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bstract

Volumetric measurements are reported for fully hydrated lipid/cholesterol bilayer mixtures using the neutral flotation method.
pparent specific volume data were obtained with the lipids DOPC, POPC and DMPC at T = 30 ◦C, DPPC at 50 ◦C, and brain

phingomyelin (BSM) at 45 and 24 ◦C for mole fractions of cholesterol x from 0 to 0.5. Unlike previous cholesterol mixture studies,
e converted our raw data to partial molecular volume VL of the lipid and VC of the cholesterol. The partial molecular volumes were

onstant for POPC and DOPC as x was varied, but had sharp breaks for the other lipids at values of xC near 0.25 ± 0.05. Results for

< xC clearly exhibit the condensation effect of cholesterol on DPPC, DMPC and BSM when measured at temperatures above their
ain transition temperatures TM. The break points at xC are compared to phase diagrams in the literature. For x > xC the values of

he partial molecular volumes of cholesterol clustered near 630 ± 10 Å3 in all the lipids when measured for T > TM; we suggest that
his is the most appropriate measure of the bare volume of cholesterol in lipid bilayers.

2006 Elsevier Ireland Ltd. All rights reserved.
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. Introduction

The volume VL per lipid for lipid bilayers immersed
n water is perhaps the most accurate physical datum per-
aining to bilayer structure. Results are routinely accurate
o the 0.1% level with very good agreement obtained
y different researchers and with different measurement
ethods (Nagle and Tristram-Nagle, 2000; Koenig and
awrisch, 2005). This is a very important datum that

upplements neutron (Kučerka et al., 2004) and X-ray

tructural data (Kučerka et al., 2006). VL is also eas-
ly obtained from molecular dynamics (MD) simula-
ions and the comparison with measurement provides an
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important test of the potentials used in the simulations
(Armen et al., 1998).

Volume measurements in our lab use the neutral flota-
tion method (Nagle and Wilkinson, 1978; Wiener et
al., 1998). Recently Koenig and Gawrisch (2005) have
employed this method to study a variety of unsaturated
lipids and they have proposed a formula to predict the
volume of phosphatidylcholines as a function of the
chain composition and the temperature. The measure-
ments we report in this paper, as well as our earlier
measurement, provide additional tests that demonstrate
the accuracy of the proposed formula. One may gen-
erally conclude that measurements of volumes for lipid
bilayers consisting of just one lipid are now firmly estab-

lished.

The major thrust of this paper is the volumetric study
of lipid bilayers containing mixtures of cholesterol and
lipids. We were motivated to do this by a recent paper

ed.
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that interpreted MD simulations of cholesterol in DPPC
bilayers (Edholm and Nagle, 2005). Although that paper
focused on the molecular areas A, it also obtained sim-
ulated volumes. To compare to that paper, in this paper
it was only necessary to measure at one temperature in
the fluid phase. However, when the lipid is DMPC or
DPPC, our results suggest some kind of phase transition
as a function of cholesterol mole fraction x. Although
our results are restricted to one temperature, this pro-
vides an additional datum to the still controversial phase
diagrams of cholesterol/lipid mixtures (McMullen and
McElhaney, 1995).

In mixtures, the only well defined and unique measure
of the volumes of the individual molecular components
necessarily involves the classical physical chemical con-
cept of partial molar volumes, which, equivalently, are
partial molecular volumes when divided by Avogadro’s
number. (In contrast, for a fully hydrated single compo-
nent lipid, even though water is another component, the
partial molecular volume of the lipid is trivially constant
when water is in excess, as it is for our measurements.
We will not classify water as a separate component
in this paper.) Partial molecular volumes do not corre-
spond to dividing space into local volumes surrounding
the molecules. It is well known that partial molecular
volumes of ions in water can even be negative due to
electrostriction of the solvent. And the recent results for
partial molecular areas are strongly negative for choles-
terol at low concentration and therefore do not repre-
sent the local area occupied by each molecule (Edholm
and Nagle, 2005). Even given a complete set of coordi-
nates in an MD simulation, there is an arbitrary choice
of how to partition either area or the volume to the
different molecules, which makes any such definition
non-unique. In contrast, canonical partial molecular vol-
umes are uniquely measurable and thermodynamically
precisely defined.

