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Abstract 

BIOPHYSICAL STUDIES OF THE INTERACTIONS OF SEVERAL BIOACTIVE 

LIPIDS IN MODEL MEMBRANES 

By 

Evan A. Mintzer 

 

Advisor:  Professor Robert Bittman 

 

The use of model systems affords the researcher an opportunity to study the 

complex topic of membrane dynamics and structure under controlled conditions.  The 

investigation into an array of the properties of a small group of bioactive lipids was 

undertaken, and is summarized in Chapter 1.  Isothermal titration calorimetry, 

compression of lipid monolayers, detergent solubility, and cyclodextrin-mediated 

efflux assays were used to investigate some of the properties of cholesterol analogs 

and oxidized sterols, lysophosphatidic acid (LPA), and lipopolysaccharide (LPS).   

 In Chapter 2, the properties of a photoactivatable derivative and fluorescent 

analogs of cholesterol were examined to assess their ability to faithfully mimic the 

parent molecule in model membrane systems.  The photoactivatable probe, 6-

photocholesterol, behaved in a manner similar to cholesterol.   Two structurally 
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related novel fluorescent cholesterol analogs were also examined: one, in which a 

BODIPY fluorophore is attached via an ester linkage, differed from cholesterol with 

respect to lipid-lipid interactions and may localize into non-raft domains in 

fluorescence studies; the other, coupled to the fluorophore without polar atoms, 

possessed properties that resembled those of cholesterol and appears to have utility as 

a membrane mimetic probe.  The enantiomer of cholesterol interacted with 

phospholipids in monolayers and vesicles in a similar manner as cholesterol, as 

discussed in Chapter 3. 

Results reported in Chapter 4 reveal significant variations between cholesterol 

and several of its oxidized products with regard to condensation of 1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphocholine monolayers and support of the formation of 

detergent-resistant lipid rafts. 

Chapter 5 presents an isothermal titration calorimetric study of the equilibrium 

binding of LPA, a structurally simple lipid molecule with wide ranging biological 

activities, to the lipid-binding domain of the actin-severing protein gelsolin, denoted 

as P2.  A strong dependence for LPA-gelsolin interactions on salt concentration and 

LPA structure was found, suggesting a high degree of specificity of the peptide for 

this lipid.  P2 has a higher affinity for LPS from P. aeruginosa than for 1-oleoyl-LPA.   

Calorimetric measurements of the critical micelle concentrations (CMC) of 

LPA and sphingosylphosphorylcholine (SPC) are presented in Chapter 6.  A 

dependence on salt concentration and structure was revealed for LPA, but no such salt 

sensitivity was observed for SPC.  However, reduction of the double bond in SPC 

lowered the CMC by a factor of three. 
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Chapter 1 

Introduction:  Biophysical Studies of the Interactions of Several Bioactive Lipids 
in Model Membranes 
 

 “Lipidomics,” a phrase that only several years ago may not have been 

recognizable, is now one of the most active areas of biochemical and biophysical 

research (1), as judged by the number of hits in a Google search (>8,000) as of the 

writing of this thesis (September 2005).  Far from occupying the position of mere 

membrane structural scaffolding, lipids have been implicated in a vast number of 

pathologies, including cancer (2), diabetes (3), sepsis (4), neurodegenerative disorders 

(5), and heart disease (6).  Lipid second messengers (7) and membrane receptors (8) 

that are associated with lipids are well known.  The structural diversity of lipids, from 

simple (e.g., lysophosphatidic acid, MW ~458) to complex (e.g., lipopolysaccharides, 

(MW ~5 kDa-25 kDa), hints at the myriad of possible ways in which they can interact 

with other cellular components and chemical species.    

 This thesis describes the findings of biophysical studies in model membranes 

designed to obtain a more complete understanding of how a small sample group of 

lipids interacts with other lipids and with the lipid-binding domain of the cellular 

protein gelsolin.  The results of studies with lipid molecules bearing reporter moieties 

are also presented.  The focus of the projects described herein is to add to our 

understanding of the behavior and properties of several bioactive lipids.  I have 

endeavored to examine an extremely complex topic using biophysical methods 

(principally isothermal titration calorimetry and monolayer compression).   



 2

The use of model membranes allows the researcher to control conditions to a 

degree not possible using in vivo assays (9).  A vast amount of extremely significant 

data have been collected using this approach, the import of which cannot be 

overstated (see, e.g., (9-13)).  It is the hope of the author that this brief glimpse into 

the complicated world of biomembranes, using the tools at his disposal and several 

representative compounds, will be useful in future research on these bioactive lipids. 

 Membrane research using reporter lipid molecules is a powerful technique for 

elucidating the function and structure of biological species and processes (see, e.g., 

(14)).  These methods, however, are limited in their utility by their potential to cause 

perturbations in the natural environment as a result of added fluorophores or other 

chemical modifications.  Thus, their use relies on the ability of the reporter molecules 

to behave as closely as possible to the parent molecule they were designed to mimic.  

Chapter 2 of this thesis discusses the results of a study of the behavior of cholesterol 

analogs using Langmuir monolayers, a detergent solubility assay and a cyclodextrin-

mediated sterol adsorption assay.  Part 1 of Chapter 2 describes a published project 

(15) involving the behavior of a photoactivatable analog bearing a diazirine 

functionality (a carbene precursor) at the C6 of cholestanol (termed 6-

photocholesterol).  The results suggest that the probe mimics the behavior of 

cholesterol in monomolecular films with respect to its ability to condense 

diacylphosphatidylcholine monolayers at the air-water interface.  Additional support 

for this conclusion was provided by collaborators from the University Medical Center 

at Groningen, The Netherlands, who used a low pH induced membrane fusion assay 
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to show that 6-photocholesterol mediated the fusion of two viral membranes to large 

unilamellar vesicles to an extent similar to native cholesterol. 

 Part 2 of Chapter 2 describes several biophysical properties of two fluorescent 

cholesterol analogs bearing a BODIPY moiety in the aliphatic side chain.  The 

compounds differ from each other in the way they are linked to the side chain, with 

one attached via an ester linkage and the other devoid of any oxygen atoms.  Using 

pure and mixed monolayers, a detergent-solubility assay, and a cyclodextrin efflux 

assay, we found that the oxygen atoms in the side chain interfered with sterol-lipid 

interactions.  The analog linked without the ester mixed ideally with phospholipids 

(but did not induce condensation in monolayers), supported insoluble domain 

formation in multilamellar vesicles to an extent similar to cholesterol, and displayed 

comparable kinetics to cholesterol in the cyclodextrin-mediated efflux from POPC-

sterol binary monolayers.  It was concluded that the ester-linked analog may have 

utility as a negative control for cholesterol, and the non-ester compound, by virtue of 

its cholesterol-like properties, may be used as a fluorescent cholesterol reporter 

molecule.   

 Chapter 3 describes findings indicating that the behavior of the enantiomer of 

cholesterol does not differ from that of the parent molecule in monolayers and 

multilamellar vesicles. 

 Under conditions of cellular stress, cholesterol is often oxidized to produce 

various oxygen-containing sterol species (16).  The origin of the toxicity of these 

“oxysterols” is not clear (17).  Chapter 4 represents an analysis of the molecular 

interactions of several oxidized sterols with a glycerophospholipid and 
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sphingomyelin.  The results suggest that the presence of an additional oxygen atom 

(as a hydroxy or carbonyl group) alters the ability of the sterol to establish the tight 

associations necessary for formation of a liquid-ordered phase.  The implications of 

these findings for the existence of detergent-resistant domains are discussed.   

 Lysophosphatidic acid (LPA) is the subject of Chapters 5 and 6.  In Chapter 5, 

the interactions of this pleiotropic molecule with the lipid-binding domain of the 

actin-severing protein gelsolin are investigated using isothermal titration calorimetry 

(ITC).  This technique relies on heat changes associated with binding, and has the 

advantage of being able to provide thermodynamic parameters of biomolecular 

interactions without the use of an exogenous probe.  The results are discussed as they 

relate to the function of gelsolin as a lipid-binding serum protein.  The affinity of the 

peptide for lipopolysaccharide (LPS) and LPA are compared. 

 In a continuation of the study of some of the properties of LPA, we applied 

ITC to estimate its critical micelle concentration (CMC) in water and in buffer 

containing various concentrations of sodium chloride, and the published results (18) 

are discussed in Chapter 6.  The effects of acyl chain structure and salt concentration 

on the CMC of LPA were demonstrated to be significant, but the CMC of a 

lysosphingomyelin (sphingosylphosphorylcholine) was insensitive to the presence of 

sodium chloride. 

 The results presented in this thesis demonstrate how a small number of 

biophysical assays can be brought to bear on some well-defined problems within the 

vast realm of lipidomics, and how these methods can be used to obtain useful 

information about this broad topic. 
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Chapter 2 
 

Comparison of the Physical Properties of Two Types of Cholesterol Probes, 6-
Photo-cholesterol and BODIPY-Cholesterol, to the Native Compound in Model 
Membranes 
 

Preface 
 
 The functions of cholesterol in mammalian cellular membranes have been the 

subject of intensive study over many decades.  The interactions of cholesterol with 

glycerophospholipids (19) and sphingomyelin (20, 21) are essential for many cellular 

processes (19).  The presence of cholesterol in the target membrane is required for the 

fusion of Semliki Forest virus (SFV) and Sindbis virus (SIN) and for the activity of 

the family of thiol-activated pore-forming toxins (22); thus, cholesterol can be 

considered a non-protein membrane “receptor” (23-28).  High local concentrations of 

cholesterol are required for the formation of lipid microdomains or “rafts,” which are 

believed to act as protein-localizing platforms; such domains have been implicated in 

the cellular trafficking and sorting of lipids and proteins (29, 30). 

 The activities of cholesterol in vivo and in vitro are highly structure-

dependent.  The 3β-hydroxy group, which anchors the sterol normal to the plane of 

the membrane, the rigid sterol ring system, and the nonpolar isooctyl side chain are 

essential for strong sterol-lipid interactions (19, 24, 31).   

 A common strategy that is used to increase our understanding of cholesterol-

phospholipid interactions is to use analogs of cholesterol that contain a fluorophore or 
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another reporter group.  The usefulness of a molecular probe depends on how well it 

mimics the parent compound.  This chapter presents an analysis of the behavior of 

cholesterol analogs bearing a photoreactive group or a fluorophore in model 

membranes.   

Part 1 

A Photoactivatable Cholesterol Analog: 6-Photocholesterol 

Introduction 
 
 Photolabeling has been used frequently to label lipid-binding proteins (32, 

33).  The technique requires chemical modification of the lipid of interest by the 

addition of a photoactivatable moiety (e.g., a diazirine, nitrene, or benzophenone 

functionality).  On irradiation of the photoreactive ligand at the appropriate 

wavelength, a highly reactive species is produced, which cross-links covalently with a 

neighboring molecule (e.g., amino acid residues of a protein).  The resulting cross-

linked species can then be characterized by radio-analytical (if a radioactive atom 

such as 3H, 14C, 32P, or 125I is incorporated into the probe) or by mass spectral 

methods.   

