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Abstract: This paper records what is believed to be the first evidence for the reorganization of the liquid-
ordered phase by ethanol. Specifically, ethanol has been found to significantly enhance sterol—phospholipid
association in liquid-ordered bilayers derived from 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) plus
cholesterol and also 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) plus cholesterol. The evidence
for such reorganization comes from a series of nearest-neighbor recognition (NNR) experiments that have
been carried out, where low concentrations of equilibrating lipid dimers (i.e., “reporter molecules”) have
been used to detect changes in the phase composition of host membranes made from varying mixtures of
DPPCl/cholesterol, and also DSPC/cholesterol, in the presence and in the absence of ethanol. These findings
have important biological implications, which are briefly discussed.

Introduction ability to disorder fluid phospholipids!® From detailed NMR
¢ studies, it also appears that ethanol favors binding to lipid

Ethanol is one of the most popular, yet one of the leas “ - X . .
membranes near the lipid/water interface, in regions that lie close

understood, depressants that is currently in use. In particular, i’ .,
the mechanism by which this agent affects neurological function © the glycerol backbone "?‘”_‘;ng‘g zéjpper segments of the
at the molecular level is not currently knowr. Although neural  ydrocarbon chains of the lipids=%% _ .
membranes appear to be altered in some way by the presence !N the work reported herein, our primary aim was to clarify
of ethanol, the exact nature of the interactions that take place®n® fundamentally important issue regarding the interactions
among ethanol, membrane proteins, and the lipid framework between ethanol and lipid membranes, which has not previously
remains obscure. been addressed. Specificalbagn ethanol alter the organization
Because of its lack of specificity, it has generally been Within the liquid-ordered phaseGiven a growing body of
assumed that ethanol's primary “target” in cell membranes is evidence for the existence of liquid-ordered regions within cell
the lipid framework®1° For this reason, there has been membranes (i.e., regions where cholesterol associates with high-
considerable effort made to gain insight into how ethanol Melting lipids), which lie in contact with liquid-disordered
influences the structure and properties of lipid bilayers in model '€gions (i-e., regions comprised largely of low-melting glyc-
systems. On the basis of such studies, it is now clear that ethanofroPhospholipids), this question has considerable relevance to

can induce a disordering of the acyl chains of fluid phospho- the biological action of et_hgnékZG Thus, if ethanol were to
lipids, as well as the formation of an interdigitated gel alter cholesteretphospholipid association, this could affect the

phasé117 |t is also clear that the presence of high concentra- structure, composition, and function of liquid-ordered as well

tions of cholesterol 30 mol %) greatly reduces ethanol's @S liquid-disordered regions. _
With this goal in mind, we have sought to quantify the effects

of ethanol on steretphospholipid interactions in the liquid-
ordered, as well as the liquid-disordered, phase. For this purpose,
we have utilized the nearest-neighbor recognition (NNR)
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method, operating in a chemical-sensing mé&fé Specifically, ) o ) _ _

we have used low concentrations of equilibrating lipid dimers characterized by a combination of differential scanning calo-
(i.e., “reporter molecules”) to detect changes in the phase fimetry, X-ray diffraction, °’H NMR, and spin-label ESR
composition of host membranes made from varying mixtures measurements, along with statistical thermodynamic consider-
of cholesterol and 1,2-dipalmitogiglycero-3-phosphocholine  ations?® Thus, at 60°C, the liquid-disordered region extends
(DPPC) and also Varying mixtures of cholesterol plus 1’2_ from ca. 0-15 mol % Ch0|eSteI‘O|, and the |IQUId-dISOI‘deI’ed/
distearoylsn-glycero-3-phosphocholine (DSPC) in the presence liquid-ordered coexistence region extends from ca-3G mol

and in the absence of ethanol (Chart 1). % cholesterol. At higher sterol concentratiorrs30 mol %),