An extensive set of volumetric data for mixtures of
cholesterol and DPPC was presented by Melchior et al.
(1980) as a function of cholesterol concentration and
over a wide temperature range that included the gel
phase. These data clearly showed the main chain melt-
ing phase transition as well as a region of likely phase
coexistence for temperatures below the main transition.
However, only ‘apparent partial specific volumes’ were
reported. No attempt was made to obtain the true par-
tial molecular volume of cholesterol in the fluid L�

phase, and the data were too noisy to address the phase

diagram at temperatures where fluid–fluid phase coexis-
tence might occur. The data in the present study permits
us to address this issue. A very recent study of choles-
terol and POPC (Heerklotz and Tsamaloukas, in press)
hysics of Lipids 143 (2006) 1–10

uses pressure perturbation calorimetry that obtains the
coefficient of thermal expansion that is complementary
to our volume data. Our study also obtains results for
mixtures of cholesterol with several other lipids and this
yields a common value for the volume of cholesterol in
lipid bilayers above the chain melting temperature.

2. Experimental

2.1. Materials

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DP-
PC, Lot 160PC-267), 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC, Lot 140PC-222), 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC, Lot 181PC-
53), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC, Lot 160-181PC-154), brain sphingomyelin
(BSM, Lot BSM-92), and cholesterol (Lot CH-55) were
purchased from Avanti Polar Lipids (Alabaster, AL) in
the lyophilized form and used without further purifi-
cation. Thin layer chromatography (TLC) using chlo-
roform:methanol:7N NH4OH (46:18:3, v/v) revealed
<0.1% lysolipid when stained with molybdic acid stain.
D2O/H2O mixtures were made with Barnstead nanop-
ure water and deuterium oxide (99.9 atom% D) (Aldrich,
Milwaukee, WI). HPLC grade chloroform was pur-
chased from Aldrich.

2.2. Preparation of cholesterol mixtures

For a given mole fraction x, on the order of 1 mg of
dry cholesterol was weighed using an analytical balance
(Mettler, model AE163, Hightstown, NJ), and then the
appropriate weight of dry lipid was added. The dry mix-
ture was dissolved in chloroform and divided into four
3 ml nalgene vials. The chloroform was then evaporated
under nitrogen, and the vials were left in a fume hood for
about ten hours to assure chloroform removal. Estimated
errors in x due to weighing are ∼0.01. It was also likely
that a small amount of water remained firmly bound to
the nominally dry lipid; one water per lipid and none per
cholesterol would increase the reported mole fractions x
by only a factor of 1.03.

2.3. Preparation of D2O/H2O mixtures

The mass fraction of D2O in the solvent is defined as
ϕ = m /(m + m ), where m is the mass of
D2O D2O H2O D2O
the D2O and mH2O is the mass of the H2O. The inverse
density of the solvent (in ml/g) is then vsol = ϕvD2O +
(1 − ϕ)vH2O where vD2O and vH2O are the inverse den-
sities obtained from tables (CRC Handbook of Chem-



and Ph

i
l
m
n
t
t
t
t
o
t
5

2

t
t
f
i
t
c
v
a
�

f
s
v
v
i

b
7
O
r
i
b
m
o
w

2

(

3

3

v
f

For most of the samples, the pure lipid bilayers were in
the fluid L� phase, T > TM, where the chain melting tem-
perature TM is 41.4 ◦C for DPPC (Nagle and Wilkinson,
1978), 24.0 ◦C for DMPC (Nagle and Wilkinson, 1978),

Fig. 1. Apparent specific volumes v (ml/g) vs. cholesterol mole frac-
tion x for five lipids at the temperatures indicated in parentheses in ◦C
A.I. Greenwood et al. / Chemistry

stry and Physics, 52nd ed., pp. F-4, F-5). For each
ipid/cholesterol mixture, four solvent mixtures were

ade by weighing D2O and H2O directly into the four
algene vials containing the sample. Each solvent mix-
ure had a value of vsol that was �vsol ml/g larger than
he previous one, and such that these four vsol spanned
he expected volume vsample of the sample at the specified
emperature. Weighing errors in the value of vsol were
f the order of ±0.00005 ml/g. After sealing the vials,
he lipid was hydrated by cycling three times between
0 and −20 ◦C and vortexing at each temperature.

