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Abstract
Studying the nature of interactions between the sterol ring system and neigbouring phospholipid molecules is important for our under-
standing of the properties of sterols in biological molecules and the role of such interactions in many disease processes. In this project, 
the thermotropic phase behaviour of binary dipalmitoylphosphatidylcholine (DPPC)/sterol mixtures with different sterol ring configura-
tions (C5,6 double bond, 5α-H and 5β-H orientation and either 3α-OH, 3β-OH, 3-ketone functional groups) was investigated using 
differential scanning calorimetry (DSC) and was compared to earlier studies of cholesterol/ and epicholesterol/DPPC mixtures. Given 
the differences in the thermodynamic parameters obtained from these mixtures and their associated changes in bilayer stability and 
miscibility, it is clear that changing the sterol chemical configuration has a significant effect on bilayer properties. Any sterol molecule 
whose ring structure deviates from that of cholesterol is unlikely to be fully miscible in mammalian membranes.

Introduction
The lipid bilayers of biological membranes contain a 

wide range of phospho- and glycolipids, as well as other 
amphiphilic molecules differing in their chemical structure. 
Of those, sterols such as cholesterol (Chol) are among 
the most commonly identified membrane constituents, 
modulating the physical properties and lateral organization 
of the plasma membrane lipid bilayer. Chol has an 
equatorially orientated C3-OH group in ring A of the steroid 
nucleus (Fig 1), which has been identified to be planar and 
rigid, a double bond at C5,6 in ring B, and an alkyl side-chain 
at C17 of the cyclopentane ring. The small polar headgroup 
and large hydrophobic ring and side-chain anchor Chol in the 
phospholipid bilayer with the long axis of the sterol molecule 
lies parallel to the lipid acyl chains and the polar headgroup 
sitting in the bilayer interface. Biological membranes are 
fluid at physiological temperatures but are thought to be 
regionally heterogeneous, containing lipid microdomains 
or rafts, which are enriched in tightly-packed, structurally 

important lipids, such as sphingomyelin (SpM) and Chol. 
These ordered microdomains are surrounded by regions of 
more disordered lipids, enriched with phosphatidylcholines 
(PCs) and other phosphoglycerolipids. Lipid rafts from 
diverse natural sources contain sterols with different 
chemical configurations, whose structure is supposedly 
optimized to maintain the permeability, fluidity, elasticity, 
and curvature of the host membrane. However, relatively 
little is understood about how systematic changes in sterol 
structure affect those physical parameters through their 
interactions with surrounding lipid molecules. Nevertheless, 
the various sterol structures differ in their effects on the 
chain-melting phase transition of the host membrane 
lipids and in their condensing and ordering of the liquid-
disordered bilayer to create liquid-ordered domains, which 
differ in their bulk physical properties relative to a sterol-
free bilayer composition.

Several important human and mammalian diseases have 
been associated with the membrane sterol content and with 
lipid rafts in particular. These include neurodegenerative 
diseases such as Parkinson’s and Alzheimer’s (1-3), 
viral- (4-6) and prion-associated diseases (7,8), bacterial 
infections (9), as well as diabetes (10) and some cancers 
(11,12), all of which have a common site of action on 
the cell membrane: the lipid rafts (13). In these diseases, 
metabolic dysfunctions or the binding of infectious agents 
disrupt the cell biochemistry by means of associated 
physical mechanisms (11-14), eventually leading to 
changes in cell metabolism and, through changes in 
lipid signaling pathways, producing either cell growth 
or death and disease manifestation (15). Recent studies 
indicate that once the above processes begin, lipid raft 
reorganization occurs because of the separation of the lipid 
constituents and their lateral redistribution (16,17), together 
with changes in the localized concentration of important 
proteins and cell surface antigens on the membrane surface 
(17,18). However, how changes in lipid and sterol structure 
influence these demixing processes are not completely 
understood.

Our understanding of the nature of interactions between 
sterol and lipid molecules in biological membranes is also 

Figure 1. The chemical structure of a typical sterol (top), cholesterol, with both 
carbon atom numbering and ring identification. This study investigates the effect 
of changes in the chemical structure of the steroid ring system on ring confor-
mation and electronics. Changing the stereochemistry at C-3 and removing the 
carbon 5-6 double bond introduces a new stereocentre at C-5. The chemical 
structure of 1,2-dipalmitoyl-3-sn-phosphatidylcholine (bottom), the phospholipid 
matrix used in this study.
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incomplete. While there have been many investigations 
into the effects of Chol on the gel/liquid-crystalline (Pα’/
Lα) phase transition of model phospholipids with a range 
of headgroup structures and with either saturated or 
unsaturated acyl chains (19-26), there have been relatively 
few studies in which the sterol tetracyclic ring and isooctyl 
side-chain have been systematically varied. This situation 
arises because of the limited number of natural sterols 
that are commercially available at reasonable cost and the 
absence of a substantial pool of sterol structural motifs 
among those products. Thus, it is difficult to understand 
the roles played by variations in the number of functional 
groups, their position, and orientation in the tetracyclic ring 
system and the alkyl side-chain and, consequently, the 
changes in the conformational and electronic contributions 
arising from each sub-structure. All of these contributions 
affect the sterol molecular conformation and modify the 
bilayer physical properties.

Previous work in our laboratory used differential scanning 
calorimetry (DSC) to study the thermotropic phase behavior 
of binary Chol and epicholesterol (EChol; axial C3-OH  
group)/dipalmitoylphosphatidylcholine (DPPC) mixtures 
(24). Summarized briefly, the Chol/EChol study indicated 
that the incorporation of EChol is more effective than Chol 
in reducing the enthalpy of the pretransition of DPPC and is 
initially more effective than Chol in reducing the enthalpies 
of both the sharp and broad components of the main phase 
transition of DPPC, which arising from the sterol-poor and 
sterol-rich regions, respectively. However, at 30-50 mol% 
EChol sterol concentrations, EChol becomes less effective 
than Chol in reducing the enthalpy and cooperativity of 
the main phase transition, such that although at sterol 
concentrations of 50 mol%, EChol, unlike Chol, does not 
completely abolish the cooperative hydrocarbon chain-
melting phase transition of DPPC, it does not appear to 
form a calorimetrically detectable micro-crystalline phase at 
higher sterol concentrations. This illustrates the importance 
of Chol in biological membranes. Spectroscopic and other 
results indicate that monomeric EChol is less miscible in 
DPPC bilayers than is Chol at higher sterol concentrations, 
but perturbs their organization to a greater extent at lower 
concentrations, probably due to the lower position of EChol 
in the bilayer interface. 

This evolving molecular perspective from previous work 
on binary sterol/DPPC mixtures is extended here to include 
the cholesterol ketone (5-cholesten-3-one,  CholK), and 
four sterols and two steroids with no double bond in ring 
B with the 5α-H and 5α-H conformation at the junction 
of rings A and B and either a 3α-OH, 3α-OH, or 3-ketone 
functional group. Two- and three-dimensional structures 
of these sterols and steroids are shown in Figs 2-4. The 
5α-H and 5α-H sterols (corprostanol and epicoprostanol, 
respectively) are found in sewage and marine sediments 
and soil, and are thought to be Chol reduction products 
produced by gut and soil bacteria (27). The steroids are 
oxidation products of the corresponding alcohols and are 
early intermediates in the biosynthesis of bile acids and 
hormones (28).

