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ABSTRACT: We performed differential scanning calorimetry (DSC) and Fourier
transform infrared (FTIR) spectroscopic measurements to study the effects of
lathosterol (Lath) on the thermotropic phase behavior and organization of
dipalmitoylphosphatidylcholine (DPPC) bilayer membranes and compared our results
with those previously reported for cholesterol (Chol)/DPPC binary mixtures. Lath is
the penultimate intermediate in the biosynthesis of Chol in the Kandutsch—Russell
pathway and differs from Chol only in the double bond position in ring B, which is
between C7 and C8 in Lath and between CS and C6 in Chol. Our DSC studies indicate
that the incorporation of Lath is more effective than Chol in reducing the temperature
and enthalpy of the DPPC pretransition. At lower sterol concentrations (<10 mol %),
incorporation of both Lath and Chol decreases the temperature, enthalpy, and cooperativity of the sharp component of the main
phase transition of DPPC to a similar extent, but at higher sterol concentrations, Lath is more effective at decreasing the phase
transition temperature, enthalpy, and cooperativity than Chol. These results indicate that at higher concentrations, Lath is more
disruptive of DPPC gel-state bilayer packing than Chol is. Moreover, incorporation of Lath decreases the temperature of the
broad component of the main phase transition of DPPC, whereas Chol increases it; this difference in the direction and
magnitude of the temperature shift is accentuated at higher sterol concentrations. Although at sterol concentrations of <20 mol
% Lath and Chol are almost equally effective at reducing the enthalpy and cooperativity of the broad component of the main
phase transition, at higher sterol levels Lath is less effective than Chol in these regards and does not completely abolish the
cooperative hydrocarbon chain melting phase transition at 50 mol %, as does Chol. These latter results indicate that Lath both is
more disruptive with respect to the low-temperature state of the sterol-enriched domains of DPPC bilayers and has a lower
lateral miscibility in DPPC bilayers than Chol. Our FTIR spectroscopic studies suggest that Lath incorporation produces a less
tightly packed bilayer than does Chol at both low (gel state) and high (liquid-crystalline state) temperatures, which is
characterized by increased H-bonding between water and the carbonyl groups of the fatty acyl chains in the DPPC bilayer.
Opverall, our studies indicate that Lath and Chol incorporation can have rather different effects on the thermotropic phase
behavior and organization of DPPC bilayers and thus that the position of the double bond in ring B of a sterol molecule can have

an appreciable effect on the physical properties of sterol molecules.

holesterol (Chol) is a major and essential lipid component

of the plasma membranes of the cells of higher animals
and is also found in lower concentrations in certain intracellular
membranes in vesicular communication with the plasma
membrane (see refs 1—3). Although Chol has a number of
different functions in animal cells, one of its primary roles is as a
modulator of the physical properties and lateral organization of
the plasma membrane lipid bilayer. Thus, many studies of the
interaction of Chol with phospholipid monolayer and bilayer
model membranes have been performed, utilizing a wide range
of physical techniques.>*~” Most of those studies have utilized
symmetrical chain, linear saturated PCs. They have established
that one of the major effects of the incorporation of Chol on
phospholipid monolayer and bilayer model membranes is a
broadening and eventual elimination of the cooperative gel-to-
liquid-crystalline phase transition and its replacement by a state
with an intermediate degree of organization. Thus, in the
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liquid-crystalline phase, which would exist at physiological
temperatures in the absence of sterols in biological membranes,
the presence of Chol significantly increases the orientational
order of the phospholipid hydrocarbon chains and decreases
the cross-sectional area occupied by the phospholipid
molecules, while only moderately restricting the rates of
phospholipid lateral diffusion or hydrocarbon chain motion.
In addition, the presence of Chol increases both the thickness
and mechanical strength and decreases the permeability of the
phospholipid bilayer in the physiologically relevant liquid-
crystalline phase. The relatively high rates of intramolecular and
intermolecular motion characteristic of phospholipid model
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membranes in the presence of high levels of Chol, coupled with
an increased hydrocarbon chain order and a decreased area
compressibility, have prompted several researchers to postulate
the existence of a discrete liquid-ordered (I,) phase in binary
phospholipid/Chol model membranes.”®® However, as many
of the physical properties of model membranes composed of
Chol and a single phospholipid change smoothly and
monotonically with ro;ressive increases in Chol concentration
up to 50 mol %,>*7 the existence of thermodynamically
discrete, macrosco;aic I, and I, phases in such binary systems has
been questioned,”'>'" and it has been suggested that the
behavior of phospholipid/Chol systems can be explained by the
formation of various superlattices'> or molecular complexes.'
However, in model membranes composed of Chol, unsaturated
PCs, and natural SpMs, the specificity of the interaction of Chol
for SpM can result in the formation of macroscopic domains
enriched in Chol and SpMs and depleted of unsaturated PCs,
and such domains are thought to form the molecular basis for
the possible existence of detergent-insoluble, Chol- and SpM-
enriched lipid rafts in biological membranes.'*™"* Even in such
ternary systems, however, the existence of thermodynamically
discrete I; and [, systems has not been detected by DSC or X-
ray diffraction,”® and a number of researchers have found
evidence of the existence of relatively large, long-lived lipid rafts
in biological membranes unconvincing.>' "> Whatever the
biophysical details, it is clear that the presence of Chol in
biological membranes does modulate a number of different
membrane functions, either directly or via its effects on the
properties and lateral organization of the phospholipid
bilayer.>**~%¢

Chol is by far the predominate sterol in the membranes of
higher animals, and the later biosynthetic intermediates in its
long and energetically costly biosynthetic pathway do not
normally accumulate in the membranes of healthy cells.”*
There are two major pathways for Chol biosynthesis starting
from lanosterol, the first cyclic intermediate formed in the
biosynthesis of all sterols, the Kandutsch—Russell*” and Bloch®®
pathways. K. Bloch proposed that these sterol biosynthetic
pathways reflect sterol evolution, with the structure of the Chol
molecule having been evolutionarily selected to optimize
certain biophysical properties of the lipid bilayers of the host
cell membrane into which they are embedded, such as those
briefly discussed above. According to this hypothesis, Chol
biosynthetic precursors should exhibit physical effects on host
lipid bilayers that more effectively support membrane structure
and function as one progresses along these biosynthetic
pathways toward Chol (ref 28, but see ref 29). Comparative
studies of the effects of Chol and its biosynthetic precursors on
the physical properties of lipid bilayer model membranes are of
obvious relevance to determining the validity of the Bloch
hypothesis.

Lath is the next-to-last intermediate in the Kandutsch—
Russell pathway of Chol biosynthesis and is the biosynthetic
intermediate in both pathways whose chemical structure is
most similar to that of Chol itself. In fact, as illustrated in Figure
1, the structures of Lath and Chol are identical except for the
position of the single double bond in ring B, which is located
between C7 and C8 in Lath and C5 and C6 in Chol. Despite
their very similar chemical structures and physical properties,
defects in the Kandutsch—Russell biosynthetic pathway that
result in the accumulation of Lath give rise to lathosterolosis, a
serious and usually fatal mammalian malformation syndrome
characterized by multiple congenital abnormalities, mental
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Figure 1. Molecular models for cholesterol and lathosterol. The top
row shows line diagrams to highlight differences between the
structures of the cholesterol (A) and lathosterol (B) molecules. The
middle row shows views normal to the plane of the sterol ring for
cholesterol (C) and lathosterol (D), and the bottom row shows views
parallel to the plane of the sterol ring for cholesterol (E) and
lathosterol (F). The hydroxyl group at C3 is colored red. The
molecules were minimized using DSViewer Pro 6.0 (Accelrys Software
Inc,, San Diego, CA).

