16:6-18:1 PlasCho®) or 16:0-20:4 PlasChoM). Rates
prepared in K medium (0.29 M KSO,, pH 6.3 at 22°C) as were calculated from the slope of initial loss of transmembrane

described in Materials and Methods. Next, vesicles were diluted chemical potential (Panel C) as described in Materials and Methods.
100-fold with isoosmotic medium containing®.{0.29 M Li.SOs;, ~ Data shown represent the mean SD of three independent
pH 6.3 at 22°C) resulting in the generation of a chemical potential experiments.

across the bilayers. The diluted vesicles containing the indicated
amounts of arachidonic acid were gently stirred for selected time in vesicular membranes, vesicles composed of 1681

intervals [1 min (b), 30 min (c), 60 min (d), and 120 min (e)] prior - p|lasCho, PhosCho, or AlkCho were prepared in the absence
to introduction of the potential-sensitive fluorescence dye, ¢iSC

(5) (final concentration, x 106 M). The chemical potential at orin the_pres_ence of §e|ected amounts of arachldonlc acid
the end of the incubation interval was subsequently transduced into@S described in Materials and Methods. The diameters of
an electrical potential by the addition of valinomycin (final Vvesicles composed of each of these phospholipid subclasses
concentration, x 10-¢ M), and the resultant changes in fluores- were similar as ascertained by light scattering measurements

cence emission were monitored at 690 nm after excitation at 618 (30 + 3 nm). In the absence of nonesterified arachidonic
nm utilizing an SLM spectrofluorometer as described in Materials

and Methods. In each panel an independent control (a) was _acid, no potasgium io_n leakage was manifest over the 2 h
performed in which the vesicles were stirred for 120 min in the !ncubat_lon period (Figure 3AC). Moreover, extended
absence of fatty acidw) and () represent the addition of diSC incubations of up to 2 days demonstrated that idd@kage
(5) and valinomycin, respectively. could be observed for any subclass (data not shown). In

o ) ) _ sharp contrast, inclusion of 10 mol % arachidonic acid
density in vesicles comprised of 16:20:4 PlasCho contain-  resulted in the leakage of potassium ions from vesicles

ing 10 mol % arachidonic acid were 6:51077 pAand 23 composed of each choline glycerophospholipid subclass
nA/cny, respectively. Collectively, these results demonstrate which was greatest for vesicles composed of plasmenylcho-
that arachidonic acid induces the rapid release of potassiumine (PlasCho) and least for vesicles composed of plasma-
ions from membrane vesicles composed of plasmenylcholinenyicholine (AlkCho). The rate constants of Kfflux from
in a dose-dependent manner which is modulated by theyesicles containing 10 mol % arachidonic acid with 90 mol
molecular species of plasmenylcholine present in the vesicleo, of 16:0-18:1 PlasCho, 16:018:1 PhosCho, or 16:0
bilayer. 18:1 AlkCho were calculated to be 0.09, 0.05, or 0.04hin
Fatty Acid-Induced K Leakage from Membrane Vesicles respectively.
Comprised of Different Choline Glycerophospholipid Sub-  To examine the K/Na" exchange through phospholipid
classes.To determine the dependence of fatty acid-induced bilayers at physiologic conditions, we prepared vesicles
potassium ion efflux on the phospholipid subclass present containing physiologically relevant ion gradients with 75 mM
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(D), 16:0-18:1 PhosCho (E), 16:018:1 AlkCho (F) were prepared —h 50 100 150 "
in KT medium (0.29 M KSQO,, pH 6.3 at 22°C) and subsequently —— ] 200
diluted as described in Materials and Methods. Passive ion 0-120 min Time (s)

