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Abstract

The structure and molecular packing density of a “mismatched” solute, 1-hexanol, in lipid membranes of dimyristoyl phosphatidylcholine (DMPC)
was studied by molecular dynamics simulations. We found that the average location and orientation of the hexanol molecules matched earlier
experimental data on comparable systems. The local density or molecular packing in DMPC—hexanol was elucidated through the average Voronoi
volumes of all heavy (non-hydrogen) atoms. Analogous analysis was conducted on trajectories from simulations of pure 1-hexanol and pure (hydrated)
DMPC bilayers. The results suggested a positive volume change, AV,,, of 4 cm® mol ' hexanol partitioned at 310 K in good accordance with
experimental values. Analysis of the apparent volumes of each component in the pure and mixed states further showed that AV, reflects a balance
between a substantial increase in the packing density of the alcohol upon partitioning and an even stronger loosening in the packing of the lipid.
Furthermore, analysis of Voronoi volumes along the membrane normal identifies a distinctive depth dependence of the changes in molecular packing.
The outer (interfacial) part of the lipid acyl chains (up to C8) is stretched by about 4%. Concomitantly, the average lateral area per chain decreases and
these two effects compensate so that the overall packing density in the outer region, where the hexanol molecules are located, remains practically
constant. The core of the bilayer (C9—C13) is slightly thinned. The average lateral area per chain in this region expands, resulting in a looser packing
density. The net effect in the core is a 2—3% decrease in density corresponding to a total volume increase of ~ 14 cm® mol ' hexanol partitioned.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Lipid bilayer membranes are highly anisotropic. As a result,
introduction of other molecules (“solutes”) into the lipid matrix
brings about changes in the structure and properties of the
membrane, which are more pronounced than those typically seen
for solute effects in an isotropic solvent. The changes in
dimensions of the membrane following the addition of solute,
for example, are complex and often involve decoupling of the
expansion in the normal and lateral directions [1]. In many cases,
changes along the two directions carry opposite signs [2—7].
Understanding these solute induced modulations of lipid
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membranes is fundamental to the description of numerous
biological processes. Thus, the biological membrane interacts
with an array of solutes including ions, osmolytes, metabolites
and cholesterol, and these interactions change the structure,
dynamics and mechanical properties of the lipid matrix. This, in
turn, may couple to protein function and hence the activity of the
biomembrane. Possible mechanisms underlying this coupling
may rely on matching of the thickness of the membrane and the
hydrophobic surface of transmembrane proteins [8], lateral
organization and the formation of rafts in the lipid matrix [9], or
the lateral pressure profile, which generates pronounced effects
for an extremely thin film like a fluid bilayer [10,11]. A
pronounced sensitivity to solute induced effects is common to all
of these putative mechanisms, and it is therefore of interest to
elucidate general relationships between the chemical structure of a
solute and its effect on lipid membrane properties. One
particularly elegant example of such interrelationships comes
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from studies of sterols. Thus, the smooth and rigid structure of the
steroid group of cholesterol in mammalian cell membranes pro-
motes the formation of the so-called liquid ordered (lo) phase. Its
biosynthetic precursor, lanosterol, has three protruding methyl
groups which make the steroid surface somewhat more rugged.
This seemingly minor structural difference, however, is enough to
render lanosterol unable to introduce the degree of lipid ordering
which is required for the lo phase [12,13].