retardation, and mental disease.’* > The balance of evidence
suggests that the development of lathosterolosis is due to
perturbed signaling by the sonic hedgehog morphogenic
system, which plays a major role in embryonic development,
and that this perturbation is due primarily to the reduced level
of Chol present in affected individuals, rather than from the
accumulation of Lath itself.>>**> However, a recent study found
that Lath and other late intermediates in the Chol biosynthetic
pathways preferentially accumulate in operationally defined
lipid rafts, where they may disrupt lipid raft organization and
thus interfere with lipid raft-mediated signaling more
generally.34 Moreover, in lathosterolotic mice, the numbers of
functional secretory granules in the pancreas and adrenal and
pituitary glands are markedly diminished but can be restored to
normal numbers, morphology, and function by the replacement
of accumulated Lath by exogenous Chol.>* This study also
determined that incorporation of Lath into lipid model
membranes decreases their bending rigidty and intrinsic
curvature, which was suggested to account for the effect of
Lath accumulation in abnormal granule budding in these
glands. Moreover, a study of the comparative effects of Lath
and Chol on the rate of PC biosynthesis, and the activity of
CTP:phosphocholine cytidylyl transferase, the rate-limiting
enzyme in this pathway, demonstrated that Lath was much
less effective than Chol in supporting PC biosynthesis and
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stimulating the activity of this enzyme. This effect was
suggested to be due to the dependence of CTP:phosphocholine
cytidylyl transferase activity on the intrinsic curvature of the
lipid bilayer in which this membrane-associated enzyme is
embedded, which is differentially affected by these two
sterols.’® Therefore, whether the accumulation of Lath (and
other Chol biosynthetic precursors) is inherently toxic,
adversely affecting membrane (and possibly other) functions,
either directly or indirectly, whether a deficiency of Chol is
ultimately responsible for the loss of cell viability, or whether
both effects play a role remains an open question.

The results of the limited number of comparative studies of
the physical properties of Lath and Chol, and their effects on
phospholipid bilayers, vary considerably and are not always in
agreement with one another. Stottrup and Keller*” report that
although the cross-sectional areas of both sterols are the same
at their collapse pressures in pure sterol monolayer films, Lath
monolayers exhibit a considerably higher collapse pressure than
do those of Chol, suggesting that Lath—Lath interactions are
stronger than Chol—Chol interactions. Although both sterols
are “membrane-active” (can produce monolayers containing
two distinct immiscible liquid phases in ternary DOPC/DPPC/
sterol systems), Lath/DPPC binary mixtures do not exhibit
such phase separation at lower sterol concentrations, whereas
Chol/DPPC monolayers do. These workers also report that
Lath is more effective than Chol in condensing and rigidifying
DPPC monolayers at 30 mol % sterol, but less effective at 50
mol % sterol. This latter result, which suggests that Lath is not
as laterally miscible in phospholipid bilayers as Chol, supports
the results of this study, as discussed below.

Nyholm et al.®>® have also conducted a comparative DSC
study of binary mixtures of Lath and Chol with PSM and
PDHSM, or with mixtures of these sphingolipids with DPPC,
over a range of sterol concentrations from 0 to 25 mol % in 5
mol % increments. In general, the effects of Lath and Chol on
the thermotropic phase behavior of these binary or ternary
mixtures were reported to be quite similar. In particular, the
addition of either sterol at 10 mol % abolished the pretransition
of PSM and PDHSM. Moreover, the addition of larger amounts
of either sterol decreased the temperature, enthalpy, and
cooperativity of the sharp component of the main phase
transition, arising from the sphingolipid hydrocarbon chain
melting of the sterol-poor domain. At the same concentration,
each sterol increased the temperature but decreased the
enthalpy and cooperativity of the broad component of the
phase transition, originating from the melting of sterol-rich
domains in the sphingolipid bilayer. In general, these results
resemble those reported here for sterol/DPPC binary mixtures.

Ranadive and Lala® conducted a comparative study of the
effects of the incorporation of a number of double bond
isomers of Chol, including Lath, on the glucose permeability
and their ability to order egg PC vesicles using electron spin
resonance and fluorescence polarization spectroscopy. These
workers report that Lath is only approximately half as effective
as Chol in reducing glucose permeability and in increasing the
order of both the hydrocarbon core and interfacial regions of
the host egg PC bilayers. However, Oradd et al,* utilizing ’H
NMR spectroscopy, found no significant difference in the
ability of Lath and Chol to order the terminal CD; group of
hydrocarbon chain-perdeuterated DMPC and DPPC bilayers or
to increase their bending rigidity. In contrast, using X-ray
diffraction and an osmotic stress technique, Petrache et al ™
reported that Lath is considerably less effective than Chol in
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eliminating thermally induced undulations in DMPC bilayers,
indicating lower bilayer stiffness in Lath- versus Chol-
containing vesicles. Moreover, they also reported that
incorporation of Lath induces the formation of a reversed
hexagonal phase with a larger diameter in DOPE dispersions
versus that produced by Chol, indicating that Lath incorpo-
ration produces a lower intrinsic curvature. This interpretation
is supported by the results of Leppimaki et al,,** who found by
DSC that Lath incorporation reduces the lamellar—nonlamellar
phase transition temperature of POPE dispersions to a lesser
extent than Chol, suggesting that Lath has a less pronounced
inverted conical shape than Chol, because it less effectively
destabilizes the lamellar phase relative to the reversed phase
(see also ref 42). Finally, several groups, using a variety of
different physical techniques, all report that Lath is actually
slightly more effective than Chol in inducing the I, phase in
ternary lipid mixtures, and that Lath-induced I, phases have
slightly greater thermal stability than Chol-induced I,
phases.”*™* Thus, Lath should be at least as effective in
supporting lipid raft formation in biological membranes as
Chol.

This brief summary demonstrates that the number of
comparative biophysical studies of the effects of Lath and
Chol on the structure and properties of lipid model membranes
is relatively limited and that the results of some of these studies
disagree. To investigate the interactions between Lath and
model membrane bilayers and thus the potential biophysical
contributions of Lath to the membrane-associated processes
mentioned above, we have performed a comparative DSC study
of the effects of the incorporation of a wide range of
concentrations of Lath on the thermotropic phase behavior of
well-studied DPPC model membranes using high-sensitivity
calorimeters and an experimental protocol that ensures that the
broad, low-enthalpy phase transitions occurring at high sterol
concentrations are accurately monitored. This thermodynamic
approach, together with supporting FTIR measurements, allows
the comparison of the thermotropic phase behavior and
organization of DPPC mixtures containing a range of sterols
differing in the chemical configuration of the steroid nucleus. In
this study, we compare our results for Lath/DPPC mixtures
with those obtained for Chol and related Chol analogues in
DPPC-containing mixtures, which we reported previously.***°
In general, our results indicate that Lath and Chol have similar
but not identical effects on lipid bilayer model membranes at
low sterol concentrations. However, significant differences in
the thermodynamic parameters become evident at higher,
physiologically relevant sterol concentrations.

B MATERIALS AND METHODS

DPPC, DPPC-dy,, and Chol (S-cholesten-33-0l) were all
obtained from Avanti Polar Lipids Inc. (Alabaster, AL),
whereas the Lath (7-cholesten-34-0ol) was supplied by
Steraloids Inc. (Newport, RI). The purities of both DPPCs
and Chol were >99%, and Lath was >98% pure. All organic
solvents were of at least analytical grade quality and were
redistilled before use. Samples for hydration were prepared
exactly as described previously.*® The sterol/DPPC films were
subsequently dispersed in an appropriate volume of deionized
water by vigorous vortex mixing at temperatures near 55—60
°C. This procedure prevents any fractional crystallization of the
sterol during sample preparation.