permeability was measured as described in the legend to Figure 1 . - " _
after incubating mixtures for 1 min (b), 30 min (c), 60 min (d), or I'.:'G-;RbE-ld" Fattytl aﬁ'd _|n|du(_:ed| KINa exchft;m%_e acrosds_ pfgosgho I
120 min (e). In each panel an independent control (a) was performed Ipl‘l |aﬁ/ers at pl ysiologica (ljonfclogggplrgt:ongrr]a '?n S Ama
in which the vesicles were stirred for 120 min in the absence of chJpltarllrgebierllg\r/esrlﬁigtsurceosmggr?tezain(i)n i@dS'l gfwosgr?oogﬁd( iz{
fatty acid. &) and () represent the addition of dig@) and ddition. 2 y 1% (B 10 |cyg c : f ; hidoni id
valinomycin, respectively. addition, 2 mol % (B) or mol % (C) of arachidonic acid were
’ prepared in K medium (75 mM KSQ,, pH 6.3 at 22°C) and
K>SO, on the inside (150 mM K) and 75 mM NaSQ, and subsequently diluted with isoionic Nanedium (75 mM NaSQy,

0.75 mM K,;SQ; on the outside. In the absence of any fatty %’;’1 6é3; ni‘é jg'ol'c) as dﬁ;‘gibe&jg“"ﬁfﬂ?{;?“ﬁ tw:}gocejﬁdl:t)c??‘ivee
acid, no significant |0r.1 transpo_rt was detected. However, I1 athJer incub!iiyn\g rr?ixturessu;or lsminsib)l, 30 Irnin (c),960 min (clig)],ur
when 10 mol % arachidonic acid was present, an apparent»g min (e). In each panel an independent control (a) was performed
rate constant of monovalent cation efflibx= 0.04 min? in which the vesicles were stirred for 120 min in the absence of
was observed (Figure 4). Thus, at physiologically relevant fatty acid. (¢) and () represent the addition of di$() and
ionic gradients, fatty acids can induce the transmembraneValinomycin, respectively.
flux of monovalent cations. buffer did not support fatty acid-induced efflux offKon
Dependence of Fatty Acid-Induced lon Translocation on from the intravesicular space (Figure 5D). Collectively, these
lon Characteristics. To determine the salient structural results demonstrate that fatty acid-induced ion flux does not
characteristics of the transported ions, we examined thediscriminate between sodium and potassium and that fatty
relative rates of fatty acid-induced ion flux in experiments acids cannot support the transport of divalent cations.
where either sodium replaced potassium in the intravesicular Effect of Fatty Acids on Anion Permeability in Phospho-
space, or cesium, sodium or the divalent cation magnesiumlipid Bilayers. To examine whether fatty acids induce
replaced lithium in the dilution buffer. Experiments utilizing monovalent cation flux by a carrier mechanism or fatty acids
dilution buffer containing sodium (instead of lithium ion) induce leakage resulting from destabilization of membrane
demonstrated that Kefflux did not change significantly and  bilayers, we prepared vesicles containing KCl on the inside
thus sodium transport could be supported by fatty acid at and magnesium chloride on the outside in the presence of
similar rates (compare Figure 5, parts A and B). The relative 0, 10, 20, and 50 mol % fatty acid. No substantial anion
magnitude of sodium transport was investigated by using leakage was measured in the presence 62® mol %
vesicles loaded with sodium and establishing a sodium arachidonic acid (Figure 6AC). In sharp contrast, going
concentration gradient prior to the addition of monensin (a from 20 to 50 mol % arachidonic acid resulted in the inability
sodium selective ionophore) to establish an electrical poten-to trap potassium inside the vesicle (Figure 6D). Thus an
tial. These experiments demonstrated that sodium andabrupt change in the membrane properties (vesicle disruption)
potassium efflux from intravesicular space occurs at similar occurred in going from 20 to 50 mol % fatty acid. Since
rates (compare Figure 5, parts A and C). In sharp contrast,the hydrated radius of K(2.32 A) is substantially larger
utilization of the divalent cation magnesium in the dilution than that of chloride (1.81 A), these results demonstrate that
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Ficure 5: Dependence of fatty acid-induced ion translocation on 0 50 100 150 20'0
the characteristics of the transported ion. Small unilamellar vesicles 0-120 min Time (s)
composed of 16:018:1 PhosCho containing 10 mol % of arachi-
donic acid were prepared in buffer A [either 0.29 M3O, (A, B, FIGURE 6: Permeability of monovalent anions in bilayers composed
or D) or 0.29 M NaSQ; (C), pH 6.3 at 22°C] and subsequently  of 16:0-18:1 PhosCho. Small unilamellar vesicles composed of
diluted with isoosmotic buffer B (0.29 M kSO, (A), Na,SO, (B), 16:0-18:1 PhosCho alone (A), or the binary mixtures containing