In the current work, we investigate the molecular packing of
the solute, 1-hexanol, in a DMPC bilayer. The choice of this
system was motivated by a recent report in which the volume
change for solute partitioning into DMPC was investigated
experimentally for a homologous series of alcohols (along with
some alkanes) [14]. This work showed that 1-alkanols with an
intermediate chain length (e.g. butanol, pentanol and hexanol)
partition into DMPC with a positive excess volume. This implies
that the volume of the mixed membrane-alcohol system is larger
than the sum of the constituents (respectively liposomes in dilute
aqueous dispersion and pure liquid alcohol). The positive excess
volume shows that the amount of free or “interstitial” volume
increases as a result of the partitioning process—i.e. that mixed
membrane—alcohol system is less effectively packed. It was
found that this effect culminated for alcohols with chain lengths
about half the lipid acyl chain. Still longer alkanols (C8—C12) in
DMPC membranes were characterized by pronounced negative
excess volumes. For 1-dodecanol, with a chain length almost
matching that of the lipid, the volume change was about — 14 cm?®
mol ! alcohol partitioned. This suggested that dodecanol packed
efficiently into the membrane by utilizing some of the interstitial
volume available in the pure bilayer. These volumetric results
pointed towards some general relationships between the size and
location of the solute on one hand and its effect on the structure
and molecular packing of the membrane complex on the other.
Hence, it was suggested that solutes located around the first few
carbon segments of the fatty acids reduce the over all molecular
packing of the membrane, while solutes near the terminal methyl
group tend to promote packing efficiency [14]. This suggestion is
in accord with some previous work [1,7], and may rely at least in
part on the balance between tight average packing of the first few
methylene segments in pure membranes and the higher abun-
dance of free volume near the membrane core [15,16].

To investigate the effects of solutes on membrane packing
further, we have conducted a molecular dynamics simulation
study on 1-hexanol-DMPC mixtures. This system showed the
largest excess volume in the experimental work [14] and is
therefore expected to reveal the characteristic properties most
conspicuously. Hydrophobic alcohols in lipid bilayers have not
previously been investigated by MD simulations, which have
addressed only smaller alkanols [3,17,18].

2. Methods
2.1. Simulations
Molecular dynamics simulations of a pure DMPC membrane,

a DMPC membrane embedded with 1-hexanol (DMPC/n-
hexanol) and bulk 1-hexanol were performed using the program

NAMD [19] with the CHARMM?27 all hydrogen parameter set
[20]. The distribution of charges in the DMPC head group were
modified according to the methodology described by Sonne at
al. [21]. The TIP3 water model was used.

The initial structure was taken from a membrane consisting of
128 DMPC molecules and water previously equilibrated at
330 K and cooled to the current temperature (see below). To
ensure hydration of the enlarged area in the simulations of mixed
DMPC-hexanol, additional water was added, to a total of 4952
molecules (~39 water per lipid). This system was simulated
both alone and following the insertion of a 5x5 grid of 1-
hexanol molecules in each monolayer (i.e. a total of 50 alcohol
molecules corresponding to a mole fraction xp.x=0.28 in the
membrane. This is similar to the higher of the concentrations
used in our experimental study [14]). In the initial position, the 1-
hexanol molecules were aligned with the membrane normal and
the oxygen located in the same plane as the DMPC carboxyl. We
also simulated pure liquid 1-hexanol by randomly placing 512
molecules in a cube with an edge length of 47 A, which
corresponds to the macroscopic density. To avoid overlapping of
atoms, the energy was minimized for 2000 steps.

The simulation was performed using a Verlet velocity
integrator [22] with a timestep of 1 fs in a Cartesian box with
periodic boundary conditions, a constant ambient pressure at
1 atm and a constant temperature at 310 K. The pressure was
held constant using a Langevin piston method [23] with a
damping coefficient of 5 ps™', a piston period of 200 fs and a
piston decay of 500 fs. The fluctuations of the cell were done
anisotropically in the simulations of the membranes and
isotropically in the simulations of bulk 1-hexanol. The long
range electrostatic forces were calculated using the Particle
Mesh Ewald method [24]. The grid spacing was approximately
1 A and a fourth order spline was used for the interpolation. The
calculation was performed for every fourth femtosecond. The
van der Waals interactions were cut off at 12 A using a
switching function starting at 10 A. Pair lists within a distance
of 14 A were used. The total simulation times of the membranes
and bulk hexanol were respectively 90 ns and 10 ns.

Voronoi volumes of all the heavy atoms were calculated
following the removal of hydrogen atoms and used to elucidate
the molecular packing [25,26]. The Voronoi polyhedron for a
given atom encloses all the points in space that have the atom as
its nearest neighbor and its volume is denoted the Voronoi
volume. We analyzed approximately 30 configurations sepa-
rated by 1 ns from each membrane simulation. The separation
between each configuration of bulk hexanol was 0.1 ns.