	  

Figure 2. Molecular models of cholesterol (left column), epicholesterol (middle 
column), and keto-cholesterol (right column). The top row panels show the 2D 
structure of these sterols, the middle row panels show views normal to the plane 
of the sterol ring and the bottom row panels show views parallel to the plane 
of the sterol ring.  The C-3 hydroxyl and ketone groups are colored in red.  The 
molecules were minimized using DSviewer 5.0 (Accelrys Software Inc., San 
Diego, CA).

Figure 3. Molecular models of 5α-cholestan-3β-ol (left column), 5α-cholestan-
3α-ol (middle column), and 5α-cholestan-3-one (right column). The top row 
panels show the 2D structure of these sterols, the middle row panels show views 
normal to the plane of the sterol ring and the bottom row panels show views 
parallel to the plane of the sterol ring.  The C-3 hydroxyl and ketone group are 
colored in red and the 5α proton is highlighted in yellow. The molecules were 
minimized using DSviewer 5.0 (Accelrys Software Inc., San Diego, CA).

Figure 4. Molecular models of 5β-cholestan-3β-ol (left column), 5β-cholestan-
3α-ol (middle column), and 5β-cholestan-3-one (right column). The top row 
panels show the 2D structure of these sterols, the middle row panels show views 
normal to the plane of the sterol ring and the bottom row panels show views 
parallel to the plane of the sterol ring.  The C-3 hydroxyl and ketone group are 
colored in red and the 5α proton is highlighted in yellow. The molecules were 
minimized using DSviewer 5.0 (Accelrys Software Inc., San Diego, CA).
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Experimental Procedures
The DPPC and Chol (both 99% pure) were both 

obtained from Avanti Polar Lipids (Alabaster, AL), whereas 
the remaining sterols and steroids (all 98% pure by TLC) 
were supplied by Steraloids Inc. (Newport, RI). All organic 
solvents were analytical grade and were redistilled before 
use. Hydrated samples for DSC were prepared exactly 
as described previously (23). The dry DPPC:sterol films 
were dispersed in 1 ml deionized water by vigorous vortex 
mixing at temperatures near 55-60 °C, degassed, and 900 
μl aliquots were used for gathering DSC thermograms 
of the main phase transition using a high-high sensitivity 
multi-cell DSC instrument and 324 μl aliquots for the 
pretransition using a high-sensitivity Nano DSC (both from 
Calorimetry Sciences Corporation, Lindon, UT), at a scan 
rate of 10 °C/h. The quantity of lipid in the DSC samples 
was progressively increased with additional sterol content 
to ensure better resolution of the broad low-enthalpy 
thermotropic transitions, as described earlier (25).

The data were analyzed using Origin 7.5 (OriginLab 
Corporation, Northampton, MA). The midpoint 
temperatures, peak widths at half height (inversely related to 
cooperativity) and areas of the components (proportional to 
the enthalpy) seen in complex endotherms were estimated 
with the aid of the Origin non-linear least squares curve- 
and peak-fitting procedures and a custom-coded function 
based on the assumption that the observed thermogram is 
a linear combination of components, each of which could 
be approximated by a reversible two-state transition at 
thermodynamic equilibrium. The equations used to develop 
the fitting function are described elsewhere (29).

Results
The overall pattern of thermotropic phase behaviour 
observed in sterol/DPPC dispersions

DSC heating scans of DPPC dispersions containing 
different concentrations of the nine sterols and steroids are 
shown for comparative purposes in Fig 5. In the absence of 
sterols, DPPC heating scans show two sharp endothermic 
peaks initially centered ~35 °C and ~41.7 °C, which 
correspond to the so-called pretransition, a transition 
from a lamellar gel phase with tilted hydrocarbon chains 
to a rippled gel phase with tilted hydrocarbon chains (Lα’/
Pα’), and a main phase transition from a rippled gel phase 
to a liquid-crystalline phase (Pα’/Lα), respectively. From 
these thermograms, we can measure the phase transition 
temperature, T (˚C), as a function of sterol concentration. 
Increases in T reflect the ability of the sterol to stabilize and 
order the DPPC gel phase. Corresponding measurements 
of ΔT½ (˚C), the width of the phase transition at half height, 
which is inversely related to the cooperativity of the phase 
transition, measures the ability of the sterol to broaden the 
phase transition. Increasing the concentration of molecule 
A (sterol) in molecule B (lipid) typically increases ΔT½ if the 
two molecules are miscible. The phase transition enthalpy, 
ΔH (kcal/mol), is a measure of the energy required for 
the lipid/sterol mixture to undergo a phase change. The 
ability of the sterol to abolish the phase transition can 
be positively correlated to the miscibility of the sterol in 
the DPPC bilayer. If ΔH = 0, the sterol is essentially fully 

miscible in the bilayer.
Normally in sterol/DPPC mixtures, increasing the 

sterol concentration gradually reduces the pretransition 
temperature (Tp), broadens the pretransition (ΔTp½), and 
eventually abolishes the enthalpy (ΔHp). Similarly, for the 
main phase transition, increasing the sterol concentration 
initially produces a multi-component endotherm that 
consists of a sharp component that is progressively reduced 
in temperature (Tm

shp), broadened (ΔT½
shp) and reduced in 

enthalpy (ΔHm
shp), and a broad component that may either 

increase (increase stability) or decrease (decrease stability) 
in temperature (Tm

brd), broaden (ΔT½
brd), and normally initially 

increase, then decrease in enthalpy (ΔHm
brd). Overall, with 

increasing sterol concentration, the sharp component 
disappears as the broad component grows, and the 
sum of these two components gives the total enthalpy 
of the main phase transition (ΔHm

tot). However, there are 
important qualitative differences in the effect of sterol ring 
structure and conformation on the DPPC pretransition and 
on the two components of the main phase transition, as 
discussed below.

Figure 5. DSC thermograms illustrating the effect of cholesterol1 (A), epicholes-
terol1 (B), 5-cholesten-3-one (C), 5α-cholestan-3β-ol (D), 5α-cholestan-3α-ol 
(E), 5α-cholestan-3-one (F), 5β-cholestan-3β-ol (G), 5β-cholestan-3α-ol (H), 
and 5β-cholestan-3-one (I) on the gel/liquid-crystalline phase transition of 
DPPC.  The mixtures were heated and cooled at 10 °C/h (to maximize resolu-
tion and minimize artifacts). The thermograms shown were acquired at the sterol 
concentrations (mol%) indicated and have all been normalized against the mass 
of DPPC used. Y-axis scaling factors are indicated on the left-hand side of each 
thermogram.1 Ref 24.
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The effects of sterols on the pretransition of DPPC
The gradual elimination of the pretransition in the 