Differential Scanning Calorimetry. The samples used
for the DSC experiments were prepared by dispersing

dx.doi.org/10.1021/bi200721j | Biochemistry 2011, 50, 9982—9997



Biochemistry

appropriate amounts of the dried sterol/lipid mixture in 1 mL
of deionized water. The dispersion was then degassed, and
either 900 yL (for studying the main phase transition) or 324
UL (for studying the pretransition) aliquots were withdrawn for
DSC analyses. To ensure better resolution of the broad low-
enthalpy thermotropic transitions exhibited by sterol-rich
mixtures, the amount of lipid used for DSC measurements
was progressively increased with the sterol content of the
mixture.> 2 Typically, samples containing 1-3 mg of
phospholipid were used at sterol concentrations below 5 mol
%, samples containing 5—8 mg of phospholipid at sterol
concentrations between S5 and 15 mol %, and samples
containing 25 mg of phospholipid at all higher sterol
concentrations. DSC heating and cooling thermograms were
obtained at a scan rate of 10 °C/h using a either a Hart
multicell high-sensitivity DSC instrument for the main phase
transition measurements or a high-sensitivity Nano II DSC
instrument for the pretransition measurements (both instru-
ments were supplied by Calorimetry Sciences Corp., Lindon,
UT). The data acquired were analyzed and plotted with Origin
version 7.5 Pro (OriginLab Corp., Northampton, MA). In cases
where the DSC thermograms appeared to be a summation of
overlapping components, the midpoint temperatures, areas, and
widths of the components were estimated with the aid of the
Origin nonlinear least-squares curve- and peak-fitting proce-
dures and a custom-coded function based on the assumption
that the observed thermogram was a linear combination of
components, each of which could be approximated by a
reversible two-state transition at thermodynamic equilibrium.>*
In strict terms, the treatment of the sharp and broad
components of the multicomponent endotherms as independ-
ent events is not entirely justified, as these two processes may
be coupled thermodynamically. However, at present no
rigorous alternative method for deconvolving obviously multi-
component endotherms exists.

Fourier Transform Infrared (FTIR) Spectroscopy.
Samples used for FTIR spectroscopic experiments were
prepared by dispersing dried DPPC and sterol/lipid mixtures
containing 2—3 mg of phospholipid in 50 yL of D,O at
approximately 55—60 °C. The paste so formed was then sealed
as a thin (25 ym) film between the CaF, windows of a heatable,
demountable liquid cell equipped with a 25 ym Teflon spacer.
The temperature of the sample was controlled between 0 and
60 °C using an external, computer-controlled water bath. The
FTIR spectra were recorded with a Digilab FTS-40 Fourier
transform spectrometer (Bio-Rad, Digilab Division, Cambridge,
MA) using data acquisition and data processing protocols
described by Lewis et al.**

The sterol-containing samples used for FTIR spectroscopy
contained 30 mol % sterol, levels that are high enough to avoid
ambiguities attributable to the coexistence of sterol-rich and
sterol-poor DPPC domains but low enough to ensure that Lath
is still fully miscible in the DPPC bilayer and that the samples
will also exhibit calorimetrically resolvable phase transitions that
can be compared with those recorded in our DSC studies.
Studies were also performed with samples derived from normal
(ie, fully protonated) DPPC and its chain-perdeuterated
analogue, DPPC-d,,. With the sterol-rich samples derived from
normal DPPC, absorption bands in the C—H stretching region
of the IR spectrum will contain a significant contribution from
the C—H groups on the sterol. However, because the sterol
does not participate in the phospholipid hydrocarbon chain-
melting phase transition, there may be some uncertainty in
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interpreting the frequencies of these bands in terms of the
degree of hydrocarbon chain conformational order existing in
the various samples examined. The use of the DPPC-dg,
analogue prevents such problems, because the relevant C—D
stretching bands occur at frequencies between 2050 and 2250
cm™! (ref 54 and references cited therein), well away from the
frequency range of C—H stretching vibrations and from those
of other functional groups present in these lipids. However, one
should also note that the gel to liquid-crystalline phase
transition temperature of DPPC-dg, is ~3—4 °C lower than
that of fully proteated DPPC, and as a result, the transition
temperatures of the corresponding sterol-containing samples
will be somewhat lower than those of the corresponding
mixtures made with protonated DPPC.

B RESULTS

Differential Scanning Calorimetry Measurements of
the Thermotropic Phase Behavior of Lathosterol/DPPC
Mixtures. In this study, we use our previously published
measurements of Chol/DPPC binary mixtures*® as reference
data for a comparison with the new DSC and FTIR
spectroscopy measurements of the Lath/DPPC mixtures.
Figure 2 shows DSC heating scans of DPPC dispersions
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Figure 2. DSC thermograms illustrating the effect of cholesterol (A)
and lathosterol (B) on the gel to liquid-crystalline phase transition of
DPPC. The thermograms shown were acquired at the sterol
concentrations (mole percent) indicated at a scan rate of 10 °C/h
and have all been normalized against the mass of DPPC used. Y-Axis
scaling factors are indicated on the right side of each thermogram.

containing differing concentrations of both sterols. The overall
pattern of thermotropic phase behavior seen upon heating is
broadly similar to that reported previously for Chol/DPPC and
other sterol/DPPC binary mixtures.*” "% Pure DPPC heating
scans show two sharp endothermic peaks centered at 35 and
41.7 °C, which correspond to the pretransition (L, to Py) and
main (P4 to L,) phase transitions, respectively. Increasing the
sterol concentration gradually broadens the pretransition and
reduces its temperature, enthalpy, and cooperativity in both
cases. Similarly, in the case of the main phase transition,
increasing the sterol concentration initially produces a multi-
component DSC endotherm, consisting of a sharp component
that progressively undergoes decreases in temperature,
enthalpy, and cooperativity and a broad component that
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undergoes increases in both temperature and enthalpy but
decreases in cooperativity. Thus, with increasing sterol
concentrations, the sharp component disappears as the broad
component grows. However, there are subtle but significant
differences in the pattern of thermal events observed in the
Chol/DPPC (Figure 2A) and Lath/DPPC (Figure 2B)
samples, which indicate that the behavior of the latter is
quantitatively different from the former, despite their similar
chemical structures. We will first focus on the effect of both
sterols on the pretransition and then on the two deconvolved
components of the main phase transition of DPPC.

Effects of Lathosterol on the Pretransition of DPPC.
To investigate the disappearance of the pretransition in greater
detail, we prepared sterol/DPPC samples with a narrower
range of sterol concentrations. Heating thermograms obtained
from DPPC mixtures containing Chol (Figure 3A) and Lath
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Figure 3. DSC thermograms illustrating the effect of cholesterol (A)
and lathosterol (B) on the pretransition of DPPC. The thermograms
shown were acquired at the sterol concentrations (mole percent)
indicated at a scan rate of 10 °C/h and have all been normalized
against the mass of DPPC used. Y-Axis scaling factors are indicated on
the left side of each thermogram.

(Figure 3B) both show generally similar decreases in T, and
AH, and increases in AT, with an increasing sterol
concentration, although Lath abolishes the DPPC pretransition
at lower concentrations than does Chol. The corresponding
thermodynamic measurements for both sterol/DPPC systems
are presented in Figure 4. The Lath/DPPC and Chol/DPPC
samples show comparable decreases in T, (Figure 4A) with an
increasing sterol concentration up to sterol concentrations of
~4 mol %. Above that concentration, the T, of the Lath/DPPC
mixtures decreases abruptly by 7 °C between 4 and 6 mol %
sterol. In contrast, Chol/DPPC mixtures show a smaller
decrease in T}, at 4 mol % sterol, which decreases by 6 °C over
a concentration range from 4 to 10 mol % Chol, suggesting a
similar change in the pretransition properties is distributed over
a wider range of Chol concentrations.

Corresponding plots of the AT),, values obtained from
DPPC mixtures containing either Lath or Chol are shown in
Figure 4B. The values obtained for the Chol- and Lath-
containing DPPC mixtures increase with an increasing sterol
concentration and are essentially identical but differ in the
concentration at which the Ly to Pg phase transition is
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Figure 4. Effect of increases in sterol concentration on the T,, AT,
and AH, of the pretransition of DPPC: cholesterol/DPPC (m),
lathosterol/DPPC ([7]), and cholestanol/DPPC (Q) mixtures. The
error bars were typically equal to, or smaller than, the size of the
symbols.

abolished, as is seen for the respective T, and AH,, values. This
observation indicates that at very low sterol concentrations,
both sterols similarly broaden the DPPC pretransition, despite
differences in the double bond position of ring B.