CsSQ, (C), or MgSQ (D), pH 6.3 at 22° C). Passive ion 16:0-18:1 PhosCho and in addition, 10 mol % (B), 20 mol % (C),
permeability was measured as described in the legend to Figure land 50 mol % (D) of arachidonic acid were prepared fnredium

after incubating mixtures for 1 min (b), 30 min (c), 60 min (d), (0.29 M K;SQ, pH 6.3 at 22°C) and subsequently diluted as
and 120 min (e). In each panel an independent control (a) was described in Materials and Methods. Passive ion permeability was
performed in which the vesicles were stirred for 120 min in the measured as described in the legend to Figure 1 after incubating
absence of fatty acidw() represents the addition of dig®). (V) mixtures for 1, 30, 60, and 120 minv¥) and () represent the
represents the addition of valinomycin (A, B, or D) or monensin addition of diSG(5) and valinomycin, respectively.

C).
© lipids are both potent perturbers of membrane fluidity and
cation flux must necessarily occur by a transport mechanismintroduce substantial packing defects into membrane bilayers
since intrinsic disruption of the bilayer is insufficient to allow (26, 28, 33, initial experiments examined the effects of
the passage of chloride ions. Collectively, these results various lysophospholipids on potassium ion efflux. Addition
support a carrier-mediated mechanism of fatty acid-induced of 10 mol % lysophosphatidylcholine (LPhosCho), lysoplas-
cation transport. menylcholine (LPlasCho), or lysophosphatidic acid (LPA)
Structure-Activity Relationships of Lipids in Facilitating  did not induce substantial amounts of kon leakage over
K* lon Leakage.To gain insight into whether the fatty acid- the 2 h incubation period (Figure 78). Second, since
induced leakage of entrappedfKons from phospholipid the negative charge on the fatty acid likely complexes with
vesicles was due to changes in membrane fluidity, surfacecations juxtaposed to the membrane bilayer, we examined
charge, or packing defects or was dependent upon the anionithe effects of the negative charge present in the carboxylate
portion of the hydrophobic constituent, detailed structure  anion on transmembrane ion flux. Removal of the negative
activity studies were performed. First, since lysophospho- charge in fatty acids utilizing either arachidonic acid methyl
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ester or arachidonic acid ethyl ester completely ablated fatty
acid-induced K ion leakage (Figure 7F,G). Finally, we
examined the possibility that increasing negative charge alone
could facilitate potassium ion efflux. However, the addition
of negative charge alone [e.g., incorporation of LPA,
phosphatidic acid (PA), or dicetyl phosphate (data not
shown)] also failed to facilitate Kion leakage (Figure 7D,E).

dye
ﬁ valinomycin

valinomycin

+16:0-18:1 PA

Relative Fluorescence »
Relative Fluorescence m

"
r
0 50 100 150 200

. - min Ti
Collectively, these results suggest that transmembrane leak- _ o me )
age of potassium ions requires both the presence of a negativeg v v

charge and the ability of the charge-carrying substituent to

undergo rapid transmembrane flip-flop (see Discussion).
Effects of the Fatty Acid Chain Length, Degree of