.4. Determination of lipid volumes

Multilamellar vesicles sink when suspended in a solu-
ion with a lower density than the lipid and float if
he solution has a higher density, and this process is
acilitated by centrifugation. The four vials were placed
n centrifuge tubes and, together with two water filled
ubes, were spun at 1000 rpm in a desktop centrifuge. For
oarse determinations when �vsol of the solvent between
ials was large, determination of sinking or floating took
pproximately 5 min. For the final fine determination,
vsol was set to 0.001 ml/g and the samples were spun

or approximately 30 min. A successful determination of
ample volume was obtained when the MLVs floated in
ial A and sank in vial B and the difference in solvent
olumes was vB − vA = 0.001 ml/g, thereby determin-
ng vsample to within ±0.0005 ml/g.

The centrifuge was situated in a home-built cham-
er and the temperature was maintained by a YSI model
2 proportional temperature controller (Yellow Springs,
H). The temperature of the two water filled tubes was

ead immediately after spinning using a Barnant plat-
num resistance thermometer (Barrington, IL) which had
een calibrated by comparing to a NIST-calibrated ther-
ometer (Taylor Inst. Co., Rochester, NY). Data were

nly recorded when the readout temperature was well
ithin ±0.5 ◦C of the target temperature.

.5. Data analysis

Data analysis was performed with Origin 6.0 software
OriginLab, Northampton, MA).

. Results

.1. Apparent specific volumes
Fig. 1 shows the raw data for the apparent specific
olumes v of mixtures of cholesterol with several dif-
erent lipids as a function of cholesterol mole fraction x.
ysics of Lipids 143 (2006) 1–10 3
beside the names of the lipids. Our data are shown as solid symbols;
the ±0.01 uncertainties shown for x are from weighing errors and the
±0.0005 ml/g uncertainties for v are due to the resolution in the neutral
buoyancy refinement. DPPC data from Fig. 3 of Melchior et al. (1980)
are shown as open symbols.
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39 ◦C for BSM (McIntosh et al., 1992), −5 ◦C for POPC
(Perly et al., 1985) and −15.5 ◦C for DOPC (Webb et
al., 1993). Employing the convention that the temper-
ature will be placed in parentheses after the acronym
for the lipid, these samples were DOPC(30), POPC(30),
DPPC(50), DMPC(30) and BSM(45). The two excep-
tions were gel phase DPPC(25) and BSM(24). The top
panel suggests that v can be represented by a single lin-
ear function of x for both DOPC(30) and POPC(30). In
striking contrast, the middle panel shows that v under-
goes considerable changes in slope for DPPC(50) and
BSM(45). The data for DPPC(50) includes our data
(solid symbols) and also data (open symbols) taken from
Fig. 3 of Melchior et al. (1980). The latter data are clearly
noisier than our data, but the numerical values are in good
agreement and they exhibit the same trend with x. There
is no data point for BSM(45) at x = 0 because the pure
lipid floats even in pure H2O. The data for DPPC(50)
and BSM(45) can each be reasonably represented by
two straight lines, as can the data for DMPC(30) and
BSM(24) shown in the bottom panel. In yet additional
contrast, the gel phase data for DPPC(25) in the bot-
tom panel that were taken from Fig. 3 of Melchior et al.
(1980) clearly exhibit three regions that are even more
obvious from their Fig. 3. It may be noted that their data
were less noisy in the gel phase, perhaps because the
high temperature v were obtained by adding the volume
change measured with a differential dilatometer to the
v obtained at lower temperature by the neutral flotation
method, so we did not repeat their gel phase measure-
ments. While these raw data for the apparent specific
volumes of mixtures are suggestive, Fig. 1 does not lend
itself readily to quantitative analysis.