 A photoactivatable analog of cholesterol (6-photocholesterol, Figure 1), in 

which the C5,C6 double bond is removed and replaced by a diazirine functionality (a 

carbene precursor) at C6, has been used to successfully photolabel a cholesterol-

binding protein in Caenorhabditis elegans (34), to study the interactions of 

cholesterol with proteolipids in oligodentrocytes  (35), to identify a glutamate 

receptor in Drosophila melanogaster (36), and to label the cholesterol-binding 

domain in human metastatic lymph node 64 (37). 
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 To determine whether 6-photocholesterol differs appreciably from native 

cholesterol in model membranes, we employed the monolayer technique to observe 

the compression of (a) pure sterol monolayers and (b) binary films of sterol and 1-

palmitoyl-2-oleoyl-sn-3-phosphocholine (POPC).  The results were compared with 

the properties of cholesterol in monolayers with POPC (38, 39).  Additional 

experiments were performed by Barry-Lee Waarts in the laboratory of Dr. Jan 

Wilschut (Department of Medical Microbiology, Molecular Virology Section, 

University of Groningen, Groningen, The Netherlands) to compare the ability of 6-

photocholesterol vs. cholesterol to mediate low pH membrane fusion using a pyrene 

excimer quenching assay in two viral systems, as described below. 

HO

N N  

Figure 1.  6-Photocholesterol  
 

Materials and Methods 
 
 Cholesterol and POPC were purchased from Avanti Polar Lipids (Alabaster, 

AL) and were used without further purification.  6-Photocholesterol was synthesized 

from 6-keto-5α-cholesten-3β-ol by Dr. Kochurani Jacob as described in (35).  
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Monolayer experiments were performed on a computer-controlled Kibron µ Trough S 

surface balance (Helsinki, Finland).  Pre-weighed dry lipids were dissolved in a 

spreading solvent of HPLC-grade hexane/2-PrOH (3:2) to a concentration of ~1 

mg/ml, stored at -20 °C, and warmed to room temperature before use.  Experiments 

were conducted at ambient temperature (~21 ± 1°C).  All glassware was acid-washed.  

Binary mixtures were produced by adding appropriate volumes of lipid stock 

solutions immediately prior to each experiment.  Films were produced on a subphase 

of pure water (distilled and passed through a Milli-Q (Millipore Corp., Bedford, MA) 

water purification system to a resistivity of 18 MΩ·cm) by applying a small aliquot 

(<10 µl) of lipid-containing solvent from a digital Hamilton syringe to the surface of 

the subphase.  The syringe was rinsed repeatedly with the spreading solvent, and the 

trough was cleaned with water and MeOH between experiments.  Compressions of 

lipid films at a rate not exceeding 4 Å2/molecule/min were initiated after allowing 

time for the solvent to evaporate (~ 5 min).  Experiments with 6-photocholesterol 

were conducted in the dark in order to avoid carbene formation and subsequent cross-

linking. 

 Compression data were collected with proprietary software from Kibron 

(Filmware) and were analyzed using Filmfit software (Creative Tensions, Austin, 

MN).  Equation 1 describes ideal additivity of a binary film, 

  

Aπ = X1(A1)π + (1-X1)(A2)π     Eq. 1 
 
 
where X1 and (1-X1) are the mole fractions of components 1 and 2, respectively, and 

(A1)π and (A2)π are the molecular areas of pure components 1 and 2 at identical 
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surface pressure, π (38).  Condensation results in negative deviations from the linear 

relationship described by Eq. 1, implying positive intermolecular attractions among 

the components comprising the film (38). 

 

Results 
 

Compression isotherms of pure 6-photocholesterol and of cholesterol are 

shown in Figure 2.  The average molecular area occupied by 6-photocholesterol 

(curve b) is about 1-2 Å2 greater than that of cholesterol (curve a) at surface pressures 

up to about 20 mN/m.  The presence of the diazirine functionality slightly attenuates 

the sharp increase in pressure that occurs in its absence; this is probably the result of a 

tilt in the molecule relative to the surface of the water.  As the lateral pressure is 

increased, the steep rise in pressure present in cholesterol’s isotherm is evident.  

Agreement between the collapse pressures of the two molecules (46.1 ± 0.2 mN/m) 

indicates that both sterols can withstand similar lateral pressures.  
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rf

ac
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Figure 2.  Force-area curves of pure cholesterol (a) and 6-photocholesterol (b) 

monolayers compressed on a pure water subphase.  Isotherms were reproducible to ± 

2 Å2/molecule.  Experimental details are described in Materials and Methods.  (From 

(15).) 

 
The well-known ability of cholesterol to increase the packing density of 

phospholipids (39, 40) presents a convenient method for comparison of sterols with 

respect to their interactions with POPC.  To ascertain the extent to which 6-

photocholesterol condenses POPC films compared with cholesterol, mixed films of 

the phospholipid and increasing mole fractions of either sterol were compressed at the 

air-water interface.  Both compounds formed stable monolayers at all mole fractions 

examined (isotherms not shown).  With either 6-photocholesterol or cholesterol, as 

the sterol mole fraction was increased the liquid-expanded phase of POPC began to 

condense to a liquid-ordered phase, and at 70 mole % sterol the films were 

completely condensed, indicating a high degree of ordering of the fatty acyl chains of 

POPC.   

 The ability of 6-photocholesterol to condense POPC was estimated by plotting 

the mean molecular areas of the mixtures as a function of composition at three surface 

pressures.  The results, as well as the effect of cholesterol on POPC monolayers, are 

illustrated in Figure 3.   
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Figure 3.  Area-composition curves for cholesterol (triangles) and 6-photocholesterol 

(squares) at 20 mN/m (A), 10 mN/m (B), and 5 mN/m (C).  Dotted lines represent 

ideal additivity as described by Eq. 1.  (From (15).)   

 
  The data show that intermolecular attractions between each sterol and POPC, 

as evidenced by negative deviation from ideality (represented by dashed lines), are 

significant for each composition at all surface pressures examined.  The condensation 

effect of both sterols on POPC films was virtually identical. 

 An additional comparison of 6-photocholesterol and cholesterol was carried 

out using a viral fusion assay.  This assay relies on the requirement for cholesterol in 

the target membrane of large unilamellar vesicles (LUVs) for the low pH-dependent 

fusion of SFV and SIN (26-28, 41).  The extent of fusion is measured by a decrease in 
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excimer fluorescence resulting from dilution of pyrene-labeled viral lipids on fusion 

with LUVs.  In the experiments conducted, efficient fusion of membranes occurred 

when the sterol in the target membrane was cholesterol or 6-photocholesterol1.  Both 

sterols mediated fusion to similar degrees at the pH values investigated (Figure 4). 

                                                 
1 The greater extent of fusion of SFV and SIN with LUVs containing 6-photocholesterol compared to 
those containing cholesterol is explained by the ability of 6-photocholesterol to quench monomer and 
excimer pyrene fluorescence.  Importantly, the pH threshold is nearly identical for LUVs comprised of 
either sterol (Figure 4; see Ref. 22.) 
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Figure 4.  Results from acid pH-mediated viral fusion assay as measured by Dr. Jan 

Wilschut and Dr. Barry-Lee Waarts.  A comparison of pH thresholds for SFV and 

SIN fusion with vesicles containing 6-photocholesterol (solid circles) or cholesterol 

(open circles) illustrates similar properties for both sterols.  (From (15).) 

 



 14

 

Discussion 
 The goal of this project was to use a well-established biophysical technique to 

determine the ability of 6-photocholesterol, a photoactivatable analog of cholesterol, 

to mimic the behavior of the parent molecule in model membranes.  This photoprobe 

has been used to identify several cholesterol-binding proteins (34-37, 42), as has 

another structurally similar analog, 7-photocholesterol, in which the photoreactive 

diazirine group resides at C7 (43, 44).  7-Photocholesterol supported the growth of 

cholesterol-requiring mutant cell lines, indicating that this probe also has the ability to 

mimic cholesterol (44).  The experiments described in this chapter were carried out to 

determine whether a chemical modification, in this case the replacement of the C5,C6 

double bond with a C6 diazirine functionality, results in a significant perturbation of 

the properties of the sterol.   

 The monolayer approach is a convenient and ideally suited method for such 

studies (45, 46).  Increased fatty acyl chain ordering of phospholipids in the presence 

of cholesterol, which results from a reduction of trans-gauche isomerization, 

decreases the apparent molecular area of binary films relative to that occupied by the 

pure lipids (47), and represents a measure of the affinity of a phospholipid with the 

sterol.   

Cholesterol’s structure directly influences its membrane behavior.  The 3β-

hydroxy group anchors the sterol to the interface, the rigid sterol nucleus stabilizes 

the acyl chains, and the non-polar isooctyl side chain contributes to the van der Waals 

forces between neighboring lipids (48-50).  With such a high degree of correlation 
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between structure and function, it would not be surprising if 6-photocholesterol 

differed from cholesterol in terms of biophysical properties. 

The results reported in this chapter suggest that this probe is suitable for in 

vitro studies of cholesterol’s interactions in membranes.  The replacement of the 

C5,C6 double bond with the diazirine group did not disturb the tight lipid packing 

required to condense POPC monolayer films (Figure 3).  (Previous studies have 

shown that dihydrocholesterol, which also lacks the C5,C6 double bond, behaves 

similarly to cholesterol in monolayer and other assays (51, 52).)  Support for this 

conclusion is provided by the viral fusion data (Figure 4), which demonstrate the 

ability of 6-photocholesterol to efficiently mediate SFV and SIN fusion with probe-

containing LUVs.   
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Part 2 
 

BODIPY-Cholesterol: A New Fluorescent Analog of Free Cholesterol 
 
 

Introduction 

Conjugates of a fluorophore with biological molecules to produce molecular 

probes are widely used to probe the properties of the unconjugated biomolecule.  

Molecular distance relationships, cellular transport, protein folding, and membrane 

dynamics are examples of phenomena that have been studied with fluorophore-

containing probes (14, 53-55).  Borondipyrromethene (4,4-difluoro-4-bora-3a,4a-

diaza-s-indacenes, BODIPY) is used extensively because of its attractive spectral 

properties (56) and relatively small size.  DNA, proteins, carbohydrates, and lipids 

have been modified with BODIPY to produce fluorescent analogs (57-59). 

 The incorporation of the BODIPY moiety into free (unesterified) cholesterol 

may provide a useful probe for membrane studies.  Until now, the BODIPY 

fluorophore has only been conjugated to cholesterol via an ester linkage at the C3 

position, thus affording a fluorescent analog of a cholesteryl ester.  The synthetic 

challenges associated with attaching the hydrophobic BODIPY group at the nonpolar 

sterol side chain, where there are no functional groups, have recently been overcome 

by Dr. Zaiguo Li and Professor Robert Bittman, producing the first BODIPY analogs 

of free cholesterol (Figure 1). 
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Figure 1.  Synthetic cholesterol analogs.  A, BODIPY-cholesterol analog 1 (CPD-1);  

B, BODIPY-cholesterol analog 2 (CPD-2).   

 
 

 These two BODIPY-containing cholesterol analogs differ in the linkage of the 

fluorophore to the sterol.  Both are attached to the aliphatic side chain, but BODIPY-

cholesterol analog 1 (CPD-1) contains an ester linker, whereas BODIPY-cholesterol 

analog 2 (CPD-2) is devoid of oxygen atoms in the side chain.   