The AH, values of the Lath/DPPC mixtures follow a
decreasing curve with an increasing sterol concentration at a
rate slightly greater than those of the Chol-containing DPPC
bilayers. At the same sterol concentrations, the AH,, values of
the Chol/DPPC mixtures are significantly greater than those of
the Lath/DPPC mixtures (Figure 4C). The pretransition
enthalpy is close to 0 kcal/mol at a Lath concentration of ~6
mol %, whereas AH,, persists up to a concentration of ~10 mol
% in the Chol/DPPC mixtures. Thus, we can conclude that
Lath more effectively abolishes the DPPC pretransition than
does Chol on a molar basis.

Effects of Lathosterol on the Main Phase Transition of
DPPC. The DSC data shown in Figure 2 indicate that at low to
moderate (<20 mol %) sterol concentrations, both Lath- and
Chol-containing DPPC bilayers exhibit asymmetric thermo-
grams that can be deconvolved into two overlapping,
symmetrical thermal events (Figure S). One of these
components is considerably sharper than the other; its peak
temperature and cooperativity decrease slightly, and its
enthalpy decreases markedly with increasing sterol content.
The other component is considerably broader; its midpoint
temperature exhibits a more complex dependence on sterol
structure and content, and it is the only component persisting
at the higher range of sterol concentrations. This pattern of
sterol concentration-dependent behavior has been observed
previously,**7°%%77%* and the resolved sharp and broad
components have been ascribed to the differential melting of
sterol-poor and sterol-rich lipid domains, respectively. How-
ever, there are significant differences between the sterol
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Figure S. Illustration of the results typically obtained in our peak-
fitting deconvolution analyses of the DSC thermograms exhibited by
cholesterol-containing (A) and lathosterol-containing (B) DPPC
bilayers. Both thermograms are from samples containing 15 mol %
sterol and were acquired at a scan rate of 10 °C/h. To facilitate
visibility, the fitted curves are slightly displaced along the y-axis.
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Figure 6. Thermodynamic parameters for the deconvolved sharp (A—
C) and broad (D—F) components obtained from the DSC heating
thermograms of the cholesterol/DPPC ( A and V), lathosterol/
DPPC (/\ and V), and cholestanol/DPPC (O and <>) samples as a
function of sterol concentration, acquired at scan rate of 10 °C/h. The
error bars were typically equal to or smaller than the size of the
symbols.

concentration-dependent behaviors exhibited by the Lath- and
Chol-containing preparations, especially with regard to the
quantitative aspects of the sterol concentration dependence of
the overall properties of the underlying sharp and broad peaks.
This aspect of our experimental observations was further
examined through the application of computer-assisted curve-
and peak-fitting procedures to deconvolve the observed DSC
thermograms into their component peaks (Figure S), so that
the sterol concentration dependence of each component could
be examined and compared (Figure 6).

Effects of Lathosterol on the Sharp Component of the
Main Phase Transition of Sterol/DPPC Mixtures. The T,
values obtained from the sharp and broad components
(distinguished by the superscripts shp and brd, respectively,
hereafter) of the main phase transition of both the Lath/DPPC
and Chol/DPPC mixtures are shown in Figure 6. The
thermodynamic parameters calculated from our DSC heating
thermograms for DPPC/sterol mixtures containing 3—10 mol
% Lath and Chol have very similar values of T,,*"», AT, /ZShP, and
AH,* (Figure 6A—C). Corresponding values for cholestanol
(5a-cholestan-3f-o0l)/DPPC mixtures are identical to those
containing Chol.*** All three sterols show a gradual decrease
in their T,," values, and they are identical within experimental
error (Figure 6A). This indicates that they destabilize the gel
phase in a similar manner at low sterol concentrations in the
sterol-poor domain, regardless of the presence or position of
the double bond in ring B. Above 10 mol %, the T,,*"? values of
the Chol and cholestanol/DPPC mixtures level off, whereas
those of Lath/DPPC samples continue to decrease with an
increasing sterol concentration. This indicates that further Lath
incorporation decreases the stability of the sterol-poor DPPC
gel phase domains relative to the liquid-crystalline phase
domains more markedly than the incorporation of Chol or
cholestanol at sterol concentrations of up to 20 mol %.
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The AT, /ZShP values (Figure 6B) are inversely related to the
cooperativity of the chain-melting phase transition of DPPC in
the sterol-poor domains. The corresponding values of AT, ,*™
of both sterol/DPPC mixtures (Figure 6B) show little increase
up to a concentration of ~7 mol %. At higher sterol
concentrations, the AT,,™ values of Lath/DPPC, Chol/
DPPC, and cholestanol/DPPC mixtures increase significantly
above 10 mol %, with the Lath-containing mixtures showing a
slightly greater increase with an increasing sterol concentration,
indicating that Lath has a somewhat greater ability to broaden
the DPPC main phase transition in the sterol-poor domains
than either Chol or cholestanol.

The AHmShP values of the three sterol/DPPC systems
generally follow a similar decreasing trend with an increasing
sterol concentration. At very low concentrations, AH,,*"" values
for all three sterol/DPPC mixtures are identical within
experimental error. However, the AH, " values of the Chol/
DPPC mixtures from 4 to 15 mol % are lower than those of
mixtures containing Lath (Figure 6C). Corresponding AH, P
values for cholestanol-containing DPPC mixtures are initially
lower than those containing either Chol or Lath over the range
from 4 to 7 mol % sterol, but above 10 mol % sterol, the
AH_ " values of the cholestanol/DPPC mixtures are higher
than those of mixtures containing Chol and converge with the
values obtained for the Lath/DPPC mixtures. Although there
are minor variations in the decrease in the AH, "™ values with
an increasing sterol concentration, the sharp component of the
DSC endotherm for each sterol/DPPC mixture is abolished
entirely at sterol concentrations above 20 mol %. This
observation suggests that these three sterols eliminate the
chain-melting phase transition of the sterol-poor domains of
DPPC to a similar extent despite the different double bond
positions or the absence of a double bond in the polycyclic ring
system.

dx.doi.org/10.1021/bi200721j | Biochemistry 2011, 50, 9982—9997



Biochemistry

Effects of Lathosterol on the Broad Component of the
DPPC Main Phase Transition. An analysis of the broad
components obtained from our deconvolution of the overall
DSC heating thermograms for all three sterol/DPPC systems is
shown in Fi%ure 6D—F. All three thermodynamic parameters,
T, AT, ;™ and AH, "™, show very significant differences
among the Lath-, Chol-, and cholestanol-containing DPPC
mixtures over the entire concentration range. Specifically,
although below 10 mol % sterol the T, values of DPPC
mixtures containing the three structurally related sterols
superimpose, they gradually diverge with an increasing sterol
concentration. Between 10 and 20 mol % sterol, the T, "¢
values for the Chol/DPPC and cholestanol/DPPC mixtures
continue to increase, whereas that of the Lath-containing
mixtures decreases. However, at ~20 mol % sterol, there is an
inflection point in the T,," values of both the Lath/DPPC and
cholestanol/DPPC mixtures, above which they both decline,
whereas the T,,,” values for mixtures containing Chol continue
to increase with an increasing sterol concentration. The
decrease in the Tmbrd values of the cholestanol/DPPC mixtures
is small and very gradual, whereas the decline in the
corresponding values for the Lath-containing mixtures is
significantly greater (Figure 6D). These results indicate that
at sterol concentrations above 20 mol %, Chol stabilizes
whereas Lath and cholestanol destabilize the lower-temper-
ature, sterol-rich domains to different extents.

For each sterol/DPPC system, the AT, /Zbrd values (Figure
6E) initially show a gradual increase with an increasing sterol
concentration up to 25 mol % sterol. Above that concentration,
the AT, ;" values of the Chol/DPPC and cholestanol/DPPC
systems continue to increase at all concentrations at which a
broad peak remains visible, and thus, the cooperativity of the
“gel to liquid-crystalline” phase transition in the sterol-rich
domain decreases more rapidly at sterol concentrations above
25 mol % for cholestanol-containing and especially for Chol-
containing mixtures. In contrast, above the same concentration,
the AT, /Zbrd values of the Lath/DPPC mixtures increase by
only a small amount. This indicates that at higher sterol
concentrations, Lath, unlike Chol and cholestanol, is not
decreasing the phase transition cooperativity of the sterol-rich
domains, and thus, additional Lath molecules are probably not
interacting with all of the DPPC molecules present in the
binary mixture, probably because of limited lateral miscibility.