3. Results
3.1. Lateral areas

The time course of the lateral surface area of the membranes
throughout the simulations is illustrated in Fig. 1. Since the initial
set-up was a membrane at a somewhat higher temperature (see
above), the area decreased with time in the early parts of the
simulations. Therefore, we limited the statistical analysis to the
35-85 ns time range.
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Fig. 1. Area per DMPC molecule as a function of the simulation time. The lower
curve (circles) represents pure DMPC membranes, while the upper (triangles) is
DMPC-hexanol with an alcohol mole fraction of 0.28 (see text for details).

The higher surface area in the mixed DMPC—hexanol system
(Fig. 1) reflects the lateral expansion associated with the
insertion of the alcohol molecules. To quantify this effect, we
calculated the average lateral area per molecule 4., (hexanol
or lipid) and the average lateral area per acyl chain A, (i.e.
myristic acid or hexanol) and listed the values in Table 1
together with the equilibrium values of the areas, Apypc, from
Fig. 1.

It appears from Table 1 that the average lateral area per chain
is ~10% smaller in the alcohol doped systems. In other words,
the hexanol chain contributes less to the lateral area than the
fatty acids of DMPC. The contribution of hexanol towards the
total lateral area may be quantified by the apparent lateral area
of the alcohol, PP A4y,..

mixA _( 1_cha[nx )pureA
appA chain hex chain (1)
hex chainy
hex
where My, is the mole fraction of hexanol chains,” and

PUIC 4 hain and ™A ¢pain are respectively the chain lateral area of
pure DMPC and the DMPC—hexanol mixture taken from Table 1.
Insertion into Eq. (1) shows that P4y, is about 11 A, Tt follows
that the addition of one hexanol chain brings about only ~40%
the lateral expansion as one lipid chain in pure DMPC.

The value of *P 4., compares favorably with experimental
data on comparable systems. Thus, an apparent area of 17—
18 A? can be derived for 1-octanol in DMPC on the basis of the
NMR measurements by Pope et al. [27]. Also, we estimated an
P 4 value for 1-butanol in SOPC of about 12 A? using the
micropipette aspiration data by Ly and Longo [6]. The average
area, Apmpc, from the simulations of pure lipid is ~10%
smaller than experimentally determined lateral areas [28]. A
part of this discrepancy may be related to the finite size of the
simulated membranes [29].

2 Since there are 128 lipids with two acyl chains and 50 hexanol, “"x, ., is 50/
(50+2(128))=0.16.

Table 1
Average lateral areas of the equilibrated systems

ADMPC (AZ) Amol (AZ) Achain (AZ)
DMPC 53.1 53.1 26.5
DMPC-hexanol 57.3 41.2 24.0

The total lateral area was normalized by respectively the number of DMPC
molecules (Apnmpc), the total number of molecules (4,,01) and the total number of
acyl chains (fatty acid or hexanol) (Achain)-

3.2. Depth dependent structure

The distribution of water, hexanol and selected lipid moieties
along the z-axis (i.e. normal to the membrane plane) is illus-
trated in Fig. 2. The upper and lower panels illustrate res-
pectively pure DMPC and DMPC-hexanol. Although this
presentation provides only a coarse picture of the structure, it
illustrates that the hexanol molecules accumulate in the outer
part of the hydrophobic region, slightly deeper than the mem-
brane head group. Very little hexanol was found in the mem-
brane core near the lipid methyl groups (near z=0 in Fig. 2).
This picture is in accordance with experimental investigations
of medium-length alcohols in lipid bilayers [27,30-35]. These
works collectively showed that alcohols intercalated into the
bilayer with the —OH group around the polar head group of the
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Fig. 2. Relative distribution of water (dotted), head group (dot-and-dash), acyl
chain (solid) and hexanol (dashed) as a function of the depth, z (z=0
corresponds to the geometric center). The upper panel is a pure DMPC, while the
lower is DMPC—hexanol.
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Fig. 3. Average length along the z-axis, Az, of the methylene groups in the sn-2
fatty acid as a function of the depth in the membrane (the distance between, e.g.,
C4 and C5 is plotted at an abscissa value of 4.5). The filled symbols represent
the pure DMPC membrane, while open symbols are DMPC—hexanol. It appears
that hexanol elongates the outer part of the hydrophobic region in the normal
direction. Conversely, the core region becomes thinner.