A 

B



 18

 As in Part 1 of this chapter, the mixed monomolecular film method was 

employed to compare the behavior of both analogs to that of cholesterol.  Monolayers 

of CPD-1 and CPD-2 and POPC were compressed at the air-water interface, and the 

condensation effect of each of these probes was analyzed.  The properties of these 

probes were also investigated by examining the kinetics of cyclodextrin-mediated 

desorption from mixed monolayers comprised of POPC and sterol, an assay that 

relies on the ability of cyclodextrins to remove cholesterol from monolayers and 

membranes and is a measure of intermolecular forces between lipids (60).  Finally, a 

detergent-solubility assay was used to ascertain the propensity of the probes to form 

insoluble liquid-ordered domains in multilamellar vesicles (MLVs).  In addition, 

Megha in the laboratory of Prof. Erwin London (Department of Biochemistry and 

Cell Biology, Stony Brook University, State University of New York, Stony Brook, 

NY) examined the ability of the probes to partition into liquid-ordered domains in 

MLVs using a fluorescence assay. 

  

Materials and Methods 

Monolayers 

 Monolayer experiments were conducted as described in the Materials and 

Methods section of Part 1.   

 

Detergent solubility assay 
 
 The extent of detergent solubility was determined by treatment of MLVs, 

comprised of milk sphingomyelin (MSPM) (Avanti Polar Lipids, Alabaster, AL) and 
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sterol, with Triton X-100 (Sigma-Aldrich, St. Louis, MO) essentially as described in 

(61).  Briefly, appropriate volumes of sterol and MSPM stock solutions in 

CHCl3/MeOH (2:1) were combined to produce mixtures of varying mol ratios (total 

lipid: 500 nmol).  MLVs were prepared by evaporating the solvent under a gentle 

stream of nitrogen, drying the resulting films under vacuum overnight, then hydrating 

with 1.6 ml of hot PBS (~ 85° C).  The suspensions were vortexed vigorously for 60 

s, incubated at high temperature for 30 min, re-vortexed for 60s, and allowed to cool 

to room temperature (23 ± 1° C).  The optical density (OD) was measured at 600 nm 

in an OOIBase32 spectrophotometer (Dunedin, FL) before and ~24 h after addition of 

40 µl 10% (w/v) Triton X-100.  The % OD remaining after detergent treatment was 

calculated using Eq. 2 (62): 

 

% OD600 remaining = OD600 (+ detergent) / OD600 (-detergent) x 100     Eq. 2  

 

Cyclodextrin-mediated desorption from monolayers 

 Lipid mixtures comprised of POPC and 33 mol % of either cholesterol or 

CPD-2 were applied to the air-water interface, using a circular Teflon trough (volume 

~14 ml), to give initial surface pressures between 25 and 30 mN/m.  After a stable 

monolayer was obtained, as indicated by constant surface pressure (between 15 and 

20 mN/m), 200-µl aliquots of 2-hydroxypropyl-β-cyclodextrin (HPCD) (Cerestar, 

Hammond, IN), dissolved in pure water, were injected into the stirred subphase 

through a side port of the trough (final concentration, 3 mM) without puncturing the 

lipid film.  Control experiments in which a solution of HPCD was injected under a 
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pure POPC monolayer did not produce a significant change in the surface pressure.  

The HPCD-induced desorption of sterol from the binary film was monitored by the 

decrease in surface pressure.  The first-order rate constant was calculated from the 

slope of the best-fit line through the data plotted according to Eq. 3: 

log (πt - πinfinity) = -kt/2.303                Eq. 3                               

where (πt - πinfinity) is the difference between surface pressures at time t and after 

equilibrium has been reached and k is the first-order rate constant. 

 

Results 

Pure sterol monolayers 

 The compressions of monolayers formed from CPD-1 and CPD-2 at the air-

water interface are compared with that of cholesterol in Figure 2.  The 3β-hydroxy 

group of these molecules anchors them to the surface.  The rigid sterol ring system 

causes an abrupt rise in pressure as the lateral pressure is increased.  The very steep 

rise in the cholesterol isotherm (curve a) is indicative of an orientation normal to the 

plane of the interface (63, 64).  The compression curves for CPD-1 and CPD-2 

(curves b and c, respectively) are less steep, indicative of a higher degree of tilt of 

these molecules relative to the surface of the subphase.  The analogs occupy a 

significantly larger area than cholesterol at surface pressures below ~30 mN/m.  

CPD-1, which contains an ester linkage in the aliphatic tail, occupies a larger area 

than CPD-2 as the lateral pressure increases.   
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Figure 2.  Compression isotherms of cholesterol (a), CPD-1 (b), and CPD-2 (c).  

Compressions were performed on a subphase of pure water as described in the 

Materials and Methods section of Part 1 of this chapter.  Errors were ± 2 

Å2/molecule. 

 

Mixing behavior in two-component monomolecular lipid films 

The molecular areas of mixed monolayers comprised of varying mole 

fractions of sterol and POPC at three surface pressures are shown in Figure 3.  The 

straight lines represent the areas expected from ideal mixing of the two components.  

The smaller area of cholesterol-POPC films (squares) illustrates the well-known 

condensation effect of cholesterol, which is considered to arise because 

intermolecular interactions result in a reduced number of gauche conformers in the 

phospholipid’s fatty acyl chains (65).  The positive deviation from ideal mixing 

observed with CPD-1 is indicative of demixing of the POPC-sterol film (triangles).  

Demixing is presumably a consequence of the oxygen atoms in the ester linkage used 
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to conjugate the sterol with the BODIPY moiety.  CPD-2, in which there are no polar 

atoms in the linker between the sterol side chain and the fluorophore, mixes in an 

ideal manner with POPC at the surface pressures and mole fractions we examined 

(circles).  However, unlike cholesterol, CPD-2 did not induce condensation of the 

molecular area of POPC at the surface pressures we examined, and thus is not a 

perfect cholesterol mimetic. 
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Figure 3.  Area-composition curves for cholesterol (squares), CPD-1 (triangles), and 

CPD-2 (circles) at three surface pressures as labeled.  Solid, dotted and dashed lines 

represent ideal additivity of cholesterol, CPD-1, and CPD-2, respectively, as 

described by Eq. 1, Part 1 of this chapter.  (Note:  Although the absolute area of 
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cholesterol appears larger than that shown in Figure 3 of Part 1 (p. 11), the 

condensation effects, as represented by changes in molecular area in the presence of 

POPC, are comparable.) 

 
 

Detergent-solubility assay 

 To examine the interactions between CPD-2 and phospholipids in more detail, 

we compared the ability of cholesterol and this analog to support lipid domain 

formation in bilayer membranes.  The method employed relies on the well-known 

ability of MLVs comprised of mixtures of saturated phospho-or sphingolipids and 

sterols to form detergent-resistant domains (62, 66).  This property is sensitive to 

sterol structure (62, 67).  As shown in Figure 4, the interactions between the sterols 

and MSPM, as indicated by the ability to support raft formation, were within 

experimental error at the molar ratios examined.  These results suggest that the 

BODIPY moiety in CPD-2 does not interfere with the tight lipid packing required for 

formation of lipid raft domains in MLVs.  Comparable results were observed when 

similar experiments were conducted by Mehga in Prof. London’s laboratory.  It was 

also found that CPD-1 did not partition as well as cholesterol into the insoluble 

fraction of detergent-treated MLVs as determined by the ratio of fluorescence 

intensity of the pellet compared to that of the supernatant after centrifugation.  It 

should be noted, however, that bath sonication of the MLVs was required to disperse 

the lipids; therefore, the results are qualitative.   
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Figure 4.  Plot of % OD remaining at 600 nm and 23 ºC in MLVs composed of binary 

mixtures of MSPM and cholesterol (gray bars) or CPD-2 (dark bars).  The total lipid 

concentration was 312 µM.  MLVs were prepared and treated with Triton X-100 as 

described in Materials and Methods.  The average and standard deviation of triplicate 

samples are shown. 

 
Cyclodextrin-mediated adsorption from monolayers  

The rates of desorption of cholesterol and CPD-2 from mixed monolayers 

composed of POPC and sterol at constant surface area on injection of a water-soluble 

cyclodextrin derivative into the subphase are shown in Figure 5.  This method has 

been used to estimate the extent of interaction of sterols with phospholipids in 

monolayers (60).  Figure 5 shows that the kinetics of HPCD-induced desorption of 

cholesterol and CPD-2 from the monolayers are similar, based on the calculated first-

order rate constants.  These results suggest a similar affinity of the sterols for POPC 

under the conditions employed.  No decrease in surface pressure was observed in 
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control experiments in which HPCD was injected into a monolayer devoid of 

cholesterol or CPD-2 (data not shown).   
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Figure. 5.  First-order kinetic plot of sterol displacement from POPC/sterol 

monolayers on injection of HP-CD into the subphase at 23 ºC.  HP-CD was injected 

into the subphase at a final concentration of 3 mM.  The data were fit with first-order 

rate constants of 3.3 x 10-3 s-1 for cholesterol (squares) and 3.2 x 10-3 s-1 for CPD-2 

(circles).  The molar ratio of POPC/sterol was 2:1. 

 
 

Discussion 

 Our understanding of membrane dynamics has been increased by the use of 

fluorescent lipid analogs (68-70).  Several fluorescent cholesterol analogs have been 

used, but many have proven to be problematic with respect to faithfully mimicking 

the membrane behavior of the natural compound.  The site of attachment of the 

fluorophore to the sterol molecule and the size and physical properties of the 

fluorophore may affect how the probe molecule is partitioned in membrane domains.  
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For example, a nitrobenzoxadiazole (NBD) moiety has been conjugated to cholesterol 

at C22 and C25 (71).  However, unlike cholesterol, whose side chain is deeply 

imbedded among the fatty acyl groups of phospholipids in the non-polar interior of 

the membrane (19), these probes tend to be oriented (at least transiently) with their 

side chain near the polar milieu, as evidenced by the quenching of fluorescence by the 

water-soluble compound dithionite (72), and the probe with the NBD group at C22 

was also shown to distribute preferentially into the liquid-disordered phase, unlike 

cholesterol under similar conditions (73).  A cholesterol analog in which a dansyl 

group was coupled to cholestanol at C6 was used to study cholesterol transport, and 

this probe was reported to mimic cholesterol with respect to supporting raft formation 

and efflux by cyclodextrin from cells (52).  However, it must be noted that this 

fluorophore is more hydrophilic than BODIPY and, when attached to various sites on 

phosphatidylethanolamine, was shown to localize with the polar head groups of 

neighboring lipids near the aqueous phase (74).  This property may cause differences 

in the membrane orientation that the probe adopts compared to cholesterol.  These 

findings indicate that NBD- and dansyl-cholesterol may not be suitable probes for 

cholesterol. 

 Fluorescent analogs of cholesterol without large functional groups are 

available (e.g., cholestatrienol and dehydroergosterol), but they possess some 

undesirable spectroscopic properties (low quantum yield, excitation wavelengths in 

the UV).  Therefore, they are not appropriate reporter molecules for live cell imaging 

studies. 
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 In light of the limitations of the fluorophores discussed above, it can be 

concluded that BODIPY cholesterol is a more promising reporter molecule for studies 

of membrane dynamics in which the sterol is involved.  CPD-2 exhibits similar 

behavior to cholesterol, based on the results from the cyclodextrin desorption and 

detergent solubility assays reported here.  Furthermore, CPD-2 mixes in an ideal 

manner with POPC (Figure 3), although it fails to induce POPC condensation in 

monolayer films. Therefore, CPD-2 has the potential to act as a faithful analog in 

model membrane and cell studies.  On the other hand, CPD-1, which displays non-

mixing properties in POPC monolayers, may have utility as a probe that tends to 

partition into non-raft domains. 