3.2. Partial molecular volumes

To proceed further, we calculate the true partial
molecular, i.e. molecular, volumes of cholesterol and the
lipid. One way to do this first converts the apparent spe-
cific volumes v to volume per molecule V, where NV
is the total volume of the MLV sample and N = NC + NL
is the sum of NC cholesterol molecules and NL lipid
molecules. The conversion employs the definition:

v = (NV)NA/(NCMC + NLML), (1)

where NA is Avogadro’s number, MC the molecular
weight of cholesterol, and ML is the molecular weight

of the lipid. Dividing by N and rearranging gives

V (x) = [xMC + (1 − x)ML]v(x)/ NA. (2)

Fig. 2 shows V(x) obtained from the v(x) data in Fig. 1.
Fig. 2. Volume per molecule V in Å3 vs. mole fraction of cholesterol
x derived from the measured v(x) shown in Fig. 1.

The partial molecular volumes are defined for choles-

terol VC as

VC(x) = (∂(NV)/∂NC)NL and

VL(x) = (∂NV/∂NL)NC (3)
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or lipid VL. Then, as is well known from physical chem-
stry textbooks:

(x) = xVC(x) + (1 − x) VL(x). (4)

enoting derivatives with respect to x by primes, it may
e shown that

C(x) = V (x) + (1 − x)V ′(x) and

L(x) = V (x) − xV ′(x). (5)

herefore, the partial molecular volumes for each value
f x may be obtained by first drawing the tangent to
he V(x) plot. The x = 0 intercept is the partial molec-
lar volume of lipid VL and the intercept at x = 1 is
he partial molecular volume of cholesterol VC. If the
(x) plot is linear over a range of x values, then VL
nd VC are constants in that range. Fig. 2 suggests that
OPC(30) and POPC(30) have just one linear range,
hereas DPPC(50), BSM(45) and DMPC(30) have two

inear ranges with different intercepts and slopes, one
ange for low cholesterol concentrations, x < xC and
nother range for high cholesterol concentrations x > xC,
here xC is the intersection of the straight lines. (It may
e noted that Eq. (2) shows that linearity in either the v(x)
r the V(x) plot generally implies that the other plot is
on-linear, but the deviations from linearity are usually
mall.)

For DOPC(30) and POPC(30) the straight lines shown
n Fig. 2 were fitted to the data at all values of x.
or DPPC(50), BSM(45) and DMPC(30) straight lines
ere fitted separately to the small x and to the large x

anges of data as indicated in Fig. 2. For DPPC(25),
hree ranges of x are required. Fig. 3 shows the x-
ependence of the partial molecular volumes VL of
he lipids and Fig. 4 shows the corresponding partial

olecular volumes of cholesterol VC in the different
ipid bilayers. Numerical values of the partial molecu-
ar volumes are given in Table 1 for the mixtures in the
gures and also for DOPC(24). Column 3 of Table 1
ives our directly measured volumes VL(x = 0) of the
ully hydrated pure lipid bilayer; estimated errors are
0.3 Å3. Column 4 shows the values predicted by the

ecent formula of Koenig and Gawrisch (2005). For those
ixtures that appear to undergo a phase transition, the

olumn 5 gives the value of the cholesterol mole frac-
ion at the intersection of the linear portions shown in
ig. 2. The remaining columns give the values of the
artial molecular volumes of lipid and cholesterol in the

mall x and large x ranges that were obtained by fitting
ll the data points in each range. Therefore, the values
L(x < xC) need not be identical to the VL(x = 0) values.
he close agreement between columns 3 and 6 is further
Fig. 3. Partial molecular volumes VL in Å of lipids as a function of
cholesterol mole fraction x obtained from the x = 0 intercept of the
linear fits in Fig. 2. Temperatures (◦C) are shown in parentheses.

indication that the data are quite linear in the small x
regime.

Table 1 also presents results for lipid bilayers com-
posed of di-22:1PC, which floats even in H2O, and for
brominated DOPC, which sinks even in pure D2O. The
results for both lipids were obtained by mixing them
with a sequence of concentrations of another similar
lipid, DOPC with brominated DOPC and POPC with di-
22:1PC. The apparent specific volumes of the two lipids
were then obtained by extrapolation to zero concentra-
tion of the added lipid.