lipid. Detailed, tabulated information on the average z-position
of all atoms in the simulations can be found in the supple-
mentary material. A few examples of particular importance for
the current discussion will be mentioned here. The average
position (distance to geometrical center) of the oxygen in
hexanol is 13.0+2.4 A (std.). This value matches the position of
the third carbon in the fatty acid chains. The methyl group of the
hexanol molecules was found to be 6.8+2.3 A (std.) from the
membrane center, corresponding to a position between C8 and
C9 in the fatty acid chain. It follows that the seven heavy atoms
of hexanol span a distance corresponding to ~6.5 fatty acid
segments. This is due to a larger average tilt of the shorter
molecule and the less restricted movement of the alcohol methyl
group. To further investigate the structure along the membrane
normal, we calculated the average segment length (along the z-
axis) for the fatty acids. It appeared (Fig. 3) that the average
progression, Az, per segment increased from ~0.97 A at the
interface to ~1.09 A at the middle of the fatty acid of pure
DMPC. Addition of hexanol increased these values by about 3—
5% in the zone where hexanol partitions (C3—C9). At deeper
positions, Az is smaller for the mixed system. This implies that
hexanol “stretches” the outer half of the hydrophobic zone,
while the membrane core is condensed in the normal direction.

3.3. Voronoi volumes

The simulations of pure liquid hexanol, pure DMPC mem-
branes and mixed hexanol-DMPC membranes were analyzed
with respect to the Voronoi volume. Some key numbers are
listed in Table 2 and detailed results listing the average volume
of all (non-hydrogen) atoms of hexanol and DMPC can be
found in the supplementary material.

Comparisons of experimental data and the Voronoi volumes
of the pure components in Table 2 show deviations of respec-
tively 2% and 4% for hexanol [36] and DMPC [37,38]. It
appears that the Voronoi volume of a lipid molecule in the
membrane expands by about 5 cm® mol™ ' upon addition of 1-

Table 2
Voronoi volumes in cm® mol ™" for I1-hexanol and DMPC in their pure states and
in mixtures

1-Hexanol DMPC AV ix
Pure liquid In membrane Pure W. hexanol
130.1+0.04 120.8+0.14 632.7+0.17 637.9+0.18 +3.9

The volume change, AVp,, calculated according to Eq. (2) signifies the total
volume change following the transfer of 1 mol of alcohol from the pure state to a
membrane partitioned state with a mole fraction of xy,.,=0.28.

hexanol to a mole fraction of 0.28. Conversely, the volume of
membrane partitioned hexanol is about 9 cm® mol™' smaller
than in the pure state. The total volume change of the system,
AV yix, associated with the transfer of one mole of alcohol from
the pure to the membrane partitioned state may be written

voryymix __voryshex Voryrmix vorspure
Nhex( hex Vpure) + Npupc ( DMPC — VDMPC)

N hex

A Vinix =
(2)

where N identifies the number of molecules and “*'V are the
Voronoi volumes listed in Table 2. Subscripts indicate the com-
ponent (DMPC or hexanol) and superscripts show the state (pure
or mixed). The value of AV, calculated from Eq. (2) may be
compared to transfer volumes measured experimentally. We have
recently found AV =4.2+1.3 cm® mol ! for 1-hexanol in
DMPC at 303 K [14] in good accordance with the data in Table 2.