 

Summary 

 The experiments described in Parts 1 and 2 of this chapter were directed at 

ascertaining the degree to which two types of cholesterol analogs mimic the 

biophysical behavior of the parent compound in model membrane systems.  A 

photoactivatable analog, 6-photocholesterol, in which the C5,C6 double bond is 

absent and a carbene precursor is installed at C6, displayed a compression isotherm 

that differed from that of cholesterol by only ~1.5 Å2 at lift-off area.  The collapse 

pressure and area were almost identical to those of cholesterol, and its ability to 

condense POPC was essentially indistinguishable to that of cholesterol. 

 The behavior of two cholesterol analogs containing a BODIPY fluorophore 

linked to the side chain was also examined.  The ester linker in CPD-1 appears to 

interfere with lipid packing in monolayers.  On the other hand, CPD-2 interacted 
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quite similarly to cholesterol with POPC and MSPM in two additional assays.  Thus, 

it can be concluded that these probes can be used in tandem, one as a cholesterol 

analog and one as a negative control, to study membrane dynamics involving 

cholesterol, with a greater measure of confidence than several other, widely used 

fluorescent cholesterol conjugates.   
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Chapter 3 

 

Cholesterol-Phospholipid Interactions in Monolayers and Multilamellar Vesicles 

Are Not Enantiospecific 

 

Abstract 

 Compressions of monomolecular films comprised of 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine (POPC) and cholesterol or its enantiomer (ent-cholesterol) 

were performed at the air-water interface.  There is no significant difference between 

the interactions of POPC with cholesterol or ent-cholesterol under the conditions 

employed.  The ability of ent-cholesterol to form lipid-ordered domains in 

multilamellar vesicles with egg sphingomyelin was similar to that of cholesterol.  

These results suggest that sterol-phospholipid interactions in model membranes are 

not enantiospecific with respect to the sterol molecule. 

 

Introduction 

 The importance of cholesterol structure for function in vitro and in vivo is 

well established (Chapters 2 and 3 of this thesis, (19, 60, 67, 75)) but evidence for 

enantiospecificity of lipids or peptides for cholesterol has been sought for some time 

(76-78).  The total synthesis of a cholesterol analog in which every stereocenter is 

reversed (Figure 1) (79, 80) presents an opportunity to study the enantiomer of the 

natural sterol molecule and compare its biological and biophysical behavior to that of 

natural cholesterol.    
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 Replacement of cholesterol with ent-cholesterol in C. elegans had only minor 

effects on first generation animals, but later generations were nonviable (76), 

indicating that the enantiomer displayed lethal differences in function in vivo.  In 

recent in vitro experiments, an ordered-domain forming peptide had differential 

effects on phase transition properties in liposomes containing ent-cholesterol or 

cholesterol and 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine (SOPC) (81).  

Another investigation revealed enantiospecific sterol-protein interactions but no such 

specificity with respect to sterol-phospholipid interactions (82).  However, several 

other recent in vitro studies failed to detect any specificity in various biophysical 

assays (78, 83).  There are some studies that show small effects of cholesterol 

enantioselectivty.  A comparison of the monolayer behavior and detergent solubility 

of ent-cholesterol and cholesterol in multilamellar vesicles (MLVs) is reported in this 

chapter. 
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Figure 1.  Structures of cholesterol (top) and ent-cholesterol (bottom) showing 

stereocenters.  

 
Materials and Methods 

 POPC, ESPM, and cholesterol were purchased from Avanti Polar Lipids 

(Alabaster, AL).  Ent-cholesterol was a generous gift from Prof. Douglas Covey 

(Washington University School of Medicine, St. Louis, MO).  Isothermal 

compressions of pure sterol and mixed sterol-POPC monolayers and determination of 

the formation of liquid-ordered phases by measurement of optical density remaining 

after Triton X-100 (Sigma-Aldrich, St. Louis, MO) treatment of MLVs were 

performed as described in Chapters 2 and 3 of this thesis.   
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Results 

 The molecular area and collapse pressure of pure cholesterol and ent-

cholesterol monolayers were similar (Figure 2).  However, a less abrupt “lift-off” of 

ent-cholesterol compared to cholesterol was observed, which may be the result of a 

slight twist and less extended conformation in the enantiomeric molecule. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.  Compression isotherms of cholesterol (A) and ent-cholesterol (B) on a 

subphase of pure water at 22 °C.  Isotherms shown are representative of 3-4 

compressions and were reproducible to within 2 Å2/molecule.  

 

 To investigate whether the complete reversal of stereochemistry affected 

sterol interactions with other membrane lipids, binary monolayer films comprised of 
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varying mol fractions of sterol and POPC were compressed at the air-water interface.  

As discussed in the preceding chapters, lipid-lipid interactions can be measured 

qualitatively by comparing the molecular area occupied by mixed monolayers to the 

area that would be occupied if the lipids mixed in an ideal manner.  As Figure 3 

illustrates, ent-cholesterol condensed POPC films to a similar extent as cholesterol at 

sterol mol fractions lower than 0.5.  As the sterol mol fraction was increased, the 

effect of ent-cholesterol on POPC films was slightly decreased compared with 

cholesterol; the altered orientation the molecule appears to adopt, as suggested by the 

pure isotherms in Figure 2, may be responsible for this behavior. 
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Figure 3.  Area-composition curves for cholesterol (squares) and ent-chol (circles).  

Straight lines represent ideal additivity of cholesterol (solid lines) and ent-cholesterol 

(dashed lines) as described in Chapters 2 and 3.  Measurements are displayed for 

surface pressures of 5, 10, and 20 mN/molecule (panels A-C, respectively). 

 
 The propensity of ent-cholesterol to promote the formation of detergent-

resistant lipid domains in MLVs comprised of sterol and ESPM was examined and 

compared to that of cholesterol.  As shown in Figure 4, reversal of all of the chiral 

centers in cholesterol does not significantly alter this property.  All of the general 

structural features of cholesterol (the 3β-hydroxy group, rigid ring system, and 
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aliphatic side chain) are intact in ent-chol, so that the molecular features required for 

tight sterol-sphingolipid interactions are maintained.   
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Figure 4.  OD at 600 nm remaining after treatment of MLVs prepared from 

cholesterol (squares) or ent-cholesterol (circles) and ESPM with Triton X-100 at 23 

°C.  See Materials and Methods in Chapter 2 for experimental details. 

 

Discussion  

 The results of pure sterol and POPC-sterol monolayer compressions and 

detergent-solubility assays failed to detect significant differences between ent-

cholesterol and the natural compound.  This conclusion is in agreement with several 

recent studies.  For example, an antibody raised against cholesterol monohydrate 
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displayed similar affinity for both enantiomers, although no interactions were 

observed between the antibody and epicholesterol, the diastereomer that contains a 

C3-hydroxy group in the α orientation (78).  Likewise, differential-scanning 

calorimetric measurements of phase transition temperatures and enthalpy changes 

failed to detect differences between bilayers comprised of either enantiomer and 

ESPM (83).   

On the other hand, the thermodynamic parameters of SOPC phase transitions 

were altered at certain sterol mol fractions in the presence of a small, ordered-

domain-inducing peptide when cholesterol was replaced with ent-cholesterol (81).  

Differences between cholesterol and ent-cholesterol were also observed in the degree 

of condensation of ESPM films in previous monolayer experiments (84).  In addition, 

although the activity of the cholesterol-requiring pore-forming toxin Streptolysin O 

was virtually insensitive to the complete reversal of stereochemistry as represented by 

ent-cholesterol, the activity of a related toxin, Vibrio cholerae cytolysin, was 

significantly reduced when cholesterol was replaced by the enantiomer in liposomes 

(85).   

Insight into these apparent inconsistencies may be provided by recent work in 

which phosphorylation of the membrane receptor for epidermal growth factor (EGF) 

was shown to be insensitive to the absolute configuration of cholesterol; conversely, 

cholesterol oxidase oxidized cholesterol to a significantly greater extent than it did 

ent-cholesterol (82).  This study also found that lipid raft forming ability was 

maintained when ent-cholesterol was substituted for natural cholesterol.  The authors 

argued convincingly that EGF receptor phosphorylation, like raft formation, is 
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dependent on cholesterol’s presence for structural (physical) reasons.  However, as 

the interactions with cholesterol oxidase (82) and with a raft-promoting peptide (81) 

illustrate, a degree of sterol-protein and sterol-peptide enantiospecificity was 

observed.   

 In conclusion, there are discrepancies regarding the effect of reversing the 

complete stereochemistry of cholesterol.  The chemical modification was lethal to 

second generation progeny in an animal model (76) and altered the pore-forming 

properties of a cholesterol-requiring toxin (85).  However, experiments measuring the 

phase-transition thermodynamics should be considered inconclusive in that the effect 

observed depended on whether lipid mixtures contained sterol and ESPM on one 

hand (insensitive to sterol stereochemistry) (83) and SOPC and a raft-promoting 

peptide on the other (sensitive) (81).  

 The assays employed in this study did not detect a significant difference 

between cholesterol and ent-cholesterol.  Because of the conflicting results reported 

here and in the literature, additional research is required to determine whether the 

apparent enantioselectivity seen in several of the studies cited are a function of the 

sensitivity of the specific assay employed or of the sterol function, and whether sterol 

interactions with proteins are enantiospecific, whereas sterol-phospholipid 

interactions are not. 
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Chapter 4 

 

Effect of Oxygenated Sterols on the Promotion of Detergent-resistant Domains 
in Multilamellar Vesicles and Condensation of Phospholipids in Monolayers 
 

Abstract 

 The lipid products of oxidative stress include several different oxygen-

containing sterols.  These sterols are cytotoxic but the exact mechanisms of cell injury 

remain unclear.  An investigation of the ability of various oxidized sterols to interact 

with phospholipids and to support lipid raft formation in model membranes was 

carried out.  It was found that the presence of an oxygen atom in addition to the one 

in the hydroxyl group at C3 of cholesterol changes significantly the sterol’s ability to 

condense phospholipids monolayers and support lipid raft formation.  A ketone group 

at C7 had a greater effect on membrane properties than at C6 compared to 

cholesterol, and ketone groups on the aliphatic side chain also perturbed sterol 

behavior in the assays employed.  Monolayer and raft-formation properties were also 

sensitive to the exact location of the oxygen at the side chain.    