The values of AH,,”™ which show the ability of the sterol to
abolish the chain-melting phase transition of DPPC in the
sterol-rich domain, are shown in Figure 6F. The curves for
Chol- and for Lath-rich DPPC mixtures are generally similar
but show distinct differences (Figure 6F). At lower sterol
concentrations, the broad component is observed in DPPC
mixtures containing either Chol or Lath starting at ~3 mol %
sterol. However, with an increasing sterol concentration, the
Chol/DPPC AH,”™ values increase sharply, whereas those of
the corresponding Lath-containing DPPC mixtures show a
more gradual increase. DPPC mixtures containing Chol reach a
maximum AH,,” value (AH,,”*™), which may correspond to
a miscibility transition,®”*® at approximately 17 mol % sterol,
whereas the corresponding maxima for the Lath- and
cholestanol-containing DPPC mixtures occur at 20 and 25
mol % sterol, respectively. Nevertheless, the magnitude of
AH,_ 4™ g ~3.5 keal/mol for all three sterol/DPPC mixtures.
Further addition of Lath or Chol results in a gradual reduction
in the AH,"™ values in both sterol/DPPC mixtures. DPPC
mixtures containing Chol abolish the chain-melting phase
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transition of DPPC by S0 mol % sterol, whereas similar
mixtures containing Lath still show a small endothermic
transition whose enthalpy lies at ~0.75 kcal/mol of DPPC at
50 mol % sterol. A closer examination of the leading and
trailing edges of the AH,” values shows that those obtained
for Lath/DPPC and cholestanol/DPPC mixtures more
effectively abolish the DPPC chain-melting phase transition
compared to corresponding mixtures containing Chol at lower
sterol concentrations. Thus, Chol more effectively abolishes the
melting of the DPPC acyl chains than does Lath or cholestanol
at higher, physiologically relevant sterol concentrations.

The inability of Lath and cholestanol to abolish the chain-
melting phase transition of DPPC at the same concentrations
used in our Chol/DPPC mixtures is also evident in the plot of
the total main phase transition enthalpy versus sterol
concentration shown in Figure 7. This figure illustrates that

10

Total Enthalpy (kcal/mol)

Mol % Sterol

Figure 7. Overall enthalpy values obtained for Chol/DPPC (@),
Lath/DPPC (A), and cholestanol/DPPC (Q) mixtures from DSC
heating curves. The error bars were typically equal to or smaller than
the size of the symbols.

the rate of decrease of the total enthalpy of the chain-melting
phase transition is lower for Lath/DPPC and cholestanol/
DPPC mixtures than for Chol/DPPC mixtures at higher sterol
concentrations, and that a phase transition still persists for the
former two sterols, but not for the latter, at SO mol % sterol.
These results support the idea that Lath (and, to a lesser
degree, cholestanol) has a lower lateral miscibility in DPPC
bilayers than Chol does. This interpretation is consistent with
recent studies of sterol/PC monolayers, which show that Chol
is fully miscible with DPPC, forming a continuum over the
range of 0—30 mol %.%” In contrast, sterols that are structurally
different from Chol are only partially miscible in DPPC and
exhibit discrete regional stoichiometries.

Fourier Transform Infrared Spectroscopic Studies of
the Thermotropic Phase Behavior and Organization of
Lathosterol/DPPC Mixtures. Illustrated in Figure 8 are
some of the temperature-induced changes in the FTIR spectra
exhibited by a 30 mol % Lath/DPPC mixture over the
temperature range of 0—60 °C. The data shown exhibit several
features shared by all of the sterol-free and sterol-containing
DPPC bilayers studied here. The dominant features of the C—
H stretching region (3000—2800 cm™"') are absorption bands
centered near 2849—2852 and 2916—2922 cm™". These bands
arise from the symmetric and asymmetric C—H stretching
vibrations of the methylene groups on the hydrocarbon chains
and are sensitive to the conformational order of the
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Figure 8. Stacked plots illustrating some of the temperature-induced
changes in the FTIR spectra exhibited by a sample of 30 mol % Lath/
DPPC model membranes. The absorbances shown were acquired at
the indicated temperatures and illustrate the changes observed in the
contours of the C—H stretching (A) and C=O stretching (B)
absorption bands of the sample.

hydrocarbon chains (ie.,, the relative number of trans and
gauche rotational conformers present in these chains). At
temperatures below the onset of the hydrocarbon chain-melting
phase transition, these vibrational modes give rise to sharp
absorption peaks centered near 2849 and 2916 cm™,
respectively. At the main chain-melting phase transition, there
is a discontinuous increase in the frequency (2—S cm™') and
width (~15%) of these absorption bands. The combination of
these changes reflects the increase in the gauche rotamer
content and mobility of the lipid hydrocarbon chains,
respectively, and is typically used as an IR spectroscopic
marker of hydrocarbon chain-melting phase transitions (see refs
54 and 64—66). The gel to liquid-crystalline phase transitions
of samples prepared from chain-perdeuterated phospholipids
are also accompanied by changes in the frequencies and widths
of the CD, stretching bands (Figure 9). However, because of
the greater reduced mass of the CD, group, those absorption
bands are observed at frequencies between 2050 and 2250
em™

In the 1650—1800 cm™" region (Figures 8B and 10), the
broad absorption band centered near 1740 cm™" arises from the
C=0 stretching vibrations of the ester carbonyl groups at the
bilayer polar—apolar interfacial region. As with most fully
hydrated glycerolipid bilayers, this band can be resolved into
components that have been assigned to populations of “free”
and H-bonded ester carbonyl groups (refs 54 and 64—66 and
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Figure 9. Temperature-dependent changes in the properties of the C—
D stretching band exhibited by sterol-free DPPC-dg, bilayers (Ill) and
by DPPC-d,, bilayers containing ~30 mol % Chol ([]) and ~30 mol
% Lath (O). The data shown were obtained by analyses of spectra
acquired in the heating mode, with the top panel illustrating the
temperature-induced changes in the band maxima and the bottom
panel showing the corresponding changes in overall bandwidth.

Wavenumbers

Figure 10. Component structure of the ester carbonyl absorption
bands exhibited by sterol-free (A) and Lath-rich (B) DPPC-dg,
bilayers. The absorbance spectra shown were acquired at 6 °C with
the solid lines indicating the observed baseline-subtracted absorption
band envelopes and the dashed lines indicating estimates of the
properties of the component bands.

references cited therein), whose relative integrated intensities
usually change at the gel to liquid-crystalline phase transition.
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Figure 11. Absorbance spectra illustrating the effect of Lath and Chol on the contours of the CH, scissoring bands of DPPC. Panel A is a stacked
plot showing the temperature-induced changes in the scissoring bands exhibited by a 30 mol % Lath/DPPC mixture. Panel B shows the low-
temperature factor group splitting of the CH, scissoring bands exhibited by the sterol-free, Chol-rich, and Lath-rich DPPC model membranes. The
spectra shown in the right panel were acquired at 2 °C with the solid lines indicating the observed bands and the dashed lines indicating our
estimates of the shape and relative intensities of the underlying components.

For example, with DPPC bilayers, the C=0O stretching band
can be resolved into components centered near 1728 cm ™" (H-
bonded) and 1743 cm™' (non-H-bonded), and at the main
chain-melting phase transition, there is an increase in the
relative contribution of the H-bonded population. Because
water is the predominant source of H-bonding donor groups in
those bilayers, this observation is usually interpreted in terms of
phase-state-induced changes in hydration of and H-bonding
interactions in the polar/apolar interfacial regions of those
bilayers.