DSC heating scans with increasing sterol concentration 
are shown in Fig 6 and the derived thermodynamic 
parameters defined above are shown in Figs 7 (grouped 
by the functional group at carbon 3) and 8 (grouped by the 
conformation of carbon 5). All sterol/DPPC mixtures show 
a reduction in Tp with increasing sterol concentration (Figs 
7,8 A-C), but mixtures containing the steroids are more 
effective at destabilizing the Lα’ phase and at perturbing 
the phase transition than the corresponding sterols. A 
notable exception to this trend is 5α-H,3-K, where Tp 
levels off at ~32 °C. The 3α-ols destabilize the Lα’ phase 
less than 3α-ols, with the largest differences of ~2 °C 
within the C5,6 double bond group (3α-ol, 3α-ol, 3-K), 
but shows almost perfect overlap within the 5α-H group 
(3α-ol, 3α-ol, 3-K). ΔTp½ increases most rapidly for EChol 
and Chol, demonstrating their ability to better disorder the 
pretransition (Figs 7D, 7E, 8D).  The 5α-H sterols have a 
similar effect on the DPPC transition, although the 5α-H,3α-
ol/5α-H,3α-ol pair show fewer differences between each 
other than those of the EChol/Chol pair (Figs 8D & E). When 
the data from the three ketones are compared (5α-H, 5β-
H, C5,6 double bond), the curves reach a maximum at 

Figure 6. DSC thermograms illustrating the effect of cholesterol1 (A), epicholes-
terol1 (B), 5-cholesten-3-one (C), 5α-cholestan-3β-ol (D), 5α-cholestan-3α-ol 
(E), 5α-cholestan-3-one (F), 5β-cholestan-3β-ol (G), 5β-cholestan-3α-ol (H), and 
5β-cholestan-3-one (I) on the pre-transition of DPPC. The mixtures were heated 
and cooled at 10 °C/h (to maximize resolution and minimize artifacts). The ther-
mograms shown were acquired at the sterol concentrations (mol%) indicated on 
the panels left side and have all been normalized against the mass of DDPC used. 
Y-axis scaling factors are indicated on the right-hand side of each thermogram. 
The * indicate the highest mol% where the pre-transition was observed.1 Ref24.

Figure 7.The effect of increases in sterol concentration on Tp (A-C), ΔT1/2 (D-F), 
and ΔHp (G-I) on the pretransition of DPPC. These parameters are grouped by 
C-3 functional group. The left column is the C-3β-hydroxyl sterols, the middle 
column is the C-3α-hydroxyl sterols, and the right column is the C-3-keto-
steroids. When a standard error bar is not visible, it is less than or equal to the 
symbol dimensions. Data for cholesterol and epicholesterol is taken from Ref 24.

Figure 8. The effect of increasing sterol concentration on Tp (A-C), ΔT1/2 (D-F), 
and ΔHp (G-I) on the pretransition of DPPC. These parameters are grouped by 
C-5 functional group.  The left column is C-5,6-double-bond sterols, the middle 
column is 5α-sterols, and the right column is 5β-sterols.  When a standard 
error bar is not visible, it is less than or equal to the symbol dimensions. Data for 
cholesterol and epicholesterol is taken from Ref 24.

Figure 9. Typical peak-fitting deconvolution analysis of the DSC thermograms 
exhibited by 15 mol% cholesterol1 (A), 15 mol% epicholesterol1 (B), 15 mol% 
5-cholesten-3-one (C), 15 mol% 5α-cholestan-3β-ol (D), 15 mol% 5α-cholestan-
3α-ol (E), 15 mol% 5α-cholestan-3-one (F), 15 mol% 5β-cholestan-3β-ol (G), 
10 mol% 5β-cholestan-3α-ol (H), and 10 mol% 5β-cholestan-3-one/DPPC (I) 
mixtures heated and cooled at 10°C/h .  To facilitate visibility, the filled curves are 
slightly displaced along the y-axis. The analysis is performed using a custom 
coded algorithm for a first-order phase transition.1 Ref 24.



15

M. G. K. Benesch et al. / Eureka 2 (2011)

~3 mol% and then decrease (Fig 7F). Similar behaviour is 
observed in a comparison of the ΔTp½ values for 5α-H (3α-
ol, 3α-ol, 3-K), but the result is less consistent and shows 
more scatter (Fig 8E). In the case of 5α-H (3α-ol, 3α-ol, 3-K), 
the curves smoothly and consistently achieve a maximum 
ΔTp½ of ~3-4 °C before steadily decreasing to ~2 °C (Fig 
8F), suggesting the existence of at least two components 
in their pretransition endotherms. The significance of this 
observation is discussed later.

All sterols and steroids are more effective in decreasing 
ΔHp than Chol (Fig 7,8 G-I), abolishing the pretransition 
by ~5-7 mol%, whereas it persists up to ~10 mol% in 
the Chol/DPPC mixtures. This indicates that these sterols 
and steroids occupy a larger cross-sectional area than 
Chol and/or disorder the hydrocarbon chains of adjacent 
DPPC molecules to a greater extent. This allows relief 
of the area mismatch between the relatively larger PC 
polar headgroups and the relatively smaller hydrocarbon 
chains, such that energetically unfavorable chain tilting 
is not required at lower sterol concentrations. Among all 
of the 3α-ols (5α-H, 5α-H, C5,6 double bond), the 5α-H 
sterol more effectively abolishes the pretransition than the 
5α-H sterol (5 mol% versus 7 mol%; Fig 7G), In contrast, 
with the 3α-ols (5α-H, 5α-H, C5,6 double bond), the 5α-H 
sterol more effectively abolishes the pretransition than the 
5α-H sterol (Fig 7H). The trends change for the steroids, 
with CholK more effectively abolishing the pretransition, 
and 5α-H,3-K being the least effective below 4 mol%, and 
5α-H,3-K being the most effective at higher concentration 
(Fig 7I). A comparison based on the C5,6-conformation 
shows that within this group, CholK more effectively 
abolishes the pretransition than either Chol or EChol, with 
EChol being marginally better at reducing the enthalpy than 
Chol (Fig 8G). The plots show more overlap for the 5α-H 
and 5α-H groups, with 5α-H,3-K being the least disruptive 
below 3 mol%, but 5α-H,3α-ol and 5α-H,3-K appear to be 
equally more disruptive than 5α-H,3α-ol at higher sterol 
concentrations (Fig 8H). For the 5α-H group, the 3α-ol most 
effective abolishes the pretransition, whereas like 5α-H,3-K, 
5β-H,3-K is initially the least disruptive, but becomes more 
effective than the 5α-H,3α-ol above 2 mol% (Fig 8I).

The effects of sterol concentration on the main phase 
transition of DPPC

The DSC data shown in Fig 5 indicates that at low to 
moderate sterol concentrations, all sterol-containing DPPC 
bilayers exhibit asymmetric thermograms for the main Pb'/
La phase transition, which consists of overlapping sharp 
and broad thermal events representing the melting of 
sterol-poor and sterol-rich domains respectively (Fig 9). 
For the deconvolved sterol-poor component of DPPC/
Chol mixtures, Tm

shp
 decreases (destabilization of the 

Pα’ phase), ΔT½
shp increases (perturbation of the phase 

transition of the sterol-poor domain), and ΔHm
shp decreases 

(abolishing the sterol-poor domain phase transition). The 
broad component shows a more complex dependence on 
sterol content and, in most cases, is the only component 
persisting at higher sterol concentrations. Perhaps the most 
significant observations are that for DPPC/Chol mixtures: 
Tm

brd
 continues to increase at high sterol concentrations, 

signifying a stabilization of the gel state. Concurrently, the 
ΔT½

brd increases significantly above 30 mol% sterol and the 
ΔHm

brd is completely abolished, indicating that additional 
Chol enters the DPPC bilayer and that it is fully miscible 
with DPPC at higher concentrations. This forms a stable 
and ordered lamellar phase. However, there are significant 
differences in the trends observed in the thermodynamic 
parameters obtained from binary lipid/sterol mixtures with 
changes in sterol structure (23-25) indicating the subtle 
influences of sterol structure on the DPPC gel and liquid-
crystalline bilayer properties, which have been largely 
ignored in favor of the myth that Chol possess a rigid ring 
system with a flexible but fully extended side chain. In the 
sections below, a detailed report is provided about the 
effects of changes in sterol ring chemical structure on the 
sharp and broad components of the DPPC main phase 
transition and their potential consequences on lateral 
phase separation in lipid rafts.