Unsaturation, and Membrane Thickness on the Rate'of K

+20:4 FA

LPhosCho methy! ester
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Leakage from Phospholipid VesicleEo gain further insight 5 e 0 w0 % e i 2k
into salient features modulating the interaction between fatty ~ o-120min Time (s) tiomn  Time(s)

acids and their phospholipid hosts, the rate of &fflux c R

utilizing monounsaturated fatty acids with different chain & 5| ¥

length was examined as a function of phospholipid bilayer g 2 ¥
thickness. The maximal rate of each monounsaturated fatty 2 g

acid-induced K leakage was precisely matched to the 2 e ho ‘; e s

predicted membrane thickness of each phospholipid host. Forg | 3 e
example, the maximal rates of "Kefflux in vesicles "o w1 10 26 % e 10 2
composed of 14:314:1 PhosCho, 16:018:1 PhosCho, or 0420 min Time (<) Timomn  Time(s)

20:1-20:1 PhosCho were manifest utilizing 16:1 fatty acid,
18:1 fatty acid, or 20:1 fatty acid, respectively (Figure 8).
Additional experiments demonstrated that the rate of K
efflux increased as a function of the number of double bonds
present in the nonesterified fatty acid substitutional impurity
(Figure 9). Alterations in the location of the double bond i
in the fatty acid also substantially affected the rate of K o %0 iso b0
efflux with a rank order 11-octadecenoic acid9-octade- ¢-120min Time (<)

cenoic acid< 6-octadecenoic acid (Table 1). Finally, a FGURE7: Structure-activity relationships of the lipid substitutional
comparison otis- vs trans-9-octadecenoic acid demonstrated impurity on potassium efflux. Small unilamellar vesicles composed

: : : .- of 16:0—20:4 PlasCho (A) alone, or binary mixtures composed of
that the cis fatty acid was substantially more potent in 16:0-20:4 PlasCho with 10 mol % of 18:1 lysophosphatidylcholine

inducing K" efflux from phospholipid vesicles than its trans gy 10 mol % 16:0 lysoplasmenyicholine (C), 10 mol % 18:1
counterpart (Table 1). Examination of the pH profile of fatty lysophosphatidic acid (D), 10 mol % 16:(.8:1 phosphatidic acid
acid-induced K efflux demonstrated that the rates of K (E), hlg mol °/_0d a;ﬁclhid?nic(ea)cid Toethyll Ot/ésfter (F), kll?j mol %d
efflux increased dramatically from pH 4 to pH 7 and aﬁaccgﬁt’:g a?/:/erf:a yreesafé d in'12:ne dmr% 8 gge'\‘;’l“a%' °“|'_‘|3 aci
remamed constant at pH higher than 7 (Figure 10). Col- g?z rS\t 22°C))énd dillﬂjtedpwith isoosmotic tirgediumtgc%ét% an
lectively, these results demonstrate that rates of transmem-on concentration gradient as described in Materials and Methods.
brane flip-flop are highly correlated with the nonesterified Passive ion permeability was measured as described in the legend
fatty acids’ ability to induce ion translocation. to Figure 1 after incubating mixtures for 1 min (b), 30 min (c), 60
Cholesterol Attenuates Fatty Acid-Induced lon Efflux from ™Min (d), and 120 min (€). In each panel an independent control (a)
. . . . was performed in which the vesicles were stirred for 120 min in
Vesicles Comprised of Plasmenylicholine or Phosphatidyl- e apsence of fatty acidwj and () represent the addition of
choline. As previously demonstrated, vesicles comprised of diSG(5) and valinomycin, respectively.
either 16:0-18:1 or 16:0-20:4 PlasCho did not leak potas-
sium ions in the absence of fatty acid (Table 2). However, 5-fold increase in K ion permeability which was attenuated,
addition of 10 mol % arachidonic acid to vesicles comprised in a dose-dependent fashion, by the inclusion of 15 or 30
of plasmenylcholine resulted in over a 100-fold increase in mol % cholesterol (Table 2). Collectively, these results
potassium ion efflux which could be attenuated by cholesterol demonstrate that cholesterol, presumably by its membrane
in a dose-dependent fashion (Table 2). Similarly, vesicles condensing effect, attenuates fatty acid-induced transmem-
comprised of 16:618:1 PhosCho did not lose*Kion at brane ion flux.
measurable rategq, < 0.001 mirr?), but rapidly released Determination of the Actation Energies and Relate
potassium ions in the presence of 10 mol % arachidonic acid Entropies of Fatty Acid-Induced Potassium lon Transport
(Kapp=0.05 mir'%). Similar to results with plasmenylcho- in Vesicles Comprised of Plasmenylcholine or Phosphati-
line, the addition of cholesterol to vesicles comprised of 16: dylcholine by Arrhenius Analysisvesicles composed of 16:
0—18:1 PhosCho attenuated fatty acid-induced potassium ion0—18:1 PhosCho containing 2, 5, or 10 mol % fatty acid
efflux (Table 2). Vesicles comprised of 16:@0:4 PhosCho  demonstrated a temperature-dependent increase in the ap-
lost potassium ions at a modest rakg,{ = 0.04 min?), parent rate constanki,) of potassium ion efflux. Com-
which was attenuated by the presence of either 15 or 30%parisons of the vesicles containing 2, 5, or 10 mol % fatty
cholesterol. The addition of 10 mol % of arachidonic acid acid demonstrated that the energies of activation for fatty
to vesicles comprised of 16:0:4 PhosCho resulted in a acid-induced K efflux were similar E, = 7.2 4+ 0.5 kcal/