As discussed e|sewhere’ NNR measurements provide mo_the membrane is fU"y converted into the quuid'ordered phase.
lecular-level snapshots of bilayer organization by detecting and Although the phase diagram of DSPC/cholesterol has been
guantifying the thermodynamic tendency of exchangeable investigated to a lesser extent, ESR measurements indicate that
monomers to become nearest-neighbors of one andtRer. at 60 °C, the liquid-disordered and liquid-disordered/liquid-
Typically, two lipids of interestA andB) are converted into ~ Ordered coexistence regions extend from cea:80mol %
exchangeable dimer&\, AB, andBB), which are then allowed ~ cholesterol and ca.-87 mol % cholesterol, respectivel.

to undergo monomer interchange via thiotatsulfide inter- Beyond 27% cholesterol, the membrane is fully converted to
change. These equilibria are then defined by a constanthich the liquid-ordered phase. In the present work, all NNR experi-
governs the monomerinterchange amm BB, andAB (eqs ments have been carried out at 60, because the |IQU|d-

1 and 2). When monomess andB mix ideally, this is reflected disordered phase, the liquid-disordered/liquid-ordered coexist-
by an equilibrium constant that equals 4.0. When homoasso-€nce region, and the liquid-ordered phase in DPPC/cholesterol
ciations are favored, the equilibrium constant is less than 4.0; and DSPC/cholesterol systems are accessible by varying the
favored heteroassociations are indicated by a value that is greategholesterol content within these membranes.

than 4.0. NNR Reporter Molecules.The exchangeable lipids that were
chosen as reporter molecules for this investigation (12,

AA + BB — [AA + AB + BB] —AB and3) bear the same diacylglycerol and sterol frameworks as

equilibrium mixture DPPC, cholesterol, and DSPC, respectively (Chart 2). It is

K noteworthy, in this regard, that despite the presence of a disulfide
AA + BB = 2AB Q) bridge in the headgroup region, and despite the presence of a

net negative charge in the phospholipids, the mixing properties

K = [AB]%([AA][BB]) (2) of such lipids bear a striking resemblance to those of cholesterol

and the corresponding phosphatidylcholines. That this is the case
is evident from the fact that the mixing behavior bfwith 2

Host Membranes. Our choice of DPPC/cholesterol and (i.e., the value ofK) in host membranes made from DPPC/
DSPC/cholesterol as host membranes for the present study washolesterol has a similar dependency on the total sterol content,
based their broad use in model studies and also the fact thatas compared with that of undiluted bilayers made exclusively
their phase diagrams are well-established. The phase diagranfrom 1 and2.26:30Thus, in both of these systenfsand2 have
for DPPC/cholesterol, in particular, has been extensively been found to (i) mix nearly ideally at low sterol concentrations

Results and Discussion
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Uragami, M.; Regen, S. LJ. Am. Chem. SoQ002 124, 4253-4256. 399-412.
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(=15 mol %), (ii) favor the formation of heterodimer at higher
sterol concentrations, and (i) exhibit a limiting valuetothat

is equal to ca. 5.4 when fully converted to the liquid-ordered
phase. This similarity implies that thipid microervironment
which defines, is similar in both membranes. It also implies
that the lateral arrangement of neighboring DPPC and choles-
terol molecules is similar to that of neighboridgand 2. In
other words, the mixing of DPPC with cholesterol must be
similar to the mixing ofl with 2. It also means that and 2
have become an integral part of host membranes made from 20 30
DPPC and cholesterol; that is, the exchangeable and nonex- Sterol (mol%)
changeable lipids are well-mixed. That the presence of a Figure 1. Plot ofK (60 °C) vs the mol % of total sterol present in bilayers
disulfide bridge does not, in any way, influence the packing made from 95 mol % of DPPC plus varying concentrations of cholesterol
properties of such lipids (i.e., their alignment with neighboring Plus 5 mol % of exchangeable lipids (2.5 mol Pfplus 2.5 mol %2) in