4. Discussion

4.1. Volumes of lipids in pure lipid bilayers

The excellent agreement in Table 1 of our directly
measured lipid volumes VL(x = 0) in column 3 with the
recent formula of Koenig and Gawrisch (2005) VL(calc)
in column 4 strongly supports their formula for phos-
phatidylcholine lipid bilayers. Results for DPPC(50),
DPPC(25), DMPC(30) and DOPC(30) agree well with
earlier reports from this lab (Nagle and Wilkinson, 1978;
Tristram-Nagle et al., 1998; Nagle and Tristram-Nagle,

2000), although the more recent value of 1232 Å3 for
DPPC(50) (Wiener et al., 1998) appears now to be a few
Å3 too large.
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Table 1
MW is molecular weight, T is temperature in ◦C, V is partial molecular volume of the lipid and V is the partial molecular volume of cholesterol

Lipid MW T (◦C) VL (x = 0) VL (calc) xC VL (x < xC) VC (x < xC) VL (x > xC) VC (x > xC)

DPPC 734.05 50 1228.5 1228.8 0.249 1228.6 573.8 1207.6 637.1
DMPC 677.94 30 1099.4 1099.4 0.240 1099.6 565.1 1076.8 637.5
POPC 760.10 30 1256.5 1255.5 None 1256.2 622.6
DOPC 786.15 30 1302.3 1300.1 None 1302.2 632.9
DOPC 786.15 24 1294.2 1294.2 None 1289.1 632.1
SM 731.09 45 0.269 1233.1 575.2 1209.4 639.5
SM 731.09 24 1175.6 0.200 1175.6 621.8 1165.2 661.9
DOPCBr4 1105.60 30 1346.7
di-22:1PC 898.34 30 1522.2 1523.0

For mixtures that have the same value at all measured mole fractions x, the v
For mixtures that have two different volumes, the values are shown for region

Fig. 4. Partial molecular volumes VC in Å3 of cholesterol in the same
bilayers as Fig. 3 as a function of cholesterol mole fraction x obtained
from the x = 1 intercept of the straight line fits in Fig. 2.
alues of the partial molecular volumes are given in columns 6 and 7.
s x < xC (columns 6 and 7) and x > xC (columns 8 and 9).

4.2. Dependence of partial molecular volumes on
cholesterol mole fraction

For DOPC(30) and POPC(30) the V(x) plots are quite
linear for the entire range of cholesterol mole fraction x as
shown in Fig. 2. For POPC(30) we have one data point at
x = 0.6 (not shown) which appears to deviate from linear-
ity, but we chose not to focus on the very high cholesterol
range x > 0.5 because of the well known complication
that cholesterol crystallizes out of lipid bilayers thereby
requiring special precautions to obtain reliable equilib-
rium results (Huang et al., 1999). The linearity of the V(x)
plots gives constant values for the partial molecular vol-
ume VL of the lipids DOPC(30) and POPC(30) and of the
cholesterol VC in these lipids as shown in Figs. 3 and 4.
DOPC(30) and POPC(30) at the temperature T = 30 ◦C
of our measurements can be characterized as lipids that
are far from any gel phase transition TM. For the lipids
DMPC(30), DPPC(50) and BSM(45) that have saturated
chains that form gel phases only a few degrees below the
measured temperatures, there is a small, but distinctive
break at x = xC in the linearity of the V(x) plots in Fig. 2.