The depth dependence of the Voronoi volumes is illustrated in
Fig. 4. This figure shows that the average molecular packing of
the outer lipid segments remains practically unchanged upon the
addition of hexanol (filled and open symbols are superimposed).
At positions deeper than ~ C8, on the other hand, hexanol brings
about a loosening of the lipid chains. Integration of the arca
between the two DMPC curves in Fig. 4 suggests that the volume
in the membrane core is increased by 5.5-6.0 cm® mol ' DMPC
(or ~14 cm® mol ' added hexanol). Owing to statistical

32
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—o— DMPC with hexanol
—v— Pure hexanol

30 1 —— Hexanol in membrane L0.8

28 1
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Voronoi volume [A%]
density [g cm'3]
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2 4 6 8 10 12
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Fig. 4. Voronoi volumes of methylene segments of respectively hexanol and the sn-
2 chain of DMPC. The abscissa is the carbon atom number of the lipid chain (C2 is
the first methylene segment) and the left-hand ordinate gives the volumes in A%, The
right-hand axis gives the results in density units. Hexanol is plotted with the first
methylene segment at C4 in accordance with the average position of the alcohol.
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Table 3
Average dimensions of the hydrophobic part of DMPC and DMPC-hexanol at
310 K

Compound Position Az (A) Vory (A% A* (A%
DMPC (pure) Outer 1.062 25.19 23.7
DMPC (mix) Outer 1.103 25.20 22.8
Hexanol (pure) - - 28.22 -
Hexanol (mix) - 1.049 26.22 25.0
DMPC (pure) Core 1.030 27.23 26.5
DMPC (mix) Core 1.026 27.92 27.2

The data for the lipid molecules was pooled and averaged in two groups corres-
ponding to respectively the outer (C2—C8) and core (C9—C13) parts of the fatty acid
chains. The three last columns list respectively the average progression in the
direction of the z-axis (Az£0.01 A), the average Voronoi volume (*"7£0.03 A%
and the average lateral area (4*£0.1 A%). The latter quantity is calculated as “°"V/Az.
All values are per methylene segment and the uncertainties listed above (in brackets)
are standard errors of mean.

limitations, the results for hexanol in Fig. 4 are somewhat more
scattered, but it appears that partitioning into the membrane
lowers the volume of hexanol methylene segments by 7-11%
throughout the length of the molecule. The Voronoi volume of the
hydroxyl group (not shown) was found to decrease more (~ 17%)
upon transfer to the membrane. Except for the last methylene
segment, the packing density of the alcohol is rather similar to that
of the adjacent part of the DMPC chains.

It appears from Figs. 3 and 4 that hexanol has qualitatively
different effects on the structure of the outer (C2—C8) and core
(C9—-C13) parts of the fatty acid chains. To illustrate this, Table 3
compiles data on the average dimensions of these two regions.
These results show that insertion of hexanol stretches the outer
part of the fatty acids by about 4% while leaving the volume (and

%--x 1-hexanol in a membrane
A-A DMPC in a membrane with 1-hexanol
©-© DMPC in a pure membrane
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Fig. 5. A logarithmic plot of the time dependence of the mean square
displacement divided by time, (+*)/4t. At long time scales, this function is equal
to the diffusion coefficient (see text). Circles, triangles and crosses represent
respectively DMPC in pure membranes, DMPC in mixed DMPC—hexanol and
hexanol in mixed membranes. The lines are power law fits.