4_
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Ficure 8: The interdependence of fatty acid-induced &fflux in 20-carbon fatty acids

on fatty acid chain length and membrane thickness. Small unila- Ficure 9: The dependence of Kefflux across phospholipid
mellar vesicles composed of binary mixtures containing 10 mol % bilayers on the number of double bonds present in 20-carbon fatty
of monounsaturated fatty acids with indicated chain lengths (plotted acids. Small unilamellar vesicles composed of binary mixtures of
on thex axis) with 90 mol % of 14:+14:1 PhosCho4), 16:0- either 90 mol % 16:6-18:1 PhosChoL() or 20:1-20:1 PhosCho
18:1 PhosChor), or 20:1-20:1 PhosChoQ) were prepared in (<) and 10 mol % of the 20-carbon fatty acids [eicosanoic (0),
K* medium (0.29 M KSQ,, pH 6.3 at 22°C) and diluted with 11-eicosenoic (1), 11,14-eicosadienoic (2), 8,11,14-eicosatrienoic
isoosmotic LI medium to create an ion concentration gradient as (3), 5,8,11,14-eicosatetraenoic (4)] containing the indicated degrees
described in Materials and Methods. Passive ion permeability was of unsaturation (plotted on theaxis), were prepared inKmedium
measured as described in the legend to Figure 1. The initial rate (0.29 M K,SQy, pH 6.3 at 22C) and diluted into low K medium
constants of K efflux were calculated from the initial slope of  as described in Materials and Methods. Passive ion permeability
loss of transmembrane chemical potential as described in Materialswas measured as described in the legend to Figure 1. The initial
and Methods. Data shown represent the meaisSD of three rate constants of K efflux were calculated from the initial slope
independent experiments. of loss of transmembrane chemical potential as described in

. . Materials and Methods. Data shown represent the re&D of
mol), and that observed rate differences were due mainly to three independent experiments.

alterations in the entropies of activation for this process

(Figure 11). Similarly, Arrhenius analysis of vesicles Table 1: Effects of Double-Bond Regiospecificity and
composed of 16:8618:1 PlasCho containing 2, 5, or 10 mol  Stereospecificity in Mono-unsaturated Fatty Acid on the Rate of
% arachidonic acid demonstrated that the activation energies™atty Acid-Induced K Efflux

for each vesicle containing different amounts of arachidonic k@ effective flip-flop raté
acid were identical within experimental errdg,(= 5.3 & additives (1/min) (1/min)
0.4 kcal/mol). The observed differences in fatty acation none <0.001 <0.004
transport were mainly dependent upon alterations in the 182;0 g-gg:ggggggg:g gg:g 8-82 8-%?
H o H H 1 0 I- . .
e L e e S wiorocasd 03¢ 044
10% 11-octadecenoic acid 0.04 0.14

acid result in enhanced Kefflux through changes in the aPassive ion flux across bilayers comprised of binary mixtures of

entropy of activation and not the energy of activation (see 1.0 1g:1 phosCho and 10 mol % of each fatty acid was measured as