4.3. Condensation effect of cholesterol

Focusing first on the small x < xC regime for
DMPC(30), DPPC(50) and BSM(45), the partial molec-
ular volumes of cholesterol VC in Fig. 4 are considerably
smaller than for DOPC(30) and POPC(30). The interpre-
tation is clear. For small x, the partial molecular volume
of cholesterol VC accounts not only for the ‘bare’ volume
of cholesterol, but also for its effect on neighboring lipid
molecules. This condensation effect cannot be taken into

account by a decrease in the partial molecular volume of
the lipid because the insertion of another lipid molecule
to a mixture with a small concentration of cholesterol
does not alter the number of lipid molecules that are prox-
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Fig. 5. A generic temperature-composition phase diagram for discus-
sion purposes only and not necessarily supported by the data in this
paper. The region designated F is meant to be a fluid (L�) phase and
the region designated G contains the gel, ripple and subgel phases,
without showing their individual detailed locations. Regions of two-
phase coexistence are contained within the bold lines within which the
light dotted horizontal lines show the coexisting states at the ends of
A.I. Greenwood et al. / Chemistry

mal to and strongly interacting with the few cholesterol
olecules. Such an addition increases the total volume as

f there were no cholesterol; therefore, by the definition in
q. (3), VL cannot account for the condensation of those

ipid molecules close to the few cholesterol molecules.
nstead, that condensation is included in VC. This is anal-
gous to the partial molecular volume of water being
he same as its bulk value when it is present in excess
ith lipid bilayers. The difference in the value of VC for
OPC(30) versus DPPC(50) therefore implies that sat-
rated hydrocarbon chains on the lipids in contact with
holesterol straighten into more gel-phase-like confor-
ations that occupy less volume whereas unsaturated
OPC(30) chains are much less affected. This conden-

ation effect is consistent with the chains in DMPC(30),
PPC(50) and BSM(45) being close to their chain order-

ng phase transition temperatures so that the perturbation
n the chains by cholesterol, with its flat, rigid face on the
romatic rings, can induce ordering whereas the unsat-
rated chains on DOPC(30) are thermodynamically too
ar from their conformational ordering transition for this
erturbation to have significant effect.

This interpretation also suggests that when choles-
erol is added to a gel phase, there should be no conden-
ation effect. Instead, one would expect that cholesterol
ould disrupt the chain packing of the gel phase, which
ould lead to an increase in VC, i.e., an expansion effect.
ig. 4 shows that for gel phase DPPC(25) there is a small

ncrease in the VC value compared to DOPC(30) and
OPC(30). For gel phase BSM(24) VC is close to the
alue for POPC(30) and DOPC(30), although it is con-
iderably larger than the value for BSM(45).

POPC(30) is an especially interesting case because
t has one saturated and one unsaturated chain, so one

ight predict that its behavior would be halfway between
hat of DOPC(30) and DPPC(50). Instead, it is appar-
ntly the thermodynamic distance from its transition
emperature that makes its VC closer to DOPC(30) than
o DPPC(50) or DMPC(30). This is consistent with
ecent results from this lab that report the area per
olecule A of POPC(30) to be closer to DOPC(30) than

o DPPC extrapolated to the same temperature (Kučerka
t al., 2006). Also, the difference in the value of VC for
OPC(30) compared to DOPC(30), while small, is con-
istent with the condensation effect recently reported by
eerklotz and Tsamaloukas (in press).

.4. Phase behavior of cholesterol mixtures
The inadequacy of a single straight line fit to V(x)
n Fig. 2 or to v(x) in Fig. 1 for DPPC(50), DMPC(30)
nd BSM(45) suggests that some sort of phase transition
the lines, such as states A and B. State CP is a critical point where the
distinction between the F phase and the so-called liquid ordered phase
Lo disappears.

takes place at x = xC. Although our measurements were
only performed for a few select temperatures, it may be
of interest to compare our data with the phase diagrams
proposed for bilayers composed of lipids and cholesterol.
To facilitate such comparison, a generic phase diagram
is sketched in Fig. 5. This phase diagram is topologi-
cally the same as the one presented by Vist and Davis
(1990) for DPPC/cholesterol or the one by Almeida et
al. (1992) for DMPC/cholesterol. Neither phase diagram
shows a ripple phase; for that one may consider the
phase diagrams of Lentz et al. (1980) or McMullen and
McElhaney (1995), which present much more fine struc-
ture for temperatures below the pure lipid chain melting
temperature TM. Our Fig. 5 shows a somewhat narrow
phase coexistence region between gel and liquid ordered
phases that reflects the volumetric results of Melchior et
al. (1980), reproduced for T = 25 ◦C in our Figs. 1 and 2,
that strongly indicate a transition region 0.20 < x < 0.29
for DPPC for all temperatures below TM.