Finally, the main feature of the C—H deformation region
between 1500 and 1400 cm™" is an absorption band centered
near 1465—1472 cm™' (Figure 11A), which arises from the
methylene scissoring vibrations. This band is sensitive to the
lateral-packing interactions between adjacent hydrocarbon
chains. Thus, it provides information about the nature of the
hydrocarbon chain packing existing within the lipid bilayer,
particularly at lower temperatures where these chains exist in an
all-trans conformation. The relative effects of the incorporation
of 30 mol % Lath or Chol into DPPC bilayers on the thermally
induced changes in these three regions of the IR spectrum are
examined in detail below and correlated with the calorimetri-
cally resolved thermotropic phase changes described above.

CD, Stretching Absorption Bands. Figure 9 shows a
comparison of the temperature-induced changes in the
frequencies and bandwidths of the CD, symmetric stretching
bands exhibited by sterol-free DPPC-dg, bilayers and by DPPC-
dg, bilayers containing either 30 mol % Chol or Lath. The
frequency and bandwidth of the CD, symmetric stretching
bands of pure DPPC bilayers increase sharply at temperatures
centered near 38 °C, consistent with the occurrence of a highly
cooperative hydrocarbon chain-melting phase transition at that
temperature. In contrast, the corresponding temperature-
induced changes in the frequency of the CD, symmetric
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stretching band exhibited by the Chol- and Lath-containing
DPPC bilayers span a considerably broader temperature range,
consistent with the broader hydrocarbon chain-melting phase
transitions exhibited by the sterol-containing samples examined
by DSC (Figure 2). A similar pattern was also observed in plots
of the CH, symmetric stretching bands exhibited by the
corresponding sterol-free and sterol-containing DPPC samples,
although the temperature ranges of those changes are shifted
upward by some 3—4 °C, as expected (data not shown). The
nature of the changes occurring with the Chol-containing
sample was described fully in previous publications from this
laboratory®”®* and will not be examined in detail here. Note
that the curve describing the changes in the CD, symmetric
stretching frequency of the Lath-containing sample is centered
at a lower temperature and spans a broader temperature range
and CD, frequency range than that of the Chol-containing
DPPC mixture, consistent with the broader and more enthalpic
phase transition observed calorimetrically. Moreover, the onset
and completion temperature and the midpoint temperature of
the FTIR spectroscopic and DSC curves coincide closely,
considering that the T, of the DPPC-ds, used in FTIR
spectroscopic experiments is lower than that of the non-
perdeuterated DPPC used in the DSC experiment. These
results indicate that the broad endothermic component
observed by calorimetry arises from a gradual hydrocarbon
chain-melting phase transition of the host DPPC bilayer from a
gel-like to fluid-like phase. Moreover, the higher CD,
frequencies observed at both low and high temperatures in
the Lath-containing, as opposed to Chol-containing, mixtures
suggest that the presence of Lath does not conformationally
order the DPPC hydrocarbon chains to the same extent as the
presence of an equal amount of Chol.

Carbonyl Stretching Absorption Bands. As illustrated in
Figure 10 (top panel), the ester C=O stretching bands
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exhibited by sterol-free DPPC bilayers consist of a broad
envelope comprising two subcomponents centered near 1728
and 1743 cm™. Previous studies from this laboratory have also
shown that similar components are present in Chol-containing
DPPC bilayers, although the relative integrated intensities of
these components differ from those present in the sterol-free
DPPC bilayers.***” Figure 10 also shows the results of a typical
component analysis of ester carbonyl stretching bands of a 30
mol % Lath/DPPC sample. Our analyses indicate that the ester
carbonyl stretching bands of the Lath-containing sample consist
of a summation of three components centered near 1711, 1728,
and 1743 cm™. The presence of the additional low-frequency
ester carbonyl subcomponent near 1710 cm™ indicates that
Lath-rich DPPC bilayers contain a population of H-bonded
ester carbonyl groups that is absent from or negligibly small in
both the sterol-free and Chol-containing DPPC bilayers. The
bandwidth of this low-frequency component is relatively large,
suggesting that there is considerable heterogeneity in the local
environment of the ester C=O groups concerned. Our
analyses of the component structure of the C=O stretching
band envelope also indicate that the contribution of this band
to the integrated intensity of the ester C=O bands is
essentially constant over the entire temperature range studied,
and that temperature- and/or phase-state-dependent changes in
the relative integrated intensities of the other two bands are
considerably smaller than those typical of the corresponding
sterol-free and Chol-rich DPPC bilayers (see Table 1). Thus, it

Table 1. Characterization of the Subcomponents of the Ester
C=0 Stretching Bands Exhibited by Hydrated, Sterol-Free,
and Sterol-Containing DPPC Bilayers”

peak maximum (cm™)  peak width (cm™)  peak area (% of the total)
(A) DPPC and 30 mol % Lathosterol (solid-disordered phase at 6 °C)

1711 37 33.6
1727 27 44.6
1743 18 21.8
(B) DPPC and 30 mol % Lathosterol (liquid-ordered phase at 60 °C)
1711 37 33.6
1729 28 48.4
1743 18 18.0
(C) DPPC (L phase at 6 °C)
1726 27 76
1740 17 24
(D) DPPC (L, phase at 60 °C)
1727 31 82
1741 18 18
(E) DPPC and 30 mol % Cholesterol (solid-disordered phase at 6 °C)
1722 36 80
1740 18 20
(F) DPPC and 30 mol % Cholesterol (liquid-ordered phase at 60 °C)
1721 39 84
1741 21 16

“Parameter values are all rounded to the nearest whole number. Phase
nomenclature follows that of McMullen et al.**

appears that the three-component structure of the ester
carbonyl absorption bands of Lath-rich DPPC bilayers is
relatively insensitive to the temperature and/or the phase state
of the bilayer, behavior that is atypical of the sterol-containing
DPPC bilayers examined so far (for examples, see refs 46, 47,
and 67). The probable basis of the appearance of the additional
lower-frequency population of ester carbonyl groups, and of the
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seemingly anomalous temperature and phase-state dependence
of the ester carbonyl absorption bands of the Lath/DPPC
samples, will be explored in Discussion.

CH, Scissoring Absorption Bands. The left panel in Figure
11 shows a stacked plot illustrating the temperature-dependent
changes in the contours of the CH, scissoring bands arising
from hydrocarbon chain methylene groups in a sample of 30
mol % sterol Lath/DPPC bilayers. At low temperatures, the
main absorption band near 1465 cm™ consists of a relatively
broad asymmetric band envelope that can be resolved into
components centered near 1472 and 1466 cm™'. This
observation is a manifestation of the so-called factor group
splitting of the CH, scissoring band, the result of interchain
coupling of the scissoring vibrations of methylene groups on
all-trans polymethylene chains packed in an orthorhombic
perpendicular subcell (refs 54, 64, and 66 and references cited
therein). Its occurrence in the low-temperature FTIR spectra of
the Lath-containing sample indicates that the DPPC/Lath
bilayers contain extended arrays of closely packed all-trans
DPPC hydrocarbon chains at low temperatures. Upon heating,
the magnitude of the factor group splitting gradually diminishes
and effectively collapses at temperatures near 20 °C, such that a
single symmetrical band is observed at frequencies near 1467
cm™'. When the sample is further heated to temperatures near
and above the hydrocarbon chain-melting phase transition
temperature of the sample, this band broadens considerably.
The latter spectroscopic changes are observed with the sterol-
free and sterol-containing preparations and are consistent with
the increased mobility of the methylene groups that occurs at
lipid hydrocarbon chain-melting phase transitions. However,
the thermally induced collapse of factor group splitting
observed at temperatures well below the onset of the
hydrocarbon chain-melting phase transition is of special
significance to this work, because it is indicative of a thermally
induced weakening of lateral interactions between hydrocarbon
chains. In hydrocarbon chain-homogeneous systems (e.g., pure
DPPC), that process is entirely attributable to thermally
induced increases in the rates and amplitudes of the
reorientational fluctuations of the hydrocarbon chains.
However, with the sterol-containing bilayers, there are also
other potential contributory factors, the nature and significance
of which will be examined later. However, our data also show
that the low-temperature factor-group splitting is not
discernible with the Chol-containing system, and that it is
more pronounced in pure DPPC bilayers than in the Lath-rich
mixtures (Figure 11B). These observations indicate that the
incorporation of ~30 mol % Chol into DPPC bilayers
completely inhibits the formation of extended domains of
laterally interacting, all-trans hydrocarbon chains at low
temperatures, whereas the presence of Lath only partially
inhibits their formation. Given this and the fact that the
formation of sterol-poor DPPC domains within sterol-rich
DPPC bilayers requires some degree of sterol/DPPC demixing,
it follows that the DPPC/Lath mixture must be more prone to
low temperature-induced demixing than the corresponding
Chol/DPPC mixture. This suggestion has important implica-
tions regarding the relative miscibilities of Chol and Lath in
DPPC bilayers, which will be explored in Discussion.