Discussion). described in Materials and Methods. The apparent rate constants were
Fatty Acid Induces Potassium Flux through Planar Lipid calculated from the slopoe of initial loss of chemical potential, assuming
Bilayers under Voltage Clamp Conditiong.o explore the the vesicle had a diameter of 30 nhiThe effective flip-flop rates of
ability of fatty acids to facilitate transmembrane cation faiy acids were computed assuming that one potassium ion was
.. .. . transported in each effective flip-flop cycle, as described in Materials
transport under conditions where the driving force for ion 4,4 Methods.
movement was an imposed electrical potential, we utilized
planar lipid membranes containing 0, 2, 5, or 10 mol %
arachidonic acid as a substitutional impurity. In planar the electrical potential applied across the planar lipid bilayer.
bilayers composed of phospholipids without incorporated The calculated conductance for membranes containing 2, 5,
fatty acids, only small amounts of potassium flux occurred Or 10 mol % arachidonic acid were 4% 0.6, 110+ 0.6,
during transmembrane holding potentials-&0 to+80 mV. and 176+ 1.2 pS, respectively (Figure 12). Collectively,
The calculated conductance based upon the slope of thethese results demonstrate that arachidonic acid can facilitate
current-voltage relationship was 24 pS (Figure 12). In electrogenic transmembrane cation flux and that the mag-
contrast, at 2, 5, or 10 mol % arachidonic acid present in nitude of current is related to both the amount of the fatty
the planar lipid bilayer, substantial amounts of current were acid in the membrane bilayer and the driving force predis-
observed which increased with the amount of fatty acid and posing to ion translocation.
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Ficure 10: pH dependence of fatty acid-induced &fflux across
phospholipid vesicles. Small unilamellar vesicles composed of 90
mol % 16:06-18:1 PhosCho containing either 10 mol % 6-octade-
cenoic acid ¢), 9-octadecenoic acidd), 22:1 FA ©), or 14:1

FA (») were prepared in K medium (0.29 M KSO,, pH 6.3 at
22°C) and diluted into low K medium as described in Materials
and Methods. Passive ion permeability was measured as described
in the legend to Figure 1. The initial rate constants of éflux

were calculated from the initial slope of loss of transmembrane
chemical potential as described in Materials and Methods. Data

shown represent the meanSD of three independent experiments. 1/T x 103 (1/K)
- Ficure 11: Arrhenius plot of fatty acid-inducedKefflux across
Table 2: Effects of Cholesterol on Fatty Acid-Induced Efflux phospholipid bilayers. Small unilamellar vesicles composed of
Kapp (1/miny binary mixtures of either 16:018:1 PhosCho (open symbol with

- - - - - - - - dashed line) or 16:018:1 PlasCho (filled symbol with solid line)
16:0-18:1 16:0-20:4 16:0-18:1 16:0-20:4 containing either 2 mol %), 5 mol % (») or 10 mol % () of

additives PhosCho PhosCho PlasCho PlasCho arachidonic acid were prepared in"Knedium (0.29 M KSQ,,

none <0.001 0.040 <0.001 <0.002 pH 6.3 at 22°C) and diluted with isoosmotic Fimedium to create
15% cholesterol <0.001 0.016 <0.001 <0.001 an ion concentration gradient as described in Materials and Methods.
30% cholesterol <0.001 0.009 <0.001  <0.001 After incubation at the indicated temperatures for selected time
10% 20:4 FA 0.050 0.22 0.087 0.12 intervals, passive ion permeability was measured as described in
10% 20:4 FA+ 0.044 0.15 0.072 0.11 the legend of Figure 1. The initial rate constants dféfflux were