P ; _(O) buffer and @) buffer containing 2.9% ethanol (v/v). The solid lines
lipids) has already been established through monolayer mea that have been drawn in the intermediate regions (i.e., wKdrereases

surements, where limiting areas and condensing properties haveyith sterol content) are based on a linear regression analysis of the data
been found to be indistinguishable from lipid analogues that according toy = 0.116¢ + 1.88 (absence of ethanol) ayd= 0.15% +

are devoid of the such a brid@%ln addition, the close similarity 1.89 (presence of ethanol). In all cases, equilibrium was reached within 2
. . . ' . The data that are shown in the absence in ethanol were taken from ref
in the packing properties between these exchangeable and,s

nonexchangeable lipids is also evident from their nearly identical

gel to liquid-crystalline phase transition temperaturigg,(which
are 41.9, 41.5, 55.#, and 54.3°C for {1,1}, DPPC,{3,3},
and DSPC, respectivehy}.

40

ethanol, respectively. At high sterol concentrations, ethanol
significantly increased, the maximum effect being observed
when the host membrane was fully converted into the liquid-

Influence of Ethanol on the Mixing of 1 with 2 in DPPC/
Cholesterol Host Membranes.To gain insight into the effect
that ethanol has on stergbhospholipid mixing, we first carried
out a series of NNR experiments using liposomes that were
made from 5 mol % of an equimolar mixture bfand?2 plus

ordered phasex30 mol % sterol$2 The linear increase iK

with increasing mole percentages of sterol implies that the
conversion from the liquid-disordered phase to the liquid-ordered
phase is also linear. Given the magnitude of the change in free
energy for the mixing betweehand2 on going from the liquid-

95 mol % of varying ratios of DPPC/cholesterol. For this disordered to the liquid-ordered phase (i.e., 560 J/mol of
purpose, two independent sets of experiments were performedexchangeable lipid), ethanol's effect in altering the lateral
to ensure that equilibrium product mixtures were obtained. Thus, arrangement of and2 in the liquid-ordered phase (298 J/mol

in one set of experiments, pure heterodiffig2} was used as  of exchangeable lipid) is very significaft.The apparent shift
the source of these exchangeable lipids. In a second set, weof the takeoff points to lower sterol concentrations in the
used an equimolar mixture of the corresponding homodimers, presence of ethanol is fully consistent with the effects observed
{1,1} and{2,2}. Both dispersions were made using an aqueous at higher sterol concentrations. Thus, stronger stggbbspho-
buffer that contained 5% ethanol (v/v). Analysis after extrusion, lipid association is expected to result in the liquid-ordered phase
using standardized conditions (200 nm Nuclepore membranes,being formed at a reduced sterol concentration. The fact that
60°C), revealed a partial lowering of the ethanol concentration 30 mol % remains as the point of discontinuity in the presence
to 2.9% (v/v), due to evaporation (see the Supporting Informa- of alcohol further indicates that these NNR experiments are still
tion). Dynamic light scattering showed an average liposome measuring the amount of liquid-ordered phase that exists within

diameter of 200 nm. Thiolatedisulfide interchange reactions
were then carried out at 61 using experimental procedures
similar to those previously describétl.Values of K were
calculated from the average dimer composition from both sets
of experiments, where product mixtures were analyzed at six
different time intervals. Thus, 12 sets of convergent data were
used to obtain each value Iéf Examination of these dispersions
at the end of the reaction by dynamic light scattering showed
no change in the particle size or size distribution.

A plot of K as a function of the total sterol content is presented
in Figure 1. Also shown in this figure are results that were
previously obtained from NNR experiments carried out in the
absence of ethané?.A linear regression analysis of the data in
the region wheré& increases with mol % sterol, together with
horizontal segments, yields “takeoff” points (the mol % sterol
whereK starts to increase with increasing sterol concentrations,
corresponding to the onset of the liquid-ordered phase) of 12.2

and 8.9 mol % sterol, in the absence and in the presence of(33)

(30) Sugahara, M.; Uragami, M.; Yan, X.; Regen, SILAm. Chem. So2001,
123 7939-7940.
(31) Krisovitch, S. M.; Regen, S..lJ. Am. Chem. So&992 114, 9828-9835.

the membrane.