 

 

Introduction 

The existence of cholesterol- and glycosphingolipid-rich membrane 

microdomains has been proposed since at least the 1980’s (86).  These domains have 

been termed “rafts;” detergent-insoluble, glycosphingolipid-enriched membranes; 
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cholesterol-enriched domains; and detergent-resistant membranes (DRM).  The term 

DRM arises from the inability of these domains to be readily dissolved in Triton X-

100 or other detergents.  Lipid rafts have been implicated in a myriad of cellular 

functions, including protein trafficking, viral budding and infection, and various cell 

signaling activities (87-90).  Many intrinsic proteins have been found in lipid rafts, 

including caveolins, glycosylphosphatidylinositol-(GPI) linked proteins (91), and cell 

signaling and sorting proteins (87, 88).  Rafts are enriched in glycosphingolipids and 

cholesterol (92).  The relatively low buoyant density of these domains causes them to 

float at the top of a sucrose gradient.  The large proportion of highly saturated 

glycosphingolipids found in DRM suggests that lipids in the liquid-ordered (Lo) phase 

promote domain formation (66).   

The presence of cholesterol mediates formation of the Lo phase (93), which 

has properties of both the liquid-crystalline (Lα) and gel (Lβ) phases.  Acyl chains in 

the Lo phase are extended and tightly packed like those in the gel phase, but they 

display lateral movement consistent with lipids in the liquid-crystalline phase (66, 

94). 

Cholesterol has a high affinity for raft phospholipids such as sphingomyelin 

and saturated glycerophospholipids.  The structural requirements for sterols to 

promote DRM have been investigated (67, 75, 95).  These studies revealed a 

sensitivity to sterol structural features (degree of saturation, hydrophobicity, and 

isooctyl side chain structure) with respect to DRM promotion.  The same sterol 

structural features are well known to affect interactions with neighboring lipids in 

cellular and model membranes (19).   
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Oxidized sterols are present in high concentrations in atherosclerotic plaques 

(6).  Gaus et al. (96) showed that reverse cholesterol efflux was inhibited in the 

presence of 5-cholesten-3β-ol-7-one (7-ketocholesterol; Figure 1).  This oxysterol is 

less efficient in causing membrane lipids to adopt the Lo phase compared to native 

cholesterol (64, 97), and high concentrations of 7-ketocholesterol, such as is present 

in atherosclerotic plaques, caused Ca2+ release, leading to apoptosis (98).  This sterol 

and another product of oxidative stress, 5-cholesten-3β,19-diol (19-

hydroxycholesterol), have been found in red blood sickle cells (99).  Indeed, many 

oxysterols are thought to be more atherosclerotic than native cholesterol (100).  This 

chapter describes the results from a systematic study, using two unrelated assays, of a 

number of oxidized cholesterol analogs (see Figure 1 for structures).  The goal of this 

project was to compare the properties of these sterols to cholesterol with respect to 

their ability to (i) support the formation of DRM as detected by the optical density 

(OD) of egg sphingomyelin-sterol (ESPM) multilamellar vesicles (MLVs) after 

treatment with Triton X-100 and (ii) condense diacylphosphatidylcholine (PC) 

monolayers at the air-water interface. 
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Figure 1.  Structures of cholesterol (A) and oxygenated derivatives.  B, 5-α-

cholestan-3β-ol-6-one (6-ketocholesterol); C, 5-cholesten-3β-ol-7-one (7-

ketocholesterol); D, 5-cholesten-3β-ol-24-one (24-ketocholesterol); E, 27-nor-5-

cholesten-3β-ol-25-one (25-ketocholesterol); F, 5-cholesten-3β,19-diol (19-

hydroxycholesterol).   
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Materials and Methods 

1-Palmitoyl-2-oleoyl-PC and ESPM were from Avanti Polar Lipids 

(Alabaster, AL).  Sterols were from Steraloids (Newport, RI) and Research Plus 

(Manasquan, NJ).  Triton X-100 was from Sigma-Aldrich (St. Louis, MO). 

MLVs were produced essentially as described by Li et al. (61) and in Chapter 

2.  Briefly, POPC and sterol solutions in CHCl3 were mixed in the indicated 

proportions, dried under a gentle stream of nitrogen to produce a thin lipid film, and 

further dried under reduced pressure for 1 h.  The films were hydrated in hot (∼80 °C, 

above the Tm of ESPM) phosphate-buffered saline (PBS; 10 mM Na2HPO4, 150 mM 

NaCl, 0.02 % NaN3 (w/v), pH 7.0), vortexed vigorously for 60 s, vortexed again for 

15 s in a water bath incubated at 80 °C for 5 min, and re-vortexed for 30 s.  

Suspensions were allowed to cool to room temperature (∼22 °C) before the 

experiments were carried out. 

To test ESPM-sterol mixtures for detergent sensitivity, the OD of 1 ml of 

MLVs (500 nmol total lipid) was read at 600 nm using an OOIBase32 (Dunedin, FL) 

UV-vis spectrophotometer before and after the addition of 40 µl of a 10 % (w/v) 

Triton X-100 solution and 60 min of incubation.  The final detergent-lipid molar ratio 

was ∼14:1.  To quantitate the degree of detergent resistance, the percent OD 

remaining after treatment with Triton X-100 was calculated according to Eq. 1 (67): 

 

% OD600 remaining = OD600 (+ detergent) / OD600 (-detergent) x 100                 Eq 1 
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As described in Chapter 1, monolayer experiments were conducted using a 

computer-controlled Kibron µ Trough S surface balance (Helsinki, Finland).  Lipids 

films were spread from stock solutions of mixtures of pre-weighed dry lipids 

dissolved in HPLC-grade hexane-2-propanol (3:2) at appropriate proportions.  The 

subphase for all compressions was pure water (purified through a Milli-Q (Millipore 

Corp., Bedford, MA) to a resistivity of 18 MΩ⋅cm.  Binary films were spread using a 

digital 10 µl Hamilton syringe.  Compressions, at a rate of ∼4 Å2/molecule/min, 

began after a 5-min delay to allow evaporation of the solvents. 

Film data were collected using Filmware, a software package provided by 

Kibron, and the results were analyzed with Filmfit software (Creative Tensions, 

Austin, MN).  Ideal additivity of binary lipid films is described by Eq. 2: 

 

Aπ = X1(A1)π + (1 – X1) (A2)π                         Eq 2 

 

where X1 and (1- X1) are mol fractions of component 1 and 2, and (A1)π and (A2)π are 

molecular areas of components 1 and 2 at surface pressure, π (38).  Deviations from 

the linear relationship described by Eq. 2 imply non-ideal behavior, with negative 

deviations suggesting condensation of the films caused by molecular packing among 

the system components. 

 

Results 

All of the sterol tested supported the formation of Triton-resistant domains 

(Figure 2).  However, an examination of the results reveals a significant difference in 
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the amount of sterol required to mediate the onset of domain formation.  MLVs 

consisting of 20 mol% of 24-ketocholesterol or 6-ketocholesterol were more insoluble 

than MLVs containing cholesterol, but 24-ketocholesterol and 6-ketocholesterol both 

formed MLVs that were more soluble than cholesterol.  At this composition, 25-

ketocholesterol supported domain formation to the same extent as non-oxidized 

cholesterol.  Increasing the mol fraction of sterol produced MLVs that were 

increasingly insensitive to detergent treatment, and MLVs consisting of ≥40 mol% 

sterol were insoluble under the conditions employed and to a similar extent regardless 

of the sterol structure.  The exception is 25-ketocholesterol, which supported domain 

formation but to a lesser degree at high sterol mol fraction. 
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Figure 2.  Plot of OD (600 nm) remaining after treatment of sterol-ESPM MLVs with 

Triton X-100.  Cholesterol, ■, solid line; 6-ketocholesterol, ●, dashed line; 7-keto-
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cholesterol, ▲, dotted line; 19-hydroxycholesterol, ▼, dash-dotted line; 24-keto-

cholesterol, ◄, dashed-dotted-dotted line; 25-ketocholesterol, ►, short dashed line. 

 
To qualitatively investigate the interactions of oxidized sterols with a different 

membrane lipid, the mean molecular area of sterol-POPC monomolecular films 

compressed at the air-water interface was plotted as a function of film composition.  

Figure 3 illustrates the differences in the condensation of POPC in the presence of 

oxygenated sterols.  All of the sterols either mixed ideally or condensed POPC when 

present at a mol fraction of 0.1.  However, differences began to emerge when the ratio 

of sterol:POPC was increased to 1:1 (Figure 4), and were dependent on the location 

of the oxygen atom within the sterol molecule.  At this composition, only 6-

ketocholesterol and 25-ketocholesterol behaved similarly to cholesterol.  The effect of 

6-ketocholesterol on the molecular area of POPC decreased at higher mol fraction of 

sterol, and that of 25-ketocholesterol was completely abolished, although mixing 

between sterol and POPC was ideal.  Pronounced effects are seen for 7-

ketocholesterol and 24-ketocholesterol (Figure 3, top panel; Figure 4, open bars), but 

are abolished at very high (90%) sterol mol fraction. 
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Figure 3.  Area-composition curves for sterol-POPC monolayers at 20, 10, and 5 

mN/m (A-C, respectively).  Solid lines represent area if additivity were ideal.  

Cholesterol, ■, solid line; 6-ketocholesterol, ●, dashed line; 7-ketocholesterol, ▲, 

dotted line; 19-hydroxycholesterol, ▼, dash-dotted line; 24-ketocholesterol, ◄, 

dashed-dotted-dotted line; 25-ketocholesterol, ►, short dashed line. 
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Figure 4.  Condensation of POPC monolayers by oxygenated sterols as a percentage 

of condensation effect of cholesterol at 20 mN/m.  Solid bars, 50 mol% sterol; open 

bars, 70 mol% sterol; hashed bars, 90 mol% sterol. 

 
 

Discussion 

The toxic effect of oxidized sterols on cells is well documented (101, 102), 

and several different sterol products of oxidative stress are known to exist in low-

density lipoproteins (67).  This study was designed to examine the extent to which 

these sterols differ in their interactions with ESPM and POPC in model membranes. 

It has been reported that there is a correlation between the propensity of a 

sterol to support formation of insoluble lipid domains and its ability to condense 

phospholipid monolayers (61, 67).  Both phenomena require the presence of liquid-



 48

ordered (Lo) domains (103).  Since insoluble lipid domains are important for some of 

the functions of membrane proteins, it follows that the local concentration of sterol 

needed to form these domains may have implications for the cell.  It is, therefore, of 

interest to determine whether the presence of oxygenated sterols prevents their 

formation.  The results described here indicate that some of the oxysterols studied 

perturb formation of DRMs, but others, at various mol fractions, actually enhance 

their formation. 

The location of the oxygen atom in the sterol molecule has an effect on the 

interactions between the sterol and phospholipids, according to the results obtained in 

this study.  A ketone group in close proximity to the 3β-hydroxy group (e.g., 6- and 

7-ketocholesterol) alters the sterol’s orientation with respect to the air-water interface 

(63); this is confirmed by the finding of a larger molecular area occupied compared to 

cholesterol (see the right-hand axis of Figure 3).  The presence of the additional polar 

oxygen atom causes a tilt in the molecule, resulting in the observed increase in area.  

Moving the ketone farther away from the 3-hydroxy group changes the interactions 

with neighboring POPC or ESPM molecules, as can be seen by comparing results 

from the experiments with 6-ketocholesterol with 7-ketocholesterol in Figures 2, 3, 

and 4 (104).2  It appears that an oxygen atom located at C7 interferes with 

intermolecular packing, preventing the tight interactions required for formation of the 

Lo phase.  It is not known whether this is a result of steric hindrance or repulsion 

between oxygen in the sterol and the amide or ester chain in ESPM or POPC, 

                                                 
2 It should be noted that 6-ketocholesterol lacks the C5,C6 double bond present in cholesterol and 7-

ketocholesterol.  However, cholestanol, a sterol differing from cholesterol only by the absence of the 

double bond, behaves similarly to cholesterol in model membranes.  See Reference (27). 
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respectively, but this interference may help explain the toxic effects of 7-

ketocholesterol in cells. 