15% cholesterol calculated from the initial slope of loss of transmembrane chemical
10% 20:4 FA+ 0.040 0.12 0.065 0.10 potential as described in Materials and Methods. Data shown

30% cholesterol represent the meatt SD of three independent experiments.

aThe rate constants were calculated from the slope of the initial L o .
loss of chemical potential, assuming the vesicle has a diameter of 30lysophospholipids, lysophosphatidic acid, etc.) that markedly

nm, as described in Materials and Methods. alter membrane dynamics and packing do not facilitate cation
transport 26, 28, 33. Finally, ablation of the negative
DISCUSSION charge of the carboxylate anion on the fatty acid by utilization

The experimental results demonstrate that fatty acids Of the cognate methyl or ethyl fatty acid esters does not
facilitate the efflux of potassium along its concentration facilitate cation transport supporting the obligatory role of
gradient with a rate constant in excess of 0.1/min in favorable the carboxylate cation association proposed in Scheme 1.
cases (Figure 2C). Multiple data suggest that the biochemical The case for the proposed model is further strengthened by
mechanism responsible for this transport is the associationthe demonstration of the importance of specific intramem-
of the monovalent cation to the carboxylate anion of the fatty brane hydrophobic interactions (i.e., hegiest interactions)
acid followed by transmembrane flip-flop of a fatty acid in modulating the rates of fatty acid-mediated cation
cation complex and subsequent release of the cation as showiransport. For example, alterations in the regiospecificity
in Scheme 1. Specifically, the data demonstrate that and stereospecificity of unsaturated centers, alterations in
alterations in membrane surface charge do not facilitate fatty acid chain length in relation to membrane thickness,
cation transport if the negatively charged moiety itself cannot and alterations in cholesterol content each potently modulate
undergo rapid transmembrane flip-flop. Moreover, alter- the rate of fatty acid-facilitated transmembrane cation flux.
ations in either membrane dynamics or the introduction of The inability of fatty acids to induce transbilayer anion flux
packing defects also do not appear responsible since moietieslso strongly supports an ion carrier-mediated transport
which are potent perturbants of membrane structure (e.g.,mechanism. Collectively, the results suggest that fatty acid-
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~ 15 7 The rates of transmembrane flip-flop of nonesterified fatty
<5 acids are modulated by intricate intermolecular interactions
= which typify the dynamic chemical associations manifest in
o host-guest complexes. Prior studies on the modulation of
é . the kinetics of fatty acid transmembrane flip-flop have relied

largely on measurements of alterations in intravesicular pH
utilizing a pH-sensitive dye, or alternatively, on either
fluorescence quenching or fluorescence energy transfer of
fluorophores covalently bound to fatty acid47(20).
Utilizing an electrode to measure proton conductance,
160 Gutknecht demonstrated that the rank order of transmem-
brane flip-flop was oleie> palmitic > myristic > lauric acids
Voltage (mV) in diphytanoyl phosphatidylcholine bilayerQ). Utilizing
a fluorescence approach, Kleinfeld et al. demonstrated that
transmembrane flip-flop was more rapid in large unilamellar
vesicles in comparison to small unilamellar vesiclég)(
Apart from these studies, to the best of our knowledge, the
molecular details of the types of hegjuest interactions
which modulate fatty acid transmembrane flip-flop are quite
-15 limited. The present results extend the scope of the
molecular interactions which modulate transmembrane flip-
FicurRe 12: Arachidonic acid induces flux through planar lipid  flop. First, the results demonstrate the importance of specific
bilayers under voltage clamp conditions. 162D:4 PhosCho alone  jarations in the phospholipid subclass and molecular species
(O) or binary mixtures containing 2 mol %), 5 mol % @), or . ) :
10 mol % (1) of arachidonic acid were dissolvedrirdecane prior  Of the host as important determinants of transmembrane flip-

to painting over the chamber orifice. After formation of the planar flop rates. Second, the data identify that covalent alterations
membrane, the current at each indicated holding potential wasin the guest including degree of unsaturation as well as the