Influence of Ethanol on the Mixing of 2 with 3 in DSPC/
Cholesterol Host Membranes.An analogous series of NNR
experiments was then performed in DSPC/cholesterol host

(32) Similar NNR experiments that were carried out, in which the sterol content
was held constant at 30 mol % and the concentration of ethanol that was
used to prepare the liposomes was increased to 10% (v/v), géweake

that was the same as that found using 5% ethanol. When the concentration
of ethanol was lowered to 1%, however, tlevalue was the same as that
found in its absence. With the use of 1% and 10% ethanol to form the
vesicles under standardized conditions, the final ethanol concentrations in
the dispersions were 0.53% and 5.25%, respectively. In an attempt to
estimate the mole fraction of ethanol that is present in the membrane bilayer,
we incubated a multilamellar dispersion made from DPPC/cholesterol (7/
3, mol/mol) with an aqueous @) solution containing 3.0% ethanol (v/v)
[i.e., 75.6 mg of total lipid plus 1.0 mL of solution] for 30 min at 8G,
before and after centrifugation. Subsequent analysis of the solution phase
by 'H NMR indicated less than 13 ethanol molecules were taken up per
phospholipid. On the basis of partition coefficients that have been previously
estimated for analogous membranes made from 1,2-dimyristeglycero-
3-phosphocholine (DMPC) and cholesterol by isothermal titration calo-
rimetry, one can estimate that ca-180 ethanol molecules are being taken
up per 100 phospholipids (ref 5).

NNR measurements that were carried out using 30 mol % sterol, in the
absence and in the presence of 2.9% ethanol, showed no variation in
when the NaCl concentration in the buffer was varied from 100 to 300
mM. These results indicate that electrostatic effects do not contribute
significantly to the observed mixing df with 2.

J. AM. CHEM. SOC. = VOL. 128, NO. 1, 2006 267
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Figure 2. Plot ofK (60 °C) vs the mol % of total sterol present in bilayers
made from 95 mol % of DSPC plus varying concentrations of cholesterol
plus 5 mol % of exchangeable lipids (2.5 mol 24plus 2.5 mol %3) in

(O) buffer and @) buffer containing 2.9% ethanol (v/v). The solid lines
that have been drawn in the intermediate regions (i.e., wkdrereases
with sterol content) are based on a linear regression analysis of the dat
according toy = 0.115 + 2.40 (absence of ethanol) ayd= 0.148& +

40
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in the presence, of ethanol. If one compares the takeoff points
for these systems, they are clearly much closer to those found
in Figure 1 than those shown in Figure 2. Since the host
membranes that were used to generate Figures 1 and 3 were
the same (only the reporter molecules differ), these results
indicate that it is ethanol’s effect on the host lipids that is largely
responsible for its effect oK. In other words, ethanol enhances
the association between DPPC and cholesterol, which, in turn,
provides a microenvironment that enhances the association
between2 and 3. The fact that theK values in Figure 3 are
intermediate between those found in Figures 1 and 2 further
indicates that these exchangeable lipids contribute to the overall
strength of the “condensed complexes” that are formed with
the nonexchangeable host lipids.

To obtain evidence that the interactions between ethanol and
the exchangeable lipids are similar to the interactions between
ethanol and the host lipids, we carried out one final NNR

2.64 (presence of ethanol). In all cases, equilibrium was reached within 2 experiment using an ethanol-containing dispersion that was

h. The data that are shown in the absence of ethanol were taken from ref

26.
70}
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Figure 3. Plot ofK (60 °C) vs the mol % of total sterol present in bilayers
made from 95 mol % of DPPC plus varying concentrations of cholesterol
plus 5 mol % of exchangeable lipids (2.5 mol 24plus 2.5 mol %3) in

(O) buffer and @) buffer containing 2.9% ethanol (v/v). The solid lines
that have been drawn in the intermediate regions (i.e., wkerereases
with sterol content) are based on a linear regression analysis of the dat
according toy = 0.134 + 1.75 (absence of ethanol) ayd= 0.16X +

made,exclusbely, from 65 mol %1 and 35 mol %&2. SinceK

is controlled by the lipid microenvironment surroundib@nd

2, if the effect of ethanol on the microenvironment that is created
by neighboringl and 2 were different from the one that is
created by neighboring DPPC and cholesterol, theshould

be different. The fact that the value Kf(6.7) was found to be
the same as that found in DPPC/cholesterol host membranes
containing 35 mol % sterol (Figure 1) indicates, therefore, that
ethanol is enhancing DPP&holesterol association in a way
that is very similar to how it enhances the association between
land2.