B DISCUSSION

In this comparison of the thermotropic phase behavior of two
sterol/DPPC mixtures, we also note that both Lath and Chol
have planar ring systems but differ in having a double bond at
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A5 (Chol)* or A7 (Lath). We also recently reported a
comparative study of the epimeric 3-cholestanols, which have
no double bond in the steroid nucleus but have a Sa-H
configuration like that of Lath.*’ These three sterols also all
have the same alkyl side chain structure and similar calculated
cross-sectional areas. This implies that the majority of changes
in the thermodynamic parameters of the pretransition and main
transition of DPPC can be reasonably attributed to differences
in the ring B configuration of the respective sterols and,
consequently, their effect on the nature and stoichiometry of
sterol-DPPC interactions and the resulting packing of both
molecules in the bilayer membrane.

Our earlier studies of the comparative effects of the
incorporation of Chol and other sterols on the pretransition
of DPPC also demonstrated that this phase transition persisted
to approximately 10 mol % sterol in the case of Chol, but only
to ~8, ~7, and ~6 mol % in the case of lanosterol,*®
epicholesterol,*” and ergosterol,*® respectively. We rationalized
these results as follows, largely on the basis of the relative cross-
sectional areas of Chol and the other three sterols. Because
Chol has a small cross-sectional area, we reasoned that the
incorporation of a greater amount of Chol would be required to
abolish the hydrocarbon chain tilt in the Ly and P4’ phases of
DPPC to provide a match between the smaller cross-sectional
areas of the saturated hydrocarbon chains relative to the larger
cross-sectional area of the DPPC polar headgroup in the gel
phase, as Chol itself has a very small polar headgroup. Thus, the
larger cross-sectional area of Lan, Erg, and Echol molecules
would make the latter sterols capable of relieving this mismatch
in the cross-sectional area of the DPPC hydrocarbon chains and
polar headgroups at progressively lower sterol concentrations.
We also pointed out that each of these sterols caused more
disorder in the DPPC gel state than Chol, which would further
expand the area of the DPPC hydrocarbon chains, augmenting
the effects due to differences in the intrinsic cross-sectional area
of these sterols. Although this explanation still seems reasonable
to us, these results with Lath/DPPC mixtures, and our recently
published results with comparable cholestanol/DPPC mix-
tures,*” would not be expected on the basis of this reasoning,
because although both sterols have cross-sectional areas similar
to that of Chol, they nevertheless still abolish the pretransition
at sterol concentrations of only ~6—7 mol %. Moreover, our
unpublished FTIR results do not indicate that cholestanol
disorders the hydrocarbon chains in gel-state DPPC bilayers to
a greater extent than Chol. Thus, our results do not in fact
support the idea that the effects of various sterols on the
pretransition of PC bilayers are exclusively or even primarily
determined by their relative cross-sectional areas. Therefore,
there must be another molecular explanation for these results,
such as differences in sterol tilt angles and/or the number and
strength of sterol—water—PC H-bonds in the polar headgroup
and interfacial regions.ég_70 The resolution of these issues will
require additional X-ray diffraction and other studies to
determine the underlying molecular mechanism. However, we
can conclude from our data that the difference in the position
of the double bond in ring B of Lath and Chol produces a clear
difference in their abilities to abolish the pretransition of DPPC,
even to the extent that the presence of a double bond at C7 of
Lath has the same effect as its complete removal, as in
cholestanol. However, the presence of the A7 double bond in
Lath does produce a biphasic dependence of the T, on sterol
concentration, an effect not seen previously in our studies of
Chol/DPPC mixtures or those containing any other sterol.
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The AT/’ values of Lath- and Chol-containing DPPC
mixtures (Figure 6E) show that both sterols broaden the chain-
melting phase transition of the sterol-rich domain of the DPPC
bilayer in a similar fashion up to ~25 mol % sterol. If Chol is
more miscible than Lath at higher sterol concentrations in the
DPPC bilayer, the peak half-width of the Chol/DPPC
endotherm should be significantly greater than that of Lath-
containing DPPC mixtures. Figure 6E clearly shows that above
25 mol % sterol, Chol continues to broaden the chain-melting
phase transition significantly, whereas the corresponding
AT, /zbrd values obtained for the Lath/DPPC mixtures plateau
above 30 mol % sterol. This suggests that Lath less effectively
perturbs the melting of the DPPC acyl chains with an
increasing sterol concentration and that it may be approaching
its miscibility limit in the sterol-rich DPPC bilayer above 30
mol % sterol.”>’® Our FTIR measurements of 30 mol % Lath/
DPPC-dy, samples obtained at lower temperatures certainly
suggest that Lath is intrinsically less miscible than Chol in the
sterol-rich DPPC domain, as has previouslgf been suggested on
the basis of monolayer measurements.>”** However, a simple
miscibility limit above 30 mol % Lath is not consistent with the
decreasing values of AH_"™ above 30 mol % sterol observed
here (Figure 6F), indicating that Lath continues to be
incorporated to a reduced degree into the DPPC bilayer, but
not to the extent that the DPPC chain-melting phase transition
is abolished entirely at SO mol %. This result also suggests a
more complex interpretation is necessary in this case (see
below).

Corresponding AT, /zb‘d values of cholestanol/DPPC mix-
tures* above 30 mol % sterol are intermediate between those
of Chol and Lath (Figure 6E), suggesting that the bilayer can
accommodate the saturated sterol at high concentrations,
although it is not as fully miscible as Chol in Chol/DPPC
mixtures, in agreement with both monolayer film and
fluorescence microscopy studies, which have shown that the
cholestanol/DPPC mixtures have molecular areas similar to but
collapse pressures significantly lower than those of Lath- or
Chol-containing DPPC mixtures.””””" More recent measure-
ments over a wide range of pressures show that the cholestanol
has a slightly smaller molecular area, but a greater deviation
from packing ideality, than Chol or Lath,” indicating significant
differences in the relative proportion of interactions between
like and unlike pairs.”> The sterol miscibility in the DPPC
bilayer with an increasing concentration determines the extent
of laterally segregated liquid-ordered domains in the sterol/
DPPC mixture,*”*7%7*

It is also interesting that corresponding values of AT /ZShP
and AT, ), (Figure 6B,E) follow a different incremental order
in each panel at higher sterol concentrations in the respective
sterol-rich domains. In the sterol-poor domain, Lath is slightly
more effective than Chol in broadening the DPPC gel to liquid-
crystalline phase transition, whereas in the sterol-rich domain
above 30 mol % sterol, Chol more effectively broadens the
DPPC chain-melting phase transition than does Lath. A
comparison with the AT),, values for the corresponding
cholestanol/DPPC mixtures®® reveals that the different
incremental order (unlike the corresponding T, 0P/ valyes)
is the result of a significant change in the ability of Chol to
broaden the phase transition of DPPC bilayers and the relative
proportions of more ordered and less ordered sterol-rich
domains relative to those of Lath/DPPC and cholestanol/
DPPC mixtures. This most likely signifies a difference in the
miscibility of Lath and Chol in the sterol-enriched more
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ordered versus the less ordered phases of DPPC, reflecting
differences in the balance of favorable sterol—lipid interactions
in Lath/DPPC and Chol/DPPC bilayers, arising from their
different chemical configurations. These interactions have
several potential consequences for the sterol/lipid bilayer
properties, which we will discuss below.