The position of the oxygen atom on the sterol side chain also affects the 

formation of Lo domains.  The higher degree of DRM formation by 20 mol% 24-

ketocholesterol compared to 25-ketocholesterol (and cholesterol) suggests that the 

onset of the Lo domain formation is disturbed by an oxygen atom near the end of the 

side chain.  Evidently, the freer degree of mobility of a methyl ketone (25-

ketocholesterol) compared to 24-ketocholesterol, in which the ketone is group is 

closer to the sterol ring system, affects interactions with neighboring lipids.  The ideal 

mixing behavior of 19-hydroxycholesterol (Figure 3) and the results of the detergent 

solubility assay suggest that a hydroxy group at C19 interferes slightly with sterol-

ESPM and sterol–POPC interactions compared to cholesterol, since 30 mol% sterol is 

required before detergent insoluble domains are formed (Figure 2).  The difference in 

the behavior of 19-hydroxycholesterol and the keto-containing sterols may result 

from the presence of a hydrogen bond donor not present in the keto sterols.  It is of 

interest to note, however, that a toxic sterol, like 7-ketocholesterol, differs from native 

cholesterol with respect to the relative amount present before the Lo phase forms.  For 

7-ketocholesterol, 20 mol% sterol forms highly insoluble membranes, and, at the 

same sterol:ESPM molar ratio, 19-hydroxycholesterol/ESPM membranes are 

dissolved essentially completely by Triton.  Thus, the local concentration of sterol 

appears to be important for DRM formation and concomitant function of proteins and 

processes that may be associated with it.  
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Summary 

An investigation into the behavior of 6-, 7-, 24-, and 25-ketocholesterol and 

19-hydroxycholesterol in model membranes reveals that the presence of an extra 

oxygen atom causes significant differences in lipid-lipid interactions.  Placement of 

the oxygen atom one carbon farther away from the 3β-hydroxy group of cholesterol 

affects sterol-ESPM and sterol-POPC interactions as determined by detergent 

solubility and monolayer assays.  The study also illustrates the sensitivity of 

cholesterol’s behavior in model membranes to the presence and location of oxygen in 

the side chain, where it was found that, depending on the mol fraction of sterol in the 

bilayer, moving the carbonyl group from C24 to C25 causes changes in the way the 

sterol interacts with both ESPM and POPC. 
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Chapter 5 

Lysophosphatidic Acid and Lipopolysaccharide Bind to the PIP2-Binding 
Domain of the Actin-Severing Protein Gelsolin 
 

Abstract 

 The actin-severing protein gelsolin is regulated mainly by 

phosphatidylinositol 4,5-bisphosphate (PIP2).  We report here ITC studies on the 

interactions of the P2 peptide (residues 150-169) with lysophosphatidic acid (LPA) 

and lipopolysaccharide (LPS).  The binding to 1-oleoyl-LPA is exothermic at both 25 

°C and 37 °C, and Kd increased from 0.92 µM to 24 µM on addition of 150 mM NaCl 

at 25 °C, indicative of the role of ionic interactions in P2 binding to LPA.  The ∆H° 

was -2.07 kcal/mol in the absence of salt and -0.23 kcal/mol in the presence of 150 

mM NaCl at 25 °C.  The interaction of lipopolysaccharide (LPS) from P. aeruginosa 

with gelsolin P2 was stronger than that of LPA with P2; at pH 7.4 and in the absence 

of salt, Kd was 177 nM, and ∆H° was -7.6 kcal/mol at 25 °C. 

 

 

Introduction 

 Lysophosphatidic acid (LPA) is structurally the simplest of the 

glycerophospholipids (Figure 1).  LPA is produced in various types of cells via de 

novo synthesis from the early lipid metabolic intermediate glycerol-3-phosphate or by 

deacylation of phosphatidic acid and is secreted by activated platelets and other cells 

(105-107).  This phospholipid growth factor displays a myriad of cellular functions, 



 52

the best understood of which are mediated through high affinity binding to the 

products of several members of the EDG (Endothelial Differentiation Genes) family 

of G-protein-coupled receptors (GPCR) genes (108).  Examples of activities that are 

controlled by the interactions of LPA with GPCR (108, 109) are smooth muscle 

contraction, Ca2+ efflux, and neurotransmitter regulation.  LPA also regulates the 

actin-binding and actin-severing activities of gelsolin (110, 111).   

Recent research has revealed that LPS (Figure 2), a complex, high-molecular 

weight negatively charged lipid that in large part forms the outer membrane of Gram-

negative bacteria, also binds to gelsolin (112).  In place of the glycerol backbone 

present in LPA, LPS has an acylated glucosamine backbone.  LPS consists of lipid A, 

which is typically a disaccharide of glucosamine derivatized as a mono-or 

diphosphate, and as many as seven fatty acyl chains (113, 114).  The lipid A 

component of LPS is responsible for the toxic properties of the LPS molecule (114).  

Lipid A is glycosylated in many bacteria with two 3-deoxy-D-manno-octulosonic acid 

residues (termed KDO), and an oligosaccharide that comprises the carbohydrate 

backbone (115).  The variable size and non-repeating sequences of the sugar 

sequence are responsible for recognition of antigens to various strains of endotoxin 

(116). 
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Figure 1.  1-Oleoyl-LPA  

 

O

H

O
O

NH

O

O
HO

O

O
NH

OP

O-

O

-O

O
-

P

O
-

O

O

O

HO

HO

O

O

O

O

O

O

O

OH

O

OH

OH

O
-

O

OHHO

O-

O

OHHO

HO

OH

 

 

Figure 2.  General structural features of lipopolysaccharide 

KDO 

Lipid A 



 54

 

Gelsolin is an approximately 85-kDa protein present in plasma and in 

extracellular fluids at concentrations of 100-250 µg/ml (117).  This protein regulates 

cellular morphology and motility by severing actin filaments, binding actin 

monomers, and nucleating actin polymerization, resulting in cytoskeletal 

modifications (110, 118).  It is mainly regulated by phosphatidylinositol 4,5-

bisphosphate (PIP2) (119, 120) through binding at two sites near the N-terminus of the 

protein (110, 121), denoted as P1 (residues 135-149) and P2 (residues 150-169, 

Figure 3).  P2 was shown to compete with full-length gelsolin for binding to PIP2 

(121).   

KHVVPNEVVVQRLFQVKGRR-OH 
 
 
Figure 3.  Gelsolin sequence 150-169, denoted as P2. 
 

 

The discovery that LPA was as efficient as PIP2 in dissociating related actin-

binding protein complexes (122) suggests an additional role for this lipid, i.e., as a 

regulator of cellular structural reorganization via interactions with gelsolin.   

Sepsis is a major cause of human deaths.  It is triggered when LPS is released 

from the outer cell wall of Gram-negative bacteria (123).  LPS binds to a plasma 

protein known as LPS-binding protein (LBP), and subsequently undergoes trafficking 

to cell membranes with the CD14 receptor and to Toll-like receptors (124-126).  The 

interaction of LPS with plasma proteins is of great interest, since there is an obvious 

potential therapeutic utility if such a complex leads to inactivation of the cytotoxic 

effects of LPS.   
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In the work presented in this chapter, the thermodynamics of LPA and LPS 

interactions with the P2 domain of gelsolin have been characterized and compared by 

ITC.   

  

Materials and Methods 

 Gelsolin P1 was kindly supplied by Prof. Paul Janmey at the University of 

Pennsylvania.  Gelsolin P2 was generously provided by Prof. Fred Naider and Dr. 

Hasmik Sargsyan at the College of Staten Island, CUNY.  1-Oleoyl-LPA, 1-

myristoyl-LPA, and 1-palmitoyl-lysophosphatidylcholine (LPC) were purchased from 

Avanti Polar Lipids (Alabaster, AL) and were used without further purification.  LPS 

from P. aeruginosa was purchased as the lyophilized powder from Sigma-Aldrich 

(St. Louis, MO). 

LPA was dissolved in buffer consisting of 10 mM HEPES, 0.1 mM EDTA, 

pH 7.4, with or without NaCl, to a concentration of ~5 mM (see figure captions for 

concentrations) and vortexed vigorously for ~2 min at room temperature.  Mixtures of 

LPC and LPA were prepared by dissolving LPC and LPA in CHCl3, followed by 

evaporation under a stream of N2 until a thin lipid film remained.  The film was dried 

further under vacuum overnight and hydrated with buffer, vortexed vigorously for ~5 

min, and sonicated in a water bath at room temperature.  Gelsolin P1 and P2 were 

dissolved in 10 mM HEPES buffer, pH 7.4, at concentrations of 74-136 µM, and the 

solution was vortexed gently for 1 min and sonicated in a water bath at room 

temperature for 5 min.  Buffers were prepared with ultra-pure water (distilled and 
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passed through a Milli-Q water purification system (Millipore Crop., Bedford, MA) 

to a resistivity of 18 MΩ cm).   

High-sensitivity ITC was conducted in a Microcal MCS calorimeter 

(Northampton, MA) at 25 and 37 °C.  All solutions were degassed with stirring for at 

least 30 min prior to experiments.  The 250-µl injection syringe was loaded with LPA 

solution and 8-10 µl aliquots were injected into the ITC sample cell containing P2, 

after temperature equilibration, at 4-min intervals.  The contents of the sample cell 

were stirred at a rate of 400 rpm throughout the experiment.   

For the LPS-binding experiments, the titration was carried out by filling the 

syringe with P2 and the sample cell with LPS.  P2 and LPS were dissolved in 10 mM 

dibasic sodium phosphate, pH 7.4 (in the absence of NaCl).  Aliquots of 6 µl of 136 

µM P2 were injected into 2.7 µM LPS at 4-min intervals and stirred as described 

above. 

Data were collected and analyzed using Origin 5.0, a software package 

provided by Microcal.  Best-curve fit routines by Origin of the integrated area under 

the peaks of the raw data were performed using a one-binding-site model, from which 

the values of ∆H° and ∆S° were obtained.  The dissociation constant Kd and Gibbs 

free energy change were obtained from the fundamental equations of 

thermodynamics, ∆G° = -RT ln K = ∆H° - T∆S°. 
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Results 

LPA-P2 Interactions 

 Figure 4a shows the results of a titration of 74 µM P2 with 4.9 mM LPA at 25 

°C in the absence of salt.  To determine the contributions of ionic interactions, the 

binding was studied with increasing concentrations of NaCl (Figure 4b,c).  The 

interactions in all of the titrations are exothermic, and the results are summarized in 

Table 1.  Increasing the salt concentration caused the reaction to become less 

exothermic, from -2.1 kcal/mol in the absence of salt to -0.23 kcal/mol in the 

presence of 150 mM NaCl.  The Kd decreased with lower salt concentration, from 24 

µM in the presence of 150 mM NaCl to 0.92 µM in the absence of salt. 