The effects of sterols on the sharp component of the 
DPPC main phase transition 

Panels A of Figs 10-12 shows a gradual decrease in 
Tm

shp with increasing sterol concentrations for each sterol/
DPPC system. Among the 3β-ols, 5β-H,3β-ol shows the 
greatest decrease in Tm

shp and, thus, the greatest gel phase 
destabilization. In contrast, 5α-H,3β-ol and Chol show similar 
curves in which there is only moderate destabilization (Fig 
10A).  Whereas The ΔT½shp of 5β-H,3β-ol broadens rapidly 
up to 15 mol%, those of Chol and 5α-H,3β-ol increase 
more slowly and persist up to 20 mol% sterol (Fig 10B). On 
the other hand, there is not much difference in the ΔHm

shp 

values for the 3β-ols, where the transition is abolished 
between 15 mol% for the 5β-H,3β-ol and 20 mol% for 
both Chol and 5α-H,3β-OH (Fig 10C). This suggests that 
C5-conformation changes do not significantly alter the 
ability of the 3β-ols to abolish the transition in the sterol-
poor domains. Among all of the 3α-ols, 5β-H,3α-ol shows 
the greatest decrease in Tm

shp, but the sharp component of 
EChol and 5α-H,3β-ol level off at 10-15 mol% sterol and 
persist until 40 mol% and 50 mol% sterol, respectively. 
This may indicate a difference in the sterol concentration-
dependent partitioning between the sterol-poor and sterol-
rich domains (Fig 11A). Corresponding ΔT½

shp values show 
that 5β-H,3α-ol has the greatest ability to broaden the main 
transition sharp component at low sterol concentrations, 
while EChol and 5α-H,3α-ol are more effective at higher 
sterol concentrations (Fig 11B).  Up to ~7 mol%, all three 
3α-ols (5α-H, 5α-H, C5,6 double bond) show the same 
negative enthalpy coefficients. EChol though does not 
abolish the sharp component by 40 mol% and 5α-H,3α-ol 
is the least effective overall, showing a value of ~1 kcal/
mol at 50 mol% sterol (Fig 11C). The steroids (5α-H, 5α-
H, C5,6 double bond) are similar in the initial decrease of 
ΔT½

shp, indicating that they destabilize the Pb' phase to the 
same extent (Fig 12A). 5β-H,3-K is marginally better at 
broadening the main transition below 7 mol% steroid than 
CholK.  Above 7 mol% steroid, CholK significantly broadens 
the gel/liquid crystalline phase transition of the sterol-poor 
region, whereas 5α-H,3-K is only moderately effective. (Fig 
12B). The steroids abolish the sharp component of the 
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main transition fairly similarly with 5β-H,3-K being the best, 
disappearing at 10 mol%, whereas 5α-H,3-K persists to 25 
mol% (Fig 12C).  

Figs 13-15 re-plot the data from Figs 10-12 by 
C5-conformation. Generally speaking, for the sharp 
component, steroids (5α-H, 5α-H, C5,6 double bond) are 
the best able to destabilize the Pb' phase and the 3β-ols 
(5α-H, 5α-H, C5,6 double bond) show the least ability (Figs 
13-15 A). The C5,6 double bond group (3α-ol, 3α-ol, 3-K) 
shows the greatest spread of Tm

shp curves, but the 5β-H 
group (3α-ol, 3α-ol, 3-K) has the greatest overlap over 
the entire range of concentrations (Fig 13A, 15A). There is 
variance among the ΔT½

shp curves based on the grouping 
by C5-conformation, but overall, the steroids (5α-H, 5α-
H, C5,6 double bond) broaden the main transition more 
quickly at low concentrations than the sterols (5α-H, 5α-H, 
C5,6 double bond) (Fig 13-15 B). Unlike the 5α-H sterols 
(3α-ol, 3α-ol) and C5,6 double bond sterols (3α-ol, 3α-ol), 
the 5β-H sterols (3α-ol, 3α-ol) abolish the sharp component 
completely by 10-15 mol% (Fig 15C), whereas 5α-H,3α-
ol and EChol do not readily abolish the sharp transition 
(Fig 13C, 14C). This suggests that sterol concentration-

dependent partitioning between sterol-poor and sterol-rich 
domains is more definitive for the 5β-H sterols (3α-ol, 3α-
ol) on account of the 5β-H distorted conformation.

The effects of sterols on the broad component of the 
DPPC main phase transition

Among all the sterols, Chol is the most effective at 
stabilizing the Pα’ phase in the sterol-rich gel state 
showing a net temperature shift of ~+2.5 °C by 40 mol%. 
However, 5β-H,3β-ol is the most destabilizing, displaying 
a -12 °C shift at 50 mol% sterol. The 5α-H,3β-ol shows 
intermediate behaviour, increasing to ~+2 °C by 20 mol% 
before coming back to ~0 °C net temperature shift at 50 
mol% concentration (Fig 10D). Whereas the 5β-H,3β-ol is 
the least able to broaden the main transition among the 
3β-ols, the ΔT½

brd rapidly increases for Chol at 30-40 mol% 
sterol (Fig 10E). For the ΔHm

brd curves, peak maxima occur 
at about 15% for Chol, 20% for 5β-H,3β-ol, and 25% for 
5α-H,3β-ol. 5β-H,3β-ol is the least able to abolish ΔHm

brd, 
whereas Chol is the most effective (Fig 10F). 

Similar trends are observed for the 3α-ols (5α-H, 5α-
H, C5,6 double bond), where EChol and 5α-H,3α-ol show 
a small increase in Tm

brd and thus a reduced ability to 

Figure 10. The thermodynamic parameters of 
3β-OH sterols for the deconvolved sharp (A-C) and 
broad (D-F) components obtained from DSC heating 
thermograms of cholesterol1 (),  5α-cholestan-3β-
ol(), and 5β-cholestan-3β-ol ()/DPPC mixtures 
as a function of sterol concentration. The error bars 
were typically equal to or smaller than the size of the 
symbols.1 Ref 24.

Figure 11. The thermodynamic parameters of 3α-OH 
sterols for the deconvolved sharp (A-C) and broad (D-F) 
components obtained from DSC heating thermograms 
of epicholesterol1 (), 5α-cholestan-3α-ol (), and 
5β-cholestan-3α-ol ()/DPPC mixtures as a function 
of sterol concentration. The error bars were typically 
equal to or smaller than the size of the symbols. 1. Ref 
24.

Figure 12. The thermodynamic parameters of C-
3-keto-sterol for the deconvolved sharp (A-C) and 
broad (D-F) components obtained from DSC heating 
thermograms of 5-cholesten-3-one (),5α-cholestan-
3-one (), and 5β-cholestan-3-one ()/DPPC 
mixtures as a function of sterol concentration. The error 
bars were typically equal to or smaller than the size of 
the symbols.