Our x = xC datum for DPPC(50) could be pertinent
to the boundary of the fluid–fluid coexistence region
for temperatures above TM, so we focus on that part
of the phase diagram in Fig. 5. The phase diagram
for DPPC/cholesterol of Vist and Davis (1990) was for

◦
deuterated lipid for which TM is about 4 lower. Even
adding this temperature difference, their phase diagram
does not extend to T = 50 ◦C, but rough extrapolation
suggests a narrow phase coexistence region, perhaps



and P
8 A.I. Greenwood et al. / Chemistry

ending in a critical point, labeled CP in Fig. 5, near
x = 0.25. While this value is consistent with our xC = 0.25,
near a critical point the two phases become identical, so
one does not expect that the partial molecular volumes
would exhibit the jumps shown in Figs. 3 and 4. A bet-
ter explanation is that our xC locates either the point
labeled A or the point labeled B in Fig. 5. As is shown
in Appendix A, one expects a discontinuity in the par-
tial molecular volumes at such points. Comparing our
numerical value xC = 0.25 to the phase diagrams of Vist
and Davis (1990), Sankaram and Thompson (1991), and
Recktenwald and McConnell (1981) suggests that xC
locates the point B on the liquid ordered side of their
coexistence regions. Our concern with this is that we
do not observe a discontinuity at lower values of x cor-
responding to point A on the liquid disordered side of
the phase diagram. While perhaps not impossible, this
would require special cancellations in order that the par-
tial molecular volumes not jump at xA (see Appendix
A). Instead, our rendering of Fig. 5 suggests that our xC
corresponds to point A and point B would then occur at
larger values of x than could be observed.

The phase diagram of Vist and Davis (1990) has
been strongly criticized by McMullen and McElhaney
(1995) who presented a rather different picture for
DPPC/cholesterol mixtures. Their ‘phase diagram’ has
three phases coexisting over a non-zero temperature
range in violation of Gibbs phase rule and, indeed,
they describe their picture as “perhaps more accu-
rately a temperature/composition diagram”. Our value
of xC = 0.25 at T = 50 ◦C compares reasonably well with
their fluid–fluid phase transition line which has a value
x = 0.19 at this temperature, especially considering that
their method was thermodynamically orthogonal to ours.
They employed DSC taken as temperature was var-
ied at fixed composition x, whereas we took data at
fixed temperature and varied the composition. Also, their
fluid–fluid transition line was determined by taking the
high temperature end of their broadest Gaussian obtained
by fitting the DSC traces; having an excess heat capac-
ity at temperatures below their fluid–fluid transition line
would suggest phase coexistence toward lower temper-
atures as in Fig. 5, although such excess heat capacity
would most likely not be best modeled by a Gaussian.

It may also be significant that the value of xC is nearly
the same ∼0.25 for all the lipids we studied that have
such a break at temperatures above TM. This would not
be expected if the break occurs at a point such as A in

Fig. 5 because it is unlikely that all the phase lines occur
at the same value of x for the various temperatures of
our measurements. Our value xC ∼ 0.25 corresponds to
one cholesterol to three lipids. Special packing ratios
hysics of Lipids 143 (2006) 1–10

have been previously suggested, especially one choles-
terol to two lipids (Engelman and Rothman, 1972), as
well as many ratios that would correspond to superlat-
tice packing (Chong, 1994). We also note that our single
break at xC might not be as sharp as required for either
a phase transition or rigid stoichiometry. A more con-
servative picture is that xC is a higher order transition
line or the center of a narrow, but continuous transition
region. Such a picture would not have a two-phase coex-
istence region and a second break point, such as at xB
in Fig. 5. Rather, xC would locate the maximum mole
fraction below which the condensing effect of choles-
terol occurs. This interpretation is not inconsistent with
the strongly contrasting behavior of gel phase DPPC(25)
which clearly has two break points. The large value of
VC in the two-phase region between the two break points
is quantitatively accounted for by the conversion of the
small x phase into the large x phase and a small dif-
ference of VC between those two phases, as shown in
Appendix A.