 

 
Table 1.  Thermodynamic data for the interaction of 1-oleoyl-LPA with gelsolin P2 at  

25 °C.  Errors from 2-3 trials were within a standard deviation of ± 15%. 

[NaCl] (mM) ∆H° (kcal/mol) T∆S° (kcal/mol) ∆G° (kcal/mol) Kd (µM) 

0 -2.1 6.1 -8.2 0.92 

100 -0.96 5.9 -6.9 9.0 

150 -0.23 6.1 -5.8 24 
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Figure 4.  Upper panels:  ITC traces of binding of 74 µM gelsolin P2 with 4.9 mM 1-

oleoyl-LPA in (a) the absence of NaCl, and in the presence of (b) 100 mM NaCl, and 

(c) 150 mM NaCl at 25 °C.  Lower panels:  Integrated data from top showing best fit 

curves.  See Materials and Methods for experimental details. 

 
 
 The structural specificity with respect to the acyl chain of LPA and P2 was 

examined by titrating P2 with 1-myristoyl-LPA.  As shown in Figure 5, an 

exothermic heat of binding was detected but did not reach saturation, indicating non-

specific interactions.  Ionic interactions appear to be important since no discernible 

binding (i.e., no heat change detected; data not shown) was observed when the buffer 

contained 150 mM NaCl. 

Molar ratio of LPA/P2 

a b c



 59

-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.5

-2

0

-3

-2

-1

0

-10 0 10 20 30 40 50 60 70 80 90 100110

Time (min)

µc
al

/s
ec

O r i g i n  D e m o O r i g i n  D e m o O r i g i n  D e m o

O r i g i n  D e m o O r i g i n  D e m o O r i g i n  D e m o

O r i g i n  D e m o O r i g i n  D e m o O r i g i n  D e m o

O r i g i n  D e m o O r i g i n  D e m o O r i g i n  D e m o

O r i g i n  D e m o O r i g i n  D e m o O r i g i n  D e m o

O r i g i n  D e m o O r i g i n  D e m o O r i g i n  D e m o

Molar Ratio of 14:0 LPA/P2

kc
al

/m
ol

e 
of

 in
je

ct
an

t

O r i g i n  D e m o O r i g i n  D e m o O r i g i n  D e m o

O r i g i n  D e m o O r i g i n  D e m o O r i g i n  D e m o

O r i g i n  D e m o O r i g i n  D e m o O r i g i n  D e m o

O r i g i n  D e m o O r i g i n  D e m o O r i g i n  D e m o

O r i g i n  D e m o O r i g i n  D e m o O r i g i n  D e m o

O r i g i n  D e m o O r i g i n  D e m o O r i g i n  D e m o

 

Figure 5.  Titration isotherm of binding of 100 µM P2 with 5 mM 1-myristoyl-LPA in 

buffer without NaCl at 25 °C.   

 
 When P2 was titrated with 1-palmitoyl-LPC no binding was detected in buffer 

containing 100 mM NaCl. (Figure 6, top panel, curve a).  As summarized in Table 2, 

when the LPA/LPC ratio was increased from 1:1 to 1.6:1 (mol/mol), ∆S° was 

unchanged and ∆H° became slightly more negative (Figure 6, curve c, and Table 2), 

and the binding affinity increased slightly (Kd decreased from 40 µM to 27 µM).  To 

confirm that the heat signal detected was a result of binding of LPA to P2 and not to 

demicellization of the LPA/LPC aggregate, the same solution of LPA/LPC was 



 60

injected into the buffer, and an insignificant heat change was observed (Figure 6, top 

panel, curve b).  

 

 

 

 

 
 

 

 

 

 

 

Figure 6.  Binding isotherms of 1-oleoyl-LPA/1-palmitoyl-LPC mixtures with P2.  

Top panels represent raw ITC data; bottom panels represent integrated heats/mol 

injectant.  Curve a, LPC injected into a solution of P2; curve b, LPA/LPC mixture 

injected into a solution of pure buffer; curve c, LPA/LPC mixture (left panel, 1.6/1; 

right panel, 1/1 (mol/mol)) injected into P2.  Titrations were performed at 25 °C in 

buffer containing 100 mM NaCl.  The concentration of 1-oleoyl-LPA in the syringe 

was 5 mM; the P2 concentration was 100 µM.   
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Table 2.  Thermodynamic data for the interaction of 1-oleoyl-LPA/1-palmitoyl-LPC 

mixed micelles with gelsolin P2 in 100 mM NaCl at 25 °C.  Errors from 2-3 trials 

were within a standard deviation of ± 5%. 

LPA/LPC 

(mol/mol) 

Kd (µM) ∆H° (kcal/mol) T∆S° (kcal/mol) 

1:1 40 -0.64 5.4 

1.6:1 27 -0.87 5.4 

 

 

The effect of temperature on the binding of LPA to P2 was determined by 

performing ITC studies at 37 °C and 150 mM NaCl.  The interaction was more 

exothermic at the higher temperature, and Kd decreased (Table 3).  The difference in 

∆H° observed at the two temperatures allows the calculation of the change in heat 

capacity (∆Cp) according to the Kirchoff equation, Eq. 1 (127-129): 

∆Cp = d(∆H°)/d(T)                        Eq. 1 
 
The value for ∆Cp calculated from Eq. 1 was -29.5 cal/K.  A negative value for ∆Cp 

suggests hydrophobic dehydration on binding (127, 130).  
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Table 3.  Thermodynamic data for 1-oleoyl-LPA/gelsolin P2 interactions in 150 mM 

NaCl HEPES buffer (pH 7.4) at 25 °C and 37 °C.  Errors from 2-3 trials were within 

a standard deviation of ± 20%. 

Temperature (K) ∆H° (kcal/mol) Kd (µM) 

298 -0.23 24 

310 -0.59 14 

 

 

LPS-P2 Interactions 

 To study the binding of LPS to P2, the sample cell was filled with 2.7 µM 

LPS and titrated with 136 µM P2 in salt-free 10 mM sodium phosphate buffer, pH 7.4 

at 25 °C.  The results are shown in Figure 7.  The data reveal that P2 binds with a 

higher affinity to LPS (Kd = 177 nM) than to 1-oleoyl-LPA (Kd = 0.92 µM) under the 

same experimental conditions, and that the binding is considerably more exothermic 

(∆H° = -7.6 kcal/mol), although the lipids were suspended in different buffers.  These 

results are consistent with recent work showing strong interactions between LPS and 

a rhodamine-labeled 10-residue peptide (gelsolin residues 160-169) derived from P2 

(112).  The binding was considered to be highly specific because no interactions were 

detected when P2 was replaced with a peptide in which the sequence of amino acids 

was scrambled.  
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Figure 7.  Titration isotherm of binding of LPS with P2 in sodium phosphate buffer, 

pH 7.4, at 25 ºC.   

 

 

Discussion 

LPA-P2 Interactions 

 It has been shown previously that LPA binds to full-length, plasma gelsolin 

(117, 122), and very recently the binding of gelsolin to LPS from Salmonella 

minnesota was also demonstrated (8).  The goal of the studies described in this 

chapter was to investigate in more detail the thermodynamics of the interactions of 
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LPA and LPS with one of the two known peptides that comprise part of gelsolin’s 

binding site for polyphosphoinositides. 

 The equilibrium binding of LPA with P2 is sensitive to the presence of NaCl 

in the buffer system (Table 1).  The peptide bears 5 positive charges and LPA bears 

~1.5 negative charges at the experimental pH; therefore, the finding of an electrostatic 

component of the binding is not surprising.  The addition of salt to the buffer shields 

the charged groups on P2 and LPA, decreasing affinity.  However, although Kd and 

∆H° both become more favorable as the salt concentration is decreased, binding is not 

abolished even in 150 mM NaCl, and Kd is still in the low micromolar range.  The 

stoichiometry may be expected to reflect complete charge compensation between the 

peptide and a negatively charged lipid if the binding arises exclusively via 

electrostatics (127).  Additional evidence for the existence of specificity for LPA-P2 

binding is provided by the facts that no interactions were detected between LPA and 

the second PIP2-binding domain, P1 (data not shown), and that PIP2 binds with high 

affinity to an engineered P2 analog bearing a net negative charge (118).  The fact that 

replacing 1-oleoyl-LPA with 1-myristoyl-LPA resulted in an exothermic but 

unsaturable isotherm also suggests that charge attraction is insufficient to fully 

account for the high affinity binding (Figure 4).   

Intestinal fatty acid binding protein interacts with lipids via electrostatics to 

create a “collisional complex,” after which hydrophobic forces appear to drive the 

high affinity binding (131).  It is likely that a similar phenomenon occurs with P2, 

with the ionic forces between P2 and LPA bringing the species into close proximity 

prior to hydrophobic binding.   
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LPA/LPC Interactions with P2  

LPC, which is structurally similar to LPA, also appears to interact with 

various GPCRs (132).  The lipids differ in their head group structure, which is 

apparently sufficient to prevent LPC from binding to P2.  The absence of a net 

negative charge in LPC may prevent the formation of the collisional complex that 

appears to be required for binding with P2.  LPA retains its ability to bind with high 

affinity to P2 in mixed micelles with LPC, suggesting that the affinity of the LPA-P2 

interaction is sufficient to overcome the forces between LPA and LPC in the micelle.   

 

LPS-P2 Interactions 

 The negative heat capacity obtained from these studies3 suggests that 

hydrophobic dehydration of the charges occurs on binding of LPA to P2 (127, 128).  

This has been observed for the binding of LPS with the polycationic drug polymyxin 

B (127).  That P2 interacts with LPS is not surprising since the polycationic character 

of P2 is one of the structural requirements found to be important for LPS-binding 

properties, the others being cationic protonatable groups residing approximately 15 Å 

apart and a hydrophobic moiety (123).  The high affinity of P2 for LPS suggested by 

Kd in the nanomolar range (Figure 7), and the results of Bucki et al. showing a high 

degree of specificity of the peptide for LPS (8), suggest a role for gelsolin in the 

transport of the toxin through the bloodstream.  Gelsolin levels decrease during 

trauma, and low levels of the protein coincide with greater susceptibility to shock 
                                                 
3 A rigorous application of the Kirchoff relationship requires additional experiments at other 
temperatures. 
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(133).  Thus, LPS appears to be another lipid, in addition to polyphosphoinositides 

and LPA, that can interact with and affect the levels of gelsolin in plasma. 

 Additional ITC experiments, including the investigation of the effects of 

temperature, divalent cations, and pH, may provide a more complete understanding of 

the mechanism of the P2-LPA and P2-LPS interactions.  Circular dichroism 

spectroscopy may be used to determine the extent of secondary structural alterations 

that the peptide may undergo as a result of its interactions with LPA and LPS. 