Figure 13. The thermodynamic parameters of C-5,6 
double-bond sterols for the deconvolved sharp (A-C) 
and broad (D-F) components obtained from DSC 
heating thermograms of cholesterol1 (), epicholes-
terol1 (), and keto-cholesterol ()/DPPC mixtures 
as a function of sterol concentration. The error bars 
were typically equal to or smaller than the size of the 
symbols.1 Ref 24.

Figure 14. The thermodynamic parameters of 5α-H 
sterols for the deconvolved sharp (A-C) and broad (D-F) 
components obtained from DSC heating thermograms 
of 5α-cholestan-3β-ol (), 5α-cholestan-3α-ol (), 
and 5α-cholestan-3-one ()/DPPC mixtures as a func-
tion of sterol concentration. The error bars were typically 
equal to or smaller than the size of the symbols.

Figure 15. The thermodynamic parameters of 5β-H 
sterols for the deconvolved sharp (A-C) and broad (D-F) 
components obtained from DSC heating thermograms 
of 5β-cholestan-3β-ol (), 5β-cholestan-3α-ol (), 
and 5β-cholestan-3-one ()/DPPC mixtures as a func-
tion of sterol concentration. The error bars were typically 
equal to or smaller than the size of the symbols.
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stabilize the gel state compared to Chol. While 5β-H,3α-
ol has only a slightly negative Tm

brd curve when compared 
to Tm

brd for 5β-H,3β-ol (Fig 11D), the broadening of the 
phase transition follows the same pattern as that seen in 
the 3β-ols (5α-H, 5α-H, C5,6 double bond) even though 
ΔT½

brd only increases to ~18 °C in 50 mol% EChol (Fig 
11E). Although similar decreasing trends occur in the 
ΔHm

brd of the 3α-ols compared to the 3β-ols (5α-H, 5α-H, 
C5,6 double bond), there are significant differences in that 
5β-H,3α-ol reaches a peak maximum ΔHm

brd value of about 
~6 kcal/mol at 15 mol% and levels off to only ~5.5 kcal/
mol by 50 mol%. Up to 30 mol% sterol, the ΔHm

brd curve 
for 5α-H,3α-ol lies below that of EChol before switching 
positions. Both of these sterols are less able to abolish the 
phase transition relative to their 3β-ol counterparts, but the 
difference is less than that observed for the corresponding 
ΔHm

brd values of the 5α-H sterols (3α-ol, 3α-ol)  (Fig 11F). 
The steroids (5α-H, 5α-H, C5,6 double bond) behave very 
similarly to their 3α-ol counterparts in terms of their ability 
to cooperate and their ability to abolish the phase transition 
(Fig 12E and F, respectively), although the ΔT½

brd curves 
either plateau or decrease slightly by ~2-3 °C at 50 mol% 
for all steroids. There are also differences in the Tm

brd curves 
for the steroids (5α-H, 5α-H, C5,6 double bond). The 5α-H 
steroid shows the smallest change in Tm

brd (Fig 12D) and 
thus gel-state stabilization, being essentially constant at all 
sterol concentrations. In contrast, CholK shows a decrease 
of ~1 °C by 15 mol%, holding steady at around 40 °C to 30 
mol% steroid followed by a linear decrease of an additional 
4 °C by 50 mol% steroid indicating a decrease in gel-state 
destabilization. 5β-H,3-K destabilizes the gel-state bilayer 
the most overall. However, the curve is concave above 
25 mol% (Fig 12D), consistent with the appearance of 
additional endotherms in the heating thermograms below 
and above the main transition centered at ~22 °C and 
52-58 °C, respectively (Fig 16). In a similar fashion, panel 
D of Figs 13-15 shows that the steroids more effectively 
destabilize the Pb’ phase, whereas the 3β-ols are the least 
effective, with the exceptions of 5α-H,3α-ol being more 

stabilizing above 40 mol% than 5α-H,3β-ol (Fig 14D) and 
5β-H,3β-ol, which was the most effective at destabilizing 
the DPPC gel state at high sterol concentrations (Fig 15D).

The effects of sterols on the total enthalpy component and 
net temperature shifts of the DPPC main phase transition

Fig 17 (A-C) plots the ΔHm
tot of all the sterol/DPPC systems. 

At less than 10 mol% sterol, Chol is the least effective of 
the 3β-ols in reducing ΔHm

tot. At all sterol concentrations 
5α-H,3β-ol more effectively reduces ΔHm

tot than 5β-H,3β-
ol, although above 30 mol%, Chol is the most effective 
3β-ol (Fig 17A). The trends are more straightforward for 
the 3α-ols, with 5β-H,3α-ol being the least effective sterol 
in reducing ΔHm

tot followed by 5α-H,3α-ol and EChol (Fig 
17B). The behaviour is different again for the steroids, with 
5β-H,3-K being the least effective in reducing the enthalpy 
at higher sterol concentrations, just like the 5β-H sterols (3α-
ol, 3α-ol). However, below 10 mol%, 5β-H,3-K is best able 
to reduce ΔHm

tot, intersecting with the curves of the other 
two steroids at ~10-20 mol%. From 15-40 mol%, 5α-H,3-K 
most effectively reduces ΔHm

tot, whereas above 40 mol%, 
CholK is the most effective, as was evident with Chol and 
EChol (Fig 17C). This suggests that the C5,6 double bond 
plays an important role in favorable lipid/sterol interactions 
while reducing ΔHm at high sterol concentrations. When 

Figure 16. Mass normalized DSC thermograms for 5β-cholestan-3-one/DPPC 
mixtures heated and cooled at 10 °C/h (to maximize resolution and minimize 
artifacts) illustrating sterol crystallite formation above and below and main 
chain-melting transition. The transition temperature and the half-widths of the 
endotherms are indicated on the graph.

Figure 17. Total overall enthalpy (A, B, C; ΔHm) and net temperature shifts for 
the sharp (D,E, F; °C) and broad (G, H, I; °C) components of the sterol/DPPC 
binary mixtures studied, grouped by C-3 functional group.  The left column is 
C-3β-hydroxyl sterols, the middle column is C-3α-hydroxyl sterols, and the right 
column is C-3-keto-sterols. When a standard error bar is not visible, it is less 
than or equal to the symbol dimensions. Data for cholesterol and epicholesterol is 
taken from Ref 24.
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grouped by C5-conformation, CholK reduces ΔHm
tot the 

least, and EChol is better than Chol to reduce enthalpy until 
about 40 mol% (Fig 18A). For the 5α-H and 5β-H groups, 
the 3β-ols are the most effective at reducing ΔHm

tot at all 
sterol concentrations, whereas above 30 mol% the 3α-ols 
are less effective than the steroids. Below 30 mol% for the 
5α-H group, the steroid was the least effective at ΔHm

tot 
reduction, while 5β-H,3α-ol was the least effective of all the 
sterols and studies to reduce ΔHm

tot at all concentrations 
(Fig 18B,C). An interpretation of this observation will follow 
in the Discussion.