Proposed Mechanism of Biological Action.Based on
ethanol’s ability to stabilize sterelphospholipid association in
the liquid-ordered phase, we postulate that ethanol exerts a
similar effect on neural cell membrane&pecifically, we posit
that ethanol’s primary mode of action is to “tie up” cholesterol
and high-melting phospholipids in the liquid-ordered phase,
awhich results in a reduction in the quantity of each lipid type
that is available for associating with transmembrane proteins

ﬁ.83 (presence of ethanol). In all cases, equilibrium was reached within 2 in liquid-ordered as well as liquid-disordered regions of neural

membranes using and 3 as the chemical sensor (Figure 2).

Qualitatively, the results that were obtained were similar to those

shown in Figure 1. In this case, however, the takeoff points
were shifted to ca. 8.6 and5.2 mol % of sterol in the absence

and in the presence of ethanol, respectively. In addition, the

maximum value irK was increased from ca. 5.4 to 5.7 (absence
of ethanol) and from 6.7 to 7.3 (in the presence of ethanol).
These higheK values are a likely consequence of stronger
hydrophobic interactions between the longer, higher melting
phospholipids and neighboring sterols in the form of a “con-
densed complex?*

Influence of Ethanol on the Mixing of 2 and 3 in DPPC/
Cholesterol Host Membranes.In a third series of NNR
experiments, we measured the mixing2twith 3 in DPPC/

membranes. We also posit that such lipftotein association

is essential for maintaining the proper structure and functioning
of these proteindt is noteworthy, in this regard, that although
integral membrane proteins appear to favor liquid-disordered
regions, evidence has begun to emerge indicating that certain
ion channel-forming proteins strongly favor cholesterol-rich
regions of cell membranéé:35In preliminary studies, we have
found that ethanol shows a similar effect on liquid-ordered
bilayers that contain a transmembrane peptide; that is, in a model
system that more closely mimics neural cell membranes. Thus,
for DPPC/cholesterol bilayers that contain 5 mol % of the
nonchannel form of gramicidin Angc-gA) and 30 mol % total
sterol, theK value for the mixing ofl and 2 was found to
increase from 4.54- 0.12 to 5.34+ 0.12, on going from O to
2.9% ethanol at 60C.36-38

cholesterol host membranes. In principle, such experiments carngzsy vidal, A.; Mcintosh, T. JBiophys. J 2005 89, 1102-1108.

provide insight into whether the observed enhancement in (35)

sterok-phospholipid association by ethanol is confined to the
reporter molecules themselves, or if it extends to the host lipids
Figure 3 shows the values &f that were observed for the
mixing of 2 and 3 in host membranes made from DPPC/
cholesterol as a function of sterol content in the absence, an

268 J. AM. CHEM. SOC. = VOL. 128, NO. 1, 2006

Romanenko, V. G.; Fang, Y.; Byfield, F.; Travis, A. J.; Vandenberg, C.
A.; Rothblat, G. H.; Levitan, IBiophys. J2004 87, 3850-3861.
Results from previous NNR studies have led to the suggestion that
cholesterol can associate witle-gA to form complexes (refs 37 and 38).
The lower value oK for 1 and2 in the presence afic-gA is consistent
with this hypothesis, since it would reduce the amount of sterol that is
available for associating with the phospholipid.

(37) Sugahara, M.; Regen, S. Langmuir2001, 17, 4413-4415.
d(38) Kishihara, K.; Jing, B.; Regen, S. Langmuir2002 18, 9635-9637.
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