4.5. Most appropriate volume for cholesterol in
lipid bilayers

We turn next to the values of the partial molecular
volume of cholesterol VC for x > xC. Fig. 4 shows that
VC = 630 ± 10 Å3 is nearly the same when measured at
temperatures above the TM of the host lipid. This surpris-
ing result first suggests that DOPC(30) and POPC(30)
do not undergo volume condensation for any of our mea-
sured values of x. Second, it suggests that DPPC(50),
BSM(45) and DMPC(30) undergo no further condensa-
tion when x > xC because each lipid molecule is already
close to a cholesterol and has been condensed as much
as it can be by cholesterol. Then, the addition of another
cholesterol would increase the total volume NV just due
to the bare steric volume of the cholesterol. This would
make this common value of VC ∼ 630 ± 10 Å3 the most
appropriate value for the volume of cholesterol.

There is another interesting comparison regarding the
volume of cholesterol. Measurements of the molecular
volume of pure cholesterol in water give 627 Å3 for a
form (band 2) that was identified as anhydrous choles-
terol and 606 Å3 for a form (band 3) that was identified as
the monohydrate (Renshaw et al., 1983). The existence
of two different forms and different volumes at low water
content and with no lipid suggests that the closely sim-
ilar value of band 2 with our partial molecular volumes

is merely coincidental.

Finally, we return to our initial goal of comparing
the partial molecular volume of cholesterol with simu-
lations. The recent value obtained from a composite of
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imulations from three groups was VC = 541 Å3 (Edholm
nd Nagle, 2005). This is rather smaller than our mea-
ured value for x < xC. The simulations did not indicate
on-linear behavior in the molecular volume V(x) (desig-
ated v(x) in Fig. 2), although the composite results were
ather too noisy to discern any breaks. The simulations
id show strongly non-linear behavior in the molecular
rea a(x) which is more sensitive to cholesterol addi-
ion than is the volume. Due to the high noise level, the
avored way of analyzing the simulated a(x) was with
mooth functions of x. However, it was also noted that
here was a possible break near x = 0.3, which would be
onsistent with the xC obtained experimentally in this
aper.

We suggest that volumetric measurements, when ana-
yzed as a function of mole fraction of cholesterol pro-
ide valuable information about molecular packing in
ilayers and, when extended to additional temperatures,
ay continue to be a fruitful probe of the phase behavior

f lipid cholesterol mixtures.
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ppendix A. Equations for partial molecular
olumes in a two-phase coexistence region

Let the subscripts LA refer to lipids in phase A, LB
o lipids in phase B, CA to cholesterol in phase A and
B to cholesterol in phase B. Then

V = NLAVLA + NLBVLB + NCAVCA + NCBVCB.

(6)

et xA < x < xB be the coexistence region, so xA is the
holesterol mole fraction for pure phase A and xB is the
holesterol mole fraction for pure phase B. Then, using
he definitions of partial molecular volumes in Eq. (3)
nd some algebra yields

VC − VCA)/(1 − xA) = −(VL − VLA)/xA

[(V − V )x + (V −V )(1 − x )]/(x − x ).
CB CA B LB LA B B A

(7)

he first part of Eq. (7) shows that the difference in
holesterol partial volume VC − VCA at point A in Fig. 5
ysics of Lipids 143 (2006) 1–10 9

is simply related to the difference in lipid partial volume
VL − VLA by a lever rule with point A as the fulcrum, as
can be visualized in Fig. 2 using the geometric defini-
tions of partial molecular volumes embodied in Eq. (5).
The latter part of Eq. (7) shows that small differences
in the volumes VCB − VCA and VLB − VLA of the pure
phases A and B are greatly magnified by the xB − xA
denominator; this accounts for the large value of VC in
the region 0.20 = xA < x < xB = 0.29 for gel phase DPPC
in Fig. 4. Although it is possible that VC − VCA is zero at
point A, thereby yielding a volumetrically silent transi-
tion, this would require special, accidental cancellation
of terms.
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