A plot of the net temperature shift for both the sharp 
and broad components of all sterols are shown in Figs 17-
18 D-F and G-I, respectively. The net temperature shift is 
defined as the temperature difference between the Tm of 
pure DPPC and the Tm

shp or Tm
brd measured from the DSC 

endotherms. Grouped by C3 functionality, it is evident that 
the 5α-H sterols are more perturbing than their 5α-H and 
C5,6-double bond counterparts for both the sharp and 
board components (Fig 17 D-I). However, when grouped by 
C5 conformation, the curves overlap nearly perfectly within 
each set of sterols, with slopes of the curves for the sharp 
endotherms more flat for the 5α-H and 5,6-double bond 
groups than the 5β-H group (3α-ol, 3α-ol, 3-K) (Fig 18 D-F). 
For the broad component, the steroids are more perturbing 

for the C5,6-double bond and 5α-H groups than the 
corresponding sterols (3α-ol, 3α-ol) at all concentrations, 
as well as up to 30 mol% for 5β-H,3-K when compared to 
5β-H(3α-ol, 3α-ol). Above 30 mol%, the net temperature 
shift for the broad component of 5β-H,3β-ol drops 
significantly, making it the most perturbing sterol at high 
sterol concentrations (Fig 18 D-I). This suggests that this 
sterol has a particularly unique packing arrangement that 
extremely disorders the bilayer structure.

Discussion
Effects of sterols on DPPC model membranes: structure 
and thermodynamics

The incorporation of a sterol molecule into the 
lipid bilayer disrupts the optimum packing between 
phospholipid molecules for a given phase structure. 
This produces a new packing geometry which will vary 
depending on the sterol/lipid mole ratio, the preference 
for self-association between like- and unlike-pairs arising 
from the directionality of associated local interactions, 
and the ability of water to enter into the bilayer interface. 
The relative rigidity of the sterol ring structure reduces 
the number of cis-trans isomerizations and kink formation 
in the neighbouring phospholipid acyl chains and has a 
differential disordering and ordering effect in the gel and 
La phase bilayers, respectively (26). Thus, changes in sterol 
configuration and conformation, including small changes 
in the OH rotamer population, may alter the balance 
between attractive and repulsive interactions within the 
lipid bilayer matrix. Each sterol chemical configuration 
will have different contributions to bilayer thermodynamic 
and structural factors that are dependent on phase state 
(30, 31). Unfortunately, relatively little is known about the 
independent contributions of the sterol ring system and 
alkyl side chains. This project has attempted to do some 
analysis on the ring system.

“Ideal” (C5α-H) versus “Native” (C5,6 Double Bond) Ring 
Conformations 

The side-views of the 3D models of the C5,6 double 
bond and 5α-H sterol ring systems shown in Figs 2 and 
3 illustrate that there is a slight difference in the energy 
minimized structures between the two sterol rings systems, 
with the double bond in the C5,6 system introducing a slight 
torsion at the ring A/B junction relative to the ideal, energy-
minimum all-trans ring system of the C5α-H group with 
its 1,4 chair (cyclohexane) and envelope (cyclopentane) 
conformations. This structural change has mixed effects 
on the pretransition thermodynamic parameters. Chol and 
EChol are better at stabilizing the pretransition than their 
5α-H counterparts, whereas 5α-H, K is more effective than 
CholK. Similarly, the C5,6 double bond group (3α-ol, 3α-ol, 
3-K) is better at broadening the pretransition than the C5α-H 
group (3α-ol, 3α-ol, 3-K). In contrast, the C5α-H group 
(3α-ol, 3α-ol, 3-K) is better at abolishing the pretransition 
with the exception of CholK, which is more effective than 
5α-H,3-K. See Table 1 for a summary of these trends.

The trends in the thermodynamic parameters are more 
consistent for the sharp and broad components of the 
main transition, and show that the 5α-H group (3α-ol, 3α-

Figure 18. Total overall enthalpy (A, B, C; ΔHm) and net temperature shifts for 
the sharp (D, E, F; °C) and broad (G, H, I; °C) components of the sterol/DPPC 
binary mixtures grouped by C-5 conformation. The left column is C-5,6 double-
bond sterols, the middle column is 5α-H sterols, and the right column is 5β-H 
sterols. When a standard error bar is not visible, it is less than or equal to the 
symbol dimensions. Data for cholesterol and epicholesterol is taken from Ref 24.
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ol, 3-K) more effectively stabilizes the main transition sharp 
component at all concentrations and also stabilizes the 
broad component below 40 mol%. The 5α-H group (3α-ol, 
3α-ol, 3-K) also broadens and abolishes both main phase 
transition endotherms than the C5,6 group (3α-ol, 3α-ol, 
3-K) at sterol concentrations below ~25-30 mol%, above 
which the trend reverses, and 5α-H,3β-ol, the closest 
structural analog to Chol, does not completely abolish 
the main transition at 50 mol% sterol as does Chol. These 
findings suggest that the double bond in Chol increases 
sterol miscibility with the DPPC bilayer at high sterol 
concentrations, similar to those found in erythrocyte and 
ocular lens membranes which contain up to 50 mol% and 
70 mol% Chol, respectively (32).

“Distorted” (C5β-H) versus “Native” (C5,6 Double Bond) 
Ring Conformations

The side views of the 3D-models of the 5α-H sterols 
(Fig 4) illustrate that the 5α-H conformation significantly 
deviates from the trans-planar steroid nucleus found in 
the native C5,6 double bond (3α-ol, 3α-ol, 3-K) and in the 
optimum 5α-H groups (3α-ol, 3α-ol, 3-K). The trends in 
the thermodynamic parameters are more clear between 
the C5,6 double bond/5α-H groups (3α-ol, 3α-ol, 3-K) 
compared to the C5,6 double bond/5α-H groups (3α-ol, 3α-
ol, 3-K). The C5,6 double bond group (3α-ol, 3α-ol, 3-K)  is 

better able to stabilize the Lα’ phase, while the C5α-H group 
(3α-ol, 3α-ol, 3-K)  is better able to broaden and abolish 
the transition. An exception arises for 5α-H,3-K, which 
demonstrates the worst ability to abolish the transition of 
all the ketones. The significance of this observation will be 
discussed later, including the similarities in the cooperativity 
of the pretransition behaviour for the 5α-H sterols and the 
steroids. See Table 1 for a summary of these trends.

 For both the sharp and broad components of the 
main phase transition, we see that the 5α-H sterols (3α-
ol, 3α-ol, 3-K) are the least able to stabilize the Pα’ phase, 
although they are better able to broaden and abolish the 
phase transition of the sterol-poor domain. For the broad 
component at almost all sterol concentrations, the C5,6 
double bond group (3α-ol, 3α-ol, 3-K) more effectively 
broadens and abolishes the phase transition of the sterol-
rich domain than the C5α-H group (3α-ol, 3α-ol, 3-K). 
This observed behaviour for the sterol-poor and sterol-
rich domains suggests that the kink introduced at the A/B 
ring junction by the 5α-H limits the number of favorable 
interactions between the sterols and lipids. The kink 
effectively increases the molecular cross-sectional area, 
which significantly destabilizes the sterol-poor bilayer 
regions. The overall increase in cross-sectional area can be 
compensated by a change in the molecular tilt of the DPPC 
molecule, but it would also reduce the number of molecular 
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Table 1. Observation summaries for the pretransition (Pretransition row) and main phase transition (Sharp Component, Broad Component, and Total Enthalpy rows) 
arranged by C3 functional group (3β-ol, 3α-ol, 3-K). T (°C) ranks the ability of the sterols to stabilize either the Lβ’ (pretransition) or Pβ’ (main phase transition) phases, 
ΔT½ (°C) ranks the ability of the sterols to broaden the respective transition, and ΔH (kcal/mol) ranks the ability of the sterols to abolish the respective transition.