hence density) of this zone largely unchanged. For the inner
(core) part of the fatty acids, the length along the z-axis shrinks
slightly and the volume increases by a 2—3%. Also listed in Table
3 is the available lateral “segment area” defined as 4*="""V/Az.
One important physical property often discussed on the basis
of free volume considerations is the lateral diffusion coefficient.
To investigate possible volume-diffusion correlations for this
system, we determined the mean square displacement, (+*), of
the phosphorous atom in DMPC and the first carbon in hexanol
as a function of time and plotted the function 1/4(+?)/t vs. the
logarithm of time in Fig. 5. In a homogenous two-dimensional
system, 1/4(r*)/t=D, where D is the diffusion coefficient [39].
Fig. 5 clearly shows that time scales in the order of a few dozen
of ns are too short to get a constant value of 1/4(*)/¢ and hence a
measure of D. This is expected since the mobility on short time
scales will be influenced by the “ballistic” movement in regions
where high free volume occurs momentarily [39]. This pheno-
mena is also seen in experiments [40], and it has been suggested
that it may require a movement of ~ 10 molecular diameters to
establish macroscopic diffusion coefficients [39]. Nevertheless,
it appears from Fig. 5 that D is approaching constancy for the
longest simulation times. The value here corresponds to about
Dpmpc=8%10"% cm?/s in good accordance with experimental
results for the movement of a phospholipid probe in DMPC at
34 °C (6.9x 10" ® cm?/s, [41]). Furthermore, extrapolation to
~100 ns (see curve on Fig. 5) suggests a D value very close to
the value measured [41]. A similar analysis of the mixed
membrane suggests that D for the lipid is almost twice the value
in pure DMPC membrane (~12x10"% cm?/s), whereas the
diffusion coefficient for the alcohol is about 14x 10~ % cm?/s.

4. Discussion

The structure of the hexanol-DMPC system found in this
work conforms with experimental investigations of mid-sized
alkanols partitioned into lipid bilayers. Thewalt et al. [31]
concluded from deuterium NMR studies on DPPC that 1-
decanol intercalated approximately parallel to the fatty acids
covering the C3—C13 region. Similar results have been reported
for related systems [27,30,32]. The location of hexanol found in
this work (along the C3—C9 stretch of the fatty acids) was rather

Fig. 6. Overview of the structural changes associated with the insertion of 1-
hexanol into DMPC membranes. The illustration only shows one monolayer.
The intercalated alcohol molecules (hatched) are located with the hydroxyl
group near C2 of the fatty acid chains. The right-hand side of the figure
illustrates the effect of the alcohol on the average dimensions of the lipid
molecules. The two gray rectangles represent respectively the inner (C9—C13)
and outer (C2—C8) parts of the hydrophobic region and the arrows indicate the
changes in size of these zones resulting from the insertion of the solute.
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stable. Thus, “out-of-plane” fluctuations assessed by the stan-
dard deviation on the average z-position was similar for adjacent
segments of lipid and alcohol. Also, hexanol molecules placed
close to the membrane core (in separate simulation trials) were
found to travel to the equilibrium (interfacial) position at a time
scale of ~ 10 ns and no solute molecules moved to the aqueous
phase during the course of the simulations. The experimentally
determined partitioning coefficient for 1-hexanol into saturated
PC membranes is about 900 in mole fraction units [42,43]. For
the current systems, this value translates into an equilibrium
condition with 1 or 2 hexanol molecules in the aqueous phase.
Equilibration of hexanol partitioning, however, is a very slow
process [14,44] and certainly not expected within the present
time scale.

The main scope of this work is to elucidate the packing
properties of a mismatched solute molecule in a lipid bilayer.
Earlier reports have suggested that solutes with hydrophobic
chains of about half the length of the lipids strongly perturb the
physical properties of a membrane [1,7,10,30,33—-35,45]. We
recently suggested that a mismatched solute such as hexanol,
which is lodged with one end near the membrane—water in-
terface leaves a particularly loosely packed zone at positions
deep enough not to be directly effected by the solute [14]. It was
proposed that this was the origin of the positive excess volume
for hexanol-DMPC mixtures and, in turn, a possible mechanism
underpinning the perturbing effects of mismatched solutes
mentioned above. The current work provides the basis for a more
detailed discussion of the packing of mismatched solutes. Thus,
the less effective packing of the membrane core is directly
quantified in Table 3. We found a 2.5% increase in the volume of
the C9—C13 segments in the hexanol doped membranes. Closer
inspection reveals that this expansion of the membrane core
represents a balance between opposing lateral and normal
contributions. The average length along the z-axis of this moiety
(C9—C13) decreased (Table 3, Fig. 3), while the average
available lateral area, 4*, expanded by ~3% (Table 3). For the
upper part of the membrane chains (C2—C8), which are in direct
contact with hexanol, the effect of the alcohol is less pro-
nounced. Thus, the lipid Voronoi volume (per methylene group)
remains practically unchanged (Fig. 4, Table 3). Furthermore,
the average volume for C1-C4 of the alcohol molecule is similar
to that of the adjacent lipid methylene groups (Fig. 4), and it
follows that the overall density of this part of the membrane
(C2—C8) is very similar in pure DMPC and in DMPC—hexanol.
The constant net density, however, relies on compensating
changes (~4%) in thickness (increasing) and area (decreasing)
of this zone. An overview of these packing effects in hexanol—
DMPC is illustrated in Fig. 6.