 

Summary 

 ITC was employed to study the interactions of the PIP2-binding domain of 

gelsolin with LPA and LPS.  Gelsolin P2 did not bind to LPC, and LPC did not 

interfere with LPA binding with P2.  The binding of P2 to LPS from P. aeruginosa 

was tighter than to 1-oleoyl-LPA and 1-myristoyl-LPA.  These results quantify very 

recent data showing strong and selective binding of a shorter peptide derived from P2 

to LPS (112).  Equilibrium constants for P2-LPA interactions were in the micromolar 

range, and ∆H° and ∆S° were both thermodynamically favorable and salt- and 

temperature-dependent, but binding remained strong whether or not NaCl was present 

at both temperatures used in the study.   
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Chapter 6 

 

The Critical Micelle Concentration of Lysophosphatidic Acid and 
Sphingosylphosphorylcholine  
 

Abstract 

 The critical micelle concentrations (CMCs) of lysophosphatidic acid of 

various acyl chain lengths and in solutions containing different amounts of NaCl were 

measured by ITC.  A strong salt dependence was observed, with CMCs decreasing in 

a non-linear trend, from 0.188 mM in the absence of salt to 0.060 mM in 150 mM 

NaCl.  The CMC was also sensitive to the number of methylene groups in the acyl 

chain.  No such salt dependence was observed for the CMC of 

sphingosylphosphorylcholine (SPC).  Reduction of the double bond of SPC to form 

4,5-dihydro-SPC lowered the CMC value from 0.158 mM to 0.056 mM in phosphate 

buffer, pH 7.4.   

 

Introduction 

 Lysophosphatidic acid (1-acyl-2-lyso-sn-glycero-3-phosphatidic acid, LPA, 

Figure 1a) is the structurally simplest glycerophospholipid.  Studies of its cellular 

activities have been conducted over a range of lysolipid concentrations.  LPA 

produces its effects, including calcium efflux, platelet aggregation, cell growth and 

death (apoptosis), and neurotransmitter release, through its interactions with G 

protein-coupled receptors (GPCR) of the Endothelial Differentiation Gene (EDG) 

family (107-109) as well as through other, non-GPCR membrane proteins (134).  
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Sphingosylphosphorylcholine (SPC, Figure 1b) is another lysophospholipid that is 

structurally similar to LPA, but has a sphingosine backbone instead of a glycerol 

backbone, and also exerts cell signaling activities (135), but its specific membrane 

receptors have not yet been identified with certainty (136).   

The structures of LPA and SPC are conducive to the formation of micelles, 

and it is therefore of interest to determine the aggregation state that these amphiphiles 

adopt under physiological conditions.  Specifically, it is not clear whether LPA in 

circulation exists as monomers or as micelles.  The study described in this chapter 

applies ITC to measure the critical micelle concentration (CMC) of LPA, SPC, and 

dihydro-SPC, in which the C4,C5 double bond of SPC is reduced (Figure 1c), and to 

determine the effect of salt concentration on the CMC values.  The effect of acyl 

chain length of LPA on the CMC is also presented here. 

 The use of ITC for CMC determination offers several advantages over other 

methods.  The technique’s reliance on heat changes that accompany the 

decomposition of the micelle negates the requirement for fluorescent or other 

spectroscopic probes, which can perturb the measurements (137, 138).  Additionally, 

the thermodynamic parameters of the process can be obtained from one experiment.  

Finally, the material is easily recycled as no exogenous reagents are used. 
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Figure 1.  a, LPA; b, SPC; c, 4,5-dihydro-SPC. 

  

Materials and Methods 

 LPA and SPC were purchased from Avanti Polar Lipids (Alabaster, AL).  

Dihydro-SPC was prepared by catalytic hydrogenation of SPC by Dr. Kucharani 

Jacob.  Octyl β-thioglucoside and Triton X-100 were from Sigma-Aldrich (St. Louis, 

MO). 

 ITC was conducted using a Microcal MCS microcalorimeter (Northampton, 

MA) at 25°C.  Lipids (or detergent) were weighed and dissolved in water or sodium 

phosphate buffer (pH 7.4) with or without NaCl and were vortexed vigorously until a 
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clear suspension resulted.  All solutions were degassed with stirring for at least 15 

min prior to experiments. 

 The method of measuring the CMCs of detergents using ITC has been 

described previously (137).  Aliquots of a concentrated solution of the amphiphile are 

injected into the sample cell containing water or buffer, allowing equilibrium to be 

achieved between injections.  The heat change from each dilution, resulting from the 

disassembly of the aggregate structure (demicellization) is plotted as a function of 

time.  The inflection point of the curve resulting from integration of the raw data is 

taken as the CMC value (128, 137, 139). 

Experimentally, a 250-µl syringe was loaded with lipid suspension at high 

concentration (>>CMC), and the sample and reference cells were filled with the same 

buffer (or water) used to dissolve the lipids.  Each experiment was initiated by 

injecting a 1-µl aliquot into the sample cell after allowing equilibration of 

temperature.  (The heat from this first injection was ignored in the data analysis.)  

Thereafter, 5-10 µl aliquots were injected at 4-min intervals.  The contents of the cell 

were stirred by the computer-controlled syringe at a rate of 400 rpm.  The sample cell 

was rinsed repeatedly with pure water and the syringe was cleaned with water and 

EtOH between experiments.  Data were analyzed using Origin 5.0.  Some of the ITC 

experiments were carried out by Dr. Zaiguo Li. 

  

Results and Discussion 

 In order to confirm the suitability of ITC as a method to measure CMCs, we 

applied the technique to two detergents, Triton X-100 (Figure 2) and octyl β-
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thioglucoside (data not shown), whose CMC values were reported previously.  Our 

ITC results are consistent with those reported for both detergents (11.23 ± 0.02 mM at 

25 °C vs. 15.94 mM at 60 °C for octyl β-thioglucoside (139) and 0.22 ± 0.01 mM for 

Triton X-100 at 25 °C vs. 0.20-0.90 mM).4 
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Figure 2.  Isothermal titration of Triton X-100 into pure water.  A, heat observed on 

injection of 10-µl aliquots of a Triton X-100 suspension in water (10 mM) into the 

sample cell (volume, 1.35 ml) at 25 °C.  B, first derivative of curve in A.  The CMC 

is the maximum of the derivative; inset, measured heat power vs. time elapsed during 

serial injections. 

 

                                                 
4 (Merck Index 13, 6793) 
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Figure 3 shows the results from a titration of 1-oleoyl-LPA into pure water.  

The raw data (inset) indicate that the demicellization for this lipid is endothermic. The 

CMC is 0.346 mM.   

 

Figure 3.  Results from ITC demicellization experiment of 1-oleoyl-LPA in pure 

water.  A, heat absorbed per injection of 7.96 mM LPA vs. final LPA concentration in 

the 1.35 ml sample cell.  B, first derivative of curve from A (the minimum is taken as 

the CMC); inset, raw ITC data showing heat vs. time. (From (18).) 

 

To investigate the effect of increasing salt concentration on the CMC of 1-

oleoyl-LPA and SPC, a series of experiments was performed using serially diluted 

solutions of NaCl in the solvent.  The CMC of LPA displayed a strong dependence on 

salt concentration, decreasing exponentially with increasing NaCl concentration 

(Figure 4).  A limiting CMC value of ~60 µM was reached at 160 mM NaCl.  This 

result indicates that the phosphate groups of neighboring LPA molecules are shielded 

by sodium ions, decreasing repulsion within the micellar structure.  No such salt 
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dependence was observed with SPC, perhaps because of its zwitterionic choline 

headgroup and protonatable 2-amino functionality. 

 

Figure 4.  Dependence of CMC values of 1-oleoyl-LPA (solid squares) and SPC 

(open squares) on NaCl concentration at 25 °C.  (From (18)). 

 

Since increasing chain length affects the water-accessible region of 

hydrocarbon chains, the CMC is highly dependent on the number of methylene 

groups (128).  Table 1 shows the CMC values of synthetic LPAs with increasing 

chain length in pure water at 25 °C.  The kink introduced into the acyl chain of LPA 

by addition of one cis double bond increases the CMC by a factor of ~4, probably 

because of less efficient lipid packing in the micelles.  This behavior was also 

observed when the double bond of SPC was reduced. 

The CMC for SPC in 10 mM monobasic sodium phosphate, pH 7.4, at 25 °C 

is 0.158 mM (Figure 5), and removal of the double bond reduced the CMC by a factor 

of 3, to 0.056 mM.   
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Figure 5.  ITC demicellization of SPC in 10 mM sodium phosphate, pH 7.4, at 25 °C, 

in the absence of NaCl.  A, Heat evolved as a function of [SPC]Final, cell; B, first 

derivative of curve in A. The maximum is taken as the CMC; inset, heat signal per 

injection.  (From (18).) 

  

Table 1.  Effect of acyl chain on CMC values of LPA in water at 25 °C.  Errors were 

± 10% from duplicate or triplicate titrations. 

Acyl chain CMC (mM) 
14:0  1.850 
16:0  0.540 
18:0  0.082 
18:1∆9 cis 0.346 

 

 The contribution of each methylene group to the ∆H° of micelle formation can 

be obtained by plotting the change in enthalpy as a function of methylene groups in 

the acyl chain (128).  A value of -1.14 kcal/mol/methylene group was obtained, which 

is higher than that observed for lysophosphatidylcholine (LPC) by Heerklotz and 
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Epand (-0.478 kcal/mol (128)).  Comparison of the CMCs of LPA and LPC of 

identical acyl chain lengths and structures obtained by ITC measurements 

demonstrate a much higher value for the former in pure water at the experimental 

temperature.  Identical values of CMCs were obtained for LPCs whether the 

measurements were taken in pure water or in 150 mM buffer (pH 7.4) (128).  This is 

in contrast to the results reported here for LPA, where a strong salt-dependence was 

observed (Figure 4), but similar to the results obtained with another phosphocholine-

containing lysolipid, SPC. 

 

Summary 

 ITC was employed to measure the CMC of LPAs consisting of various acyl 

chains as a function of NaCl concentration at 25 °C.  A strong salt dependence was 

observed, and the CMC increased significantly when one cis double bond was 

introduced into the acyl chain.  No salt dependence was observed for the CMC of 

SPC.  Catalytic hydrogenation of the double bond of SPC to form 4,5-dihydro-SPC 

resulted in a decrease in the CMC value.  Based on the low CMCs observed in the 

presence of NaCl, it is reasonable to hypothesize that LPA perform many of their 

biophysical actions as micellar aggragates. 
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Chapter 7 

Implications For Future Research 

 

The results described in this thesis indicate that some of the photoactivatable 

and fluorescent cholesterol analogs described herein can be considered to be useful 

sterol probes.  Future studies of cholesterol transport, identification of proteins that 

bind to cholesterol, and additional features important for the formation of membrane 

domains can be proposed using these molecules.  

 The findings of the differing ability of oxysterols to support Lo domains 

presented in this thesis may be useful for future studies on the membrane behavior of 

oxysterols, and the extent to which lipid raft formation is at least partly responsible 

for the cytotoxicity of specific oxysterols. 

 The determination of the aggregation state of LPA under physiological 

conditions as reported in this thesis has significant implications in light of the 

involvement of this lysophospholipid in signaling, cell growth, and apoptosis.  The 

information presented about gelsolin-LPA interactions, and the potential relationships 

between cytoskeletal changes and the presence of LPA (140, 141), contributes to the 

known data on this research subject.  The data from the ITC experiments on LPS and 

gelsolin reported here provide quantitative support for the recent report of the 

interaction of gelsolin and LPS.  The search for an agent to sequester LPS may have 

therapeutic potential; the finding that a short peptide derived from gelsolin binds with 

nanomolar affinity to LPS suggests a possible avenue of pursuit. 
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