20

M. G. K. Benesch et al. / Eureka 2 (2011)

contacts within the hydrocarbon chain region. As a 
consequence, the overall number of favorable interactions 
with the lipid bilayer would decrease more rapidly for DPPC 
mixtures containing a kinked sterol than for sterols with 
smaller cross-sectional areas like the C5α-H group (3α-ol, 
3α-ol, 3-K). This may explain why the C5α-H group (3α-ol, 
3α-ol, 3-K) much more rapidly reaches its miscibility limit in 
the sterol-rich DPPC domain.

3α-ols versus 3β-ols	
A comparison of the DSC measurements obtained 

for the pretransition of DPPC mixtures containing low 
concentrations of either 3α-ols or 3α-ols whose hydroxyl 
group orientations are equatorial and axial, respectively, 
found that the 3α-ols more effectively stabilize the Lα’ 
phase and broaden the pretransition more effectively than 
the corresponding 3α-ols. See Table 2 for a summary of 
these trends. The same relationship exists between OH-
group orientation and the ability of the sterol to abolish the 
pretransition, with the exception of the 5α-H group, where 
the 3α-ol is more effective than the 3α-ol. In the case of 
the sharp component of the main transition, 3α-ols more 
effectively stabilize the Pα’ phase and broaden the sterol-
poor domain phase transition than the 3α-ols.  However, 
the sharp component persists up to 40 and 50 mol% in 
both EChol and 5α-H,3α-ol, respectively, and suggests 
that there is a change in the balance of sterol- poor and 
sterol-rich stoichiometries in favor of the former. Within 
the main phase transition broad component of the 3α/α-
ols, Chol (3α-ol) better stabilizes the gel phase than EChol 
(3α-ol), 5α-H,3α-ol (3α-ol) better stabilizes the gel phase 
than 5α-H,3α-ol (3α-ol) at >40 mol% sterol concentrations 
and 5α-H,3α-ol (3α-ol) better stabilizes the gel phase than 

5α-H,3α-ol (3α-ol) at all sterol concentrations. However, in 
all cases, the 3α-ols always more effectively broaden and 
abolish the broad endotherms than the 3α-ols and more 
so at high sterol concentrations. Previous work with EChol 
suggested that the sterol sits lower in the bilayer interface, 
which would result in decreased hydrogen-bonding 
interactions at the lipid-water interface (24). It appears that 
we are looking at two perturbing mechanisms here, one 
related to cross-sectional area and the other to the sterol 
depth in the bilayer. DSC alone, however, is unable to 
distinguish the extent to which either of these mechanisms 
perturbs bilayer structure.

Steroids versus Sterols
There are few consistent relationships between the 

steroids and the sterols other than the steroids (5α-H, 
5α-H, C5,6 double bond) show significant inabilities to 
stabilize, broaden and abolish both the pretransition and 
main-chain melting transitions relative to the sterols.  
However, especially notable are the significant differences 
in ΔTp½ in the steroids (5α-H, 5α-H, C5,6 double bond) 
(and also 5α-H,3α-ol and 5α-H,3α-ol) with increasing 
sterol concentration, suggesting the presence of multiple 
endothermic peaks in the pretransition of these sterol/DPPC 
mixtures. As suggested earlier, the major contributor to this 
behaviour for the 5α-H group may arise from the kink in 
the A-B ring junction, which increases the cross-sectional 
area of the steroid nucleus and preventing molecular 
packing and favourable interactions with neighbouring 
DPPC molecules. This could increase the number of 
chemical environments seen by the sterol molecule.  A 
similar behaviour may occur upon oxidizing the C3-OH 
functional group to a ketone, where the polarizability of 
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 Table 2. Observation summaries for the pretransition (Pretransition row) and main phase transition (Sharp Component, Broad Component, and Total Enthalpy rows) ar-
ranged by C5 conformation (5,6 double-bond, 5α-H, 5β-H). T (°C) ranks the ability of the sterols to stabilize either the Lβ’ (pretransition) or Pβ’ (main phase transition) 
phases, ΔT½ (°C) ranks the ability of the sterols to broaden the respective transition, and ΔH (kcal/mol) ranks the ability of the sterols to abolish the respective transition.
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the nuclear polar group is reduced and the ability of the 
steroid to act as a hydrogen bond donor to the carbonyl of 
the acyl chains in the DPPC bilayers is eliminated, meaning 
that hydrogen bonding is only possible with water. One 
possible explanation for this behaviour is that the rippled 
gel phase exists in two isomorphs differing in periodicity 
and that the steroids (5α-H, 5α-H, C5,6 double bond) and 
the 5α-H sterols (3α-ol, 3α-ol) shifts the balance between 
these two related phase structures (33). 

Reduced polarizability and an inability to donate 
hydrogen bonds would suggest that the steroids sit 
much lower in the bilayer. This idea has been confirmed 
by molecular model simulations (34, 35), and these same 
simulations illustrate that substituting the hydroxyl group 
with a ketone promotes the translocation or flip-flopping of 
steroids between the leaflets. Further, 3-ketone functional 
groups are usually found in nature in steroid hormones like 
testosterone and estrogen that usually must diffuse or be 
transported through cellular bilayers to reach their target, 
like the cellular nucleus where they activate transcription 
factors. This suggests then that the ketone group prevents 
steroids from having a prolonged residence in either 
membrane leaflet. Hence, the combination of the 5α-H 
conformation and a ketone functional group would create 
a steroid with extreme miscibility problems (discussed in 
next section).

The deeper penetration of sterols has been postulated to 
increase the ordering and condensation of PC bilayers (36, 
37). This has been supported by Chol/EChol studies using 
both FTIR (Chol/EChol) and molecular simulations (24, 38), 
which implies that further information as to where these 
sterols are sitting in the bilayer may come to light though 
Fourier transform infrared spectroscopy studies. While 
DSC can provide valuable thermodynamic data about the 
phase state and organization of lipid assemblies and how 
these structure and physical properties are modulated by 
membrane constituents, it is not a structural technique. 
Hence, DSC is most valuable at interpretation sterol/lipid 
interactions when it is combined with a direct structural 
technique such as FTIR, NMR, or X-ray diffraction (39).

Sterol Immiscibility and Optimal Lipid-Sterol 
Stoichiometries

At the boundary between sterol-poor and sterol-rich 
domains, the further addition of sterol into the DPPC bilayer 
does not result in a homogenous sterol distribution in the 
bilayer but the creation of different lipid/sterol microdomains 
(40). These domains exist in both gel and liquid-crystalline 
phase regions and may differ in both their physical 
properties and composition up to a critical miscibility point. 
Hence, similar slopes below ΔHm

brd-max within a subset (Figs 
10-15 F) suggest similar sterol/DPPC stoichiometries or 
domain structures for the parent chemical configuration 
(for example, 5α-H, 5α-H, C5,6 double bond), whereas 
significant differences in slope probably reflect a change in 
the balance between the various lipid/sterol domains or a 
change in domain structure. 