To ascertain the underlying nature of the molecular
contributions determining the physical properties of DPPC
mixtures containing either Lath or Chol, we must examine our
present DSC and FTIR results in a broader context. Our FTIR
analyses of the ester C=O absorption bands exhibited by the
Lath/DPPC mixtures (30 mol %) show a multicomponent
band envelope containing components comparable to those
observed in the sterol-free and Chol-containing preparations
(ie, ~1743 and 1728 cm™") and an additional low-frequency
component (~1710 cm™) that is either absent from or
negligibly small in both the sterol-free and Chol-containing
DPPC bilayers. Comparable behavior have been noted with
Erg-rich DPPC bilayers*® and in fully hydrated PE bilayers,”®
for which the low frequency was attributed to a population of
strongly H-bonded ester C=O groups. Although the physical
basis of this behavior is unclear, the only sources of H-bonding
donor groups in the bilayer interface are water and the Lath
hydroxyl group. Moreover, the amount of water available for
potential H-bonding interaction with the DPPC carbonyl
groups is considerably greater than the amount of sterol
present. Therefore, in the presence of an excess of water,
considerations of mass action effects alone would suggest that
the two populations of H-bonded ester C=O groups are more
likely to arise from different populations of water-bonded C=
O groups rather than from discrete populations of sterol-
bonded and water-bonded ester carbonyl groups. Thus, when
compared with the case for the Chol-rich bilayers, the
occurrence of this additional population of H-bonded ester
carbonyls in the Lath-rich DPPC bilayers could be reflecting
differences between the hydration and overall polarity of the
bilayer interface arising from the differences between the
positions of the sterol ring C=C bond. However, because the
total number of H-bonded DPPC carbonyl groups is not
greatly different in the Lath/DPPC and Chol/DPPC binary
mixtures containing 30 mol % sterol (2.0 and 1.7 carbonyl
groups per DPPC molecule, respectively), we cannot rule out a
different contribution of sterol hydroxyl and DPPC carbonyl
interactions.

The weak temperature dependence in the CH, scissoring
absorption bands in the more ordered I, phase region of the 30
mol % Lath/DPPC mixture provides evidence of low-
temperature sterol-DPPC demixing in the Lath-containing
but not in the Chol-containing mixture. Thus, the weak
temperature dependence of the C=O stretching and CH,
scissoring bands seen at lower temperatures may arise from the
lower miscibility of Lath in the more ordered [, phase of DPPC
and consequently a difference in the miscibility of Lath across
the DPPC chain-melting phase transition. This is one possible
explanation for the disparate behavior evident in a comparison
of the AT, /zbrd and AH_ "¢ values, which show that the
AT, ,” parameter for Chol becomes infinitely broad above 40
mol % whereas that for Lath does not increase above 30 mol %
sterol (Figure 6E). However, if Lath is completely immiscible in
the DPPC bilayer at higher sterol concentrations, the AH, ™™
parameter should not continue to decrease above that
concentration, supporting the idea of a mixture of sterol- and
DPPC-rich domains differing in their cooperativity being
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present. Although the AT,,” parameter certainly reflects
the influence of sterol immiscibility in our studies of
epicholestanol/DPPC and epicoprostanol/DPPC mixtures at
high sterol concentrations, because the decrease in AH,™
values is small here,*”*® AT, may be reporting a
combination of properties in the sterol/lipid bilayer in the
case of Lath-rich DPPC bilayers.

Our interpretations raise important questions about a
potential molecular mechanism explaining the differences in
our DSC and FTIR measurements of Chol- and Lath-
containing DPPC mixtures. Although there is a difference in
the H-bonding interactions between water and the PC carbonyl
groups in the Lath/DPPC and Chol/DPPC bilayers, we cannot
eliminate potential contributions to the properties of the sterol-
poor and sterol-rich domains of these respective sterol/DPPC
systems arising from differences in sterol tilt or from a
combination of sterol tilt and interfacial hydration, however
defined.”*~” Our preliminary computer chemistry calculations
over a wider range of ring and alkyl side chain conformational
space show significant differences in the average vector of the
molecular dipole moment above and below the plane of the
ring system between Drieding-minimized molecular models of
Lath and Chol. It is known that external electric fields can
interact with the molecular dipole and, consequently, determine
the mean two-dimensional tilt of the molecule about its long
axis in condensed monolayer films.*>®" Similar behavior has
been observed in the smectic C phase of liquid crystals,*>** and
such effects are moderated by the electronic structure of the
molecules in the molecular assembly®*®* and also by the phase
structure.® Moreover, measurements of pure and mixed lipid
films have found a relationship among molecular tilt, dipole
density, and domain shape.*’ ™ Although the latter reports
contain measurements of lipid monolayer films rather than lipid
bilayers, they suggest a possible physicochemical mechanism
behind the stoichiometric dependence of the thermotropic
phase behavior seen in the Lath/DPPC and Chol/DPPC
mixtures measured by DSC and FTIR spectroscopy in this
study, linking the sterol chemical configuration, conformation,
electronic properties, dipole moment, and molecular tilt in the
DPPC bilayer, which are consistent with recent molecular
modeling calculations of sterol/DPPC bilayers®®”¢~7*?'~% and
empirical thermodynamic models.””*®

The DSC and FTIR measurements described above show
that having a double bond in ring B is better than having no
double bond at all, but sterols with a A double bond are more
miscible and better able to abolish the chain-melting phase
transition than those with a A7 double bond. This observation
has important ramifications when membrane-associated pro-
cesses are under biophysical rather than under biochemical
control. If our interpretations of the results presented here and
those in the literature are reasonable, the underlying
interactions between sterols and phospholipids may be more
complicated than has previously been envisaged.

It has been reported that Chol plays multiple roles in
eukaryotic and even in sterol-dependent prokaryotic cells (see
ref 24). In addition to its well-known bulk role in regulating the
fluidity and order of the lipid bilayer of the plasma membrane,
much smaller amounts of Chol are also involved in regulating a
number of biochemical and cell biological processes. The
former role seems to require any of a series of membrane-active
sterols having the same general chemical structure as Chol, but
the latter can be quite specific for Chol (or a related sterol).
Thus, in certain yeast,””'% fungi,'"’ or mycoplasma* sterol
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auxotrophs, a variety of Chol analogues will support cell growth
only if supplemented with very small amounts of Chol (or
other sterol), which by itself is not capable of supporting
growth at such low concentrations. Interestingly, in yeast, the
A* isomer of Chol, by itself, is not able to support growth at
such low concentrations. Similarly, several Chol auxotrophic
mammalian cell lines do not grow when supplemented with
either the cholestanol or the A* or A7 isomer of Chol.'"?
Moreover, the fully saturated Chol analogue cholestanol alone
is unable to support the growth of auxotrophic yeast® or
fungi.101 However, in the silkworm, although growth was much
better with Chol, moderate growth was observed with
cholestanol and Lath alone.'® Taken together, these findings
indicate that the presence and position of the double bond in
Chol analogues can be crucial in supporting cell growth, if not
membrane bilayer fluidity. However, the results presented in
this study and others reviewed in the introductory section
indicate that the physical properties and interactions of Lath
with phospholipid bilayers are sufficiently different from those
of Chol that they support the hypothesis that Lath may exert
some of its deleterious effects on cell growth and development
via a membrane-based biophysical mechanism, in addition to
biochemical and regulatory processes.
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phosphatidylcholine; DOPC, dioleoylphosphatidylcholine;
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field gradient; POPE, 1-palmitoyl-2-oleoylphosphatidylethanol-
amine; TP, pretransition temperature maximum; T, main
transition temperature maximum; AH, transition enthalpy;
AT, width of the phase transition at half-height, inversely
related to the cooperativity of the phase transition; Ly and Ly,
lamellar gel phases with tilted and untilted hydrocarbon chains,
respectively; Pg, rippled gel phase with tilted hydrocarbon
chains; L, lamellar liquid-crystalline phase; I, lamellar liquid-
ordered phase; [; lamellar liquid-disordered phase. The
superscripts shp and brd appended to the thermodynamic
parameters refer to the sharp and broad components of the
main phase transition of the sterol-containing DPPC bilayers,
respectively.
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