measured as described in Materials and Methods. regiospecificity and stereospecificity of the olefin centers are
Scheme 1: Proposed Mechanism of/Ki+ Exchange also potent modulators of transmembrane flip-flop rates. For
across Phospholipid Bilayeérs example, increasing the number of double bonds from zero

to four results in a 9-fold increase in fatty acid-facilitated
. K+ cation transport (Figure 9). Similarly, alterations in the
N o location of the double bond\¢, A®, or A1Y) also resulted in
A EA- a 2-fold effect on transmembrane flip-flop rates (Table 1).
The presence of a cis double bond resulted in a 50% higher
L — Li+ rate of fatty acid-facilitated cation flux than the presence of
/ a trans double bond. Third, we point out that the precise

KFA

matching of the effective length of the fatty acid to the
membrane thickness is also an important determinant of the
rate of fatty acid-facilitated transmembrane cation flux. The
K+ __ waxing and waning of ion transport rates as a function of
the chain length of monounsaturated fatty acids in the context
FA- of the host underscore the importance of hagiest interac-
\ \ tions in this process (Figure 8). In general, all of the results

Lit < LiFA are compatible with the underlying hypothesis that the larger
the packing defect in the hesguest complex that the fatty
acid engenders, the more rapid transmembrane flip-flop will
H,0 inside vesicle membrane H,0 outside become (e.g., fatty acid flip-flop increases with the number
of double bonds, cis> trans, proximal> distal olefin
) , _ o linkages). Of similar importance is the necessity to match

a|n the proposed paradigm, fatty acid (FA) binds adh the inside the length of the fatty acid with the bilayer thickness to
of the vesicle to form a fatty acidation complex (KFA). The KFA N o .
complex traverses across the vesicle bilayer to release-thenKNext, minimize the activation energy for the translocation process.
the carboxylate anion on the outside of the vesicle can combine with We believe this results from the fact that a relatively long
Li* to form a LiFA complex which can flip-flop, resulting in the release  fatty acid (relative to its membrane host) must adopt multiple
of Li* ion on the inside of the vesicle. After release, the cycle is gauche linkages to remain within the hydrophobic region of

complete and the fatty acid is poised for another cycle of ion transport. . . .
It should be recognized that not every fatty acid flip-flop needs to be the membrane during the flip-flop process. This would

accompanied by an ion. The experimental data represent time averagedequire the presence of even larger membrane packing defects
rates of only productive cycles or half cycles (i.e., fatty acid flip-flop  for effective flip-flop than those necessary to accommodate

resulting in ion transport). the flip-flop of an all trans conformation of the fatty acid.
Alternatively, if the fatty acid is too short, significant

facilitated transmembrane cation transport is mediated by thepenetration of the relatively short fatty acid (relative to the

flip-flop of a fatty acidcation complex. thickness of its bilayer host) must occur to facilitate direct
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insertion of the carboxylate linkage into the opposite hy- of this process are dependent upon the properties of the fatty
drophilic interface. acid (chain length, unsaturation, etc.), properties of the
Study of the doseresponse relationships of fatty acid- membrane bilayer (thickness, subclass, and molecular spe-
facilitated ion flux demonstrated that increases in the mole cies), and the environment in which this process occurs (pH
percentage of fatty acid in the membrane resulted in linear and temperature). In many cell types, ligand stimulation
increases in fatty acid-induced transmembrane cation flux results in an abrupt increase in the concentration of fatty
in membranes composed of either phosphatidylcholine or acids in critical subcellular membrane compartments such
plasmenylcholine. In each case, Arrenhius analysis dem-as the plasma membrane. Accordingly, we propose that the
onstrated that fatty acid-induced alterations resulted from aligand-stimulated phospholipolysis leads to changes in fatty
change in the entropy of activation without a change in the acid-induced cation flux and resultant effects on cellular ion
energy of activation for fatty acid-facilitated transmembrane homeostasis and physiologic function.
cation flux (Figure 11). These results are consistent with
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