ΔHm
brd-max represents a critical miscibility point where 

at least two domains containing different sterol-lipid 
populations coalesce. At higher sterol concentrations, the 

sterol/lipid dispersion is uniform and increasing amounts 
of sterol partition uniformly into the bilayer, effectively 
increasing the sterol/lipid ratio. However, full miscibility can 
only occur if the balance between like/like and like/unlike 
pairs favours the latter. When the like/unlike interactions 
are strong and the molecular packing is ideal, ΔHm

brd = 0, 
as is seen for Chol. This means that if ΔHm

brd ≠ 0 for specific 
sterol/DPPC mixtures, then either the balance between 
like/like and like/unlike pairs is not ideal, or there are fewer 
or weaker favorable interactions between like/unlike pairs. 
Therefore, full miscibility is not achieved and may not be 
possible. Also, differences in the magnitude of ΔHm

brd-max 

among different sterol chemical structures probably arise 
from the different ability of each sterol to disrupt the lipid/
sterol interactions of the dominant domain. A possible 
reason for this may include the formation of a highly-
ordered molecular packing with very strong like/unlike 
interactions. Thus, by virtue of differences in the strength 
and number of like/unlike interactions, each sterol structure 
will determine the number of different lipid domains, their 
composition, and, potentially, their physical structure. The 
formation of each domain structure will occur at a critical 
point away from or close to the phase transition of the 
mixture (41-43). The stability of each domain is determined 
by the ease with which additional sterol molecules can be 
incorporated into that specific domain structure. “Stable” 
domains have a greater sterol insertion energy which will 
vary with sterol structure and will also be concentration 
dependent. This would explain the variation in ΔHm

brd-max in 
both the concentration and enthalpy context.

An example of immiscibility in these DPPC mixtures 
where the balance between like/like and unlike/like 
interactions is not altered is the 5α-H sterol conformation 
where the kink at the ring A/B junctions increases the 
overall steric bulk of the molecule. The effect of the change 
in the ring A orientation cannot explain the significantly 
greater ΔHm

brd-max and the inability of 5α-H,3α-ol to 
abolish the phase transition relative to that of 5α-H,3α-
ol. Therefore, the observations for the 5α-H sterols (3α-
ol, 3α-ol) suggest that if the earlier interpretation of the 
ΔHm

brd-max is valid, the combination of the 3α-OH and 5β-
H, 10b-CH3 (cis) configurations produces a sterol molecule 
that has fewer favorable interactions in the interfacial 
and hydrocarbon chair regions with neighboring DPPC 
molecules and, therefore, cannot form stable domains in 
the DPPC bilayer. This sterol would be unable to maintain 
a high sterol/PC concentration in the bilayer and would not 
be fully miscible with DPPC. In the corresponding 5β-H,3β-
ol, partial miscibility is restored by stronger intermolecular 
interactions with DPPC in the bilayer interface with the 
change in C3-hydroxyl orientation.

The inability of all the sterols and steroids studied here 
other than Chol to abolish the main phase transition at high 
sterol concentrations has been noted with other sterols 
(23-25) and comes as no surprise if Chol is assumed to 
have to have the ideal structure for packing and optimal 
miscibility in DPPC bilayers. The location of the immiscible 
sterol pool is not clear when DSC in unable to detect 
those separate phases like those found in the 5β-H,3-K/
DPPC mixtures, where phase transitions arising from 
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phase separated crystalline sterols is observed at higher 
steroid concentrations (Fig 16). The significant increase 
in the area of the crystallite endotherm above the phase 
transition is accompanied by the sudden increase in Tm

brd 
and decrease in ΔT½

brd at 50 mol% concentration for 
5β-H,3-K (Fig 12 D,E). Nucleation of crystalline 5α-H,3-K 
occurs in the bilayer and then the sterol partitions out into 
the bulk phase changing the thermodynamic parameters of 
the 50% mol 5α-H,3-K/DPPC mixture to one more closely 
resembling a sample containing 25-30 mol% steroid.  To 
a lesser degree, these same changes in Tm

brd and ΔT½
brd 

are seen for 5α-H,3-K, although no crystallites are visible 
in thermograms obtained from mixtures containing higher 
sterol concentrations. Their absence may be due to a lack 
of instrument sensitivity and the poorly-energetic nature of 
these weak transitions. This is plausible given that the total 
enthalpy curves for both the 5α-H and 5α-H steroids level 
off rapidly above 30 mol% concentration. Interestingly, the 
total enthalpy curve does not level off as readily for CholK 
and is the most able of the steroids to abolish the DPPC 
main transition. CholK also shows a significant ability to 
perturb the DPPC bilayers at these sterol concentrations, 
lending additional support to the conclusion made earlier 
that the C5,6 double bond provides additional stabilizing 
interactions with DPPC in the bilayer at physiologically-
relevant sterol concentrations. 

Concluding Remarks
The Venn diagram presented in Fig 19 summarizes 

the ability of the various sterols and steroids studied to 
stabilize the Pα’ phase and broaden and abolish the DPPC 
Pα’/Lα phase transition. Chol is best able to stabilize the 
Pα’ phase and broaden and abolish the DPPC main phase 
transition. Moving outwards, the other C5,6 double bond 
(EChol, CholK) and C5α-H group members (3α-ol, 3α-ol, 
3-K) show abilities to meet at least two of these criteria. 
The 5α-H group (3α-ol, 3α-ol, 3-K) shows significantly 
diminished capabilities, with 5α-H,3-K being distinct from 
other members of the global set. In a general sense, we see 
that an all-trans ring system is required to stabilize the Pα’ 
phase, a 3α-OH functional group to broaden the transition, 
and the presence of the C5,6-double bond to abolish the 
transition. Hence, changes in the chemical structure of 
the sterol nucleus influence the bilayer thermodynamic 
properties, such as the gel/La phase transition temperature 
and cooperativity, the ability to abolish the chain-melting 
phase transition and the miscibility of the sterol in the lipid 
bilayer. The changes in sterol chemical structure are also 
known to affect the molecular tilt (44), the headgroup/
hydrocarbon chain packing geometry, hydration, curvature 
and, consequently, the membrane nonlamellar phase 
preference (45-47). Our observations lend support to 
the Bloch hypothesis, which suggested that there was a 
progressive change in the ability of the intermediates in 
Chol biosynthesis to pack into a phospholipid bilayer and 
that lanosterol (the earliest intermediate) is the poorest 
fit and Chol (the end product) is the best.  This proposes 
that this energy-expensive conversion process, which 
produces a sterol with optimum molecular packing abilities 
in the phospholipid bilayer, has considerable evolutionary 

significance (48).  
Given the differences in the thermodynamic parameters 

obtained from DPPC mixtures containing different sterol 
ring configurations and their associated changes in bilayer 
stability and miscibility, it becomes clear that changing the 
sterol chemical configuration has a significant effect on 
the bilayer physical properties. Thus, any sterol molecule 
whose ring structure deviates from that of Chol is unlikely 
to be fully miscible in the mammalian cell membrane, and 
an in vivo change in ring structure brought about by, for 
example, oxidation of 3α-OH by Chol oxidase followed 
by the removal of the SpM headgroup would destabilize 
the physical structure of the lipid rafts. Such an event, 
which has been reported in many human diseases (see 
the Introduction), would result in a signaling cascade 
leading to cell death and disease manifestation. Hence, 
understanding the variation in the strength, number, and 
type of interactions between the sterol ring system and 
neigbouring phospholipid molecules is an important part 
of understanding the disease process and prospective 
membrane-associated therapies.
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