The results in Fig. 5 exemplify that, although the average
changes in molecular packing are moderate, distinctive changes
may occur in physical properties such as the lateral diffusion,
which is increased by a factor of two upon the addition of
hexanol. An earlier experimental study [46] also showed a
change in D of about a factor of 2 when a solute (cholesterol)
was added to a mole fraction of about 0.3. In this case, however,
the diffusion was lower in the mixed system, and it was sug-
gested that this relied on the ability of the sterole to promote the

average molecular packing (i.e. to reduce free volume). These
results emphasize the strong coupling between lipid packing and
lateral diffusion.

The ability of a solute to affect the order of lipid chains has
been highlighted in several discussions of solute—biomembrane
interrelationships [47-52]. The current results (Table 1 and
Fig. 4) together with experimental data [31,32,35] suggests that
a l-alkanol of about half the length of the fatty acid chains
orders the adjacent lipid segments even though the inserted
alcohol chain is fully flexible. Lipid segments at deeper
positions experience a greater motional freedom following
intercalation of the alcohol [27,30]. Insertion of matching
alcohols, on the other hand, has little effect on lipid order [33].
These effects of alcohols may be rationalized as a balance
between the energetic cost of increasing the membrane—water
interface on one hand and the benefit of intermolecular
interactions in the membrane core on the other. For a
mismatched solute, the latter effect is weakened due to the
looser packing in the inner part of the membrane. The
contribution of the former effect then promotes lateral packing
as reflected, for example, in the low apparent area of the inserted
hexanol chains. Introduction of a matching alkanol, on the other
hand, may not change the balance of core and interfacial
interactions significantly and hence only exert a minor
perturbation on lipid order.

In conclusion, the structural changes illustrated in Fig. 6 are
in accord with those suggested on the basis of a comparative
experimental study of the excess volumes of a homologous
series of membrane partitioned alcohols [14]. In addition, the
current results provide guidance for a critical analysis of the
experimental data. Thus, the net volume change of about 4 cm’
mol~" found in both experiment and simulation is strongly
affected by the comparably low density of pure hexanol
(Table 2). More specifically, the conspicuous decrease in the
Voronoi volume of hexanol upon transfer to the membrane
(~9 em® mol ', Table 3) reflects in part the rather loose
packing in the neat alcohol. In other words, AV, is a balance
of a positive contribution reflecting reorganization in the
membrane and a negative contribution, which, at least in part,
relies on the properties of pure alcohol. The latter is, of course,
not pertinent to a discussion of mixed membranes, and A V,;, as
defined by Eq. (2) may therefore provide a poor indication of
the structural changes in the membrane. The Voronoi analysis
suggested that the volume of the membrane core increased by
~14 c¢m® mol ™' of hexanol inserted, while the packing in the
outer segments remained practically unchanged. If dilute
aqueous hexanol is used as standard state (in stead of the neat
organic liquid), the experimental volume change is about
11 cm® mol ' [14], ie. rather close to the value for the
membrane derived from the Voronoi analysis. This accordance
implies that the packing density of hexanol (expressed e.g. as its
partial molar volume) is similar in water and membranes. We
therefore suggest that experimental volume changes for
membrane partitioning based on the dilute aqueous standard
state (rather than the pure organic liquid) provide the most
adequate basis in discussions of solute induced effects on the
properties of lipid bilayers.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.bpc.2006.07.005.
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