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ABSTRACT 

Atherosclerosis arises from build-up of plaque in the blood, can result in cardiovas-
cular disease and is the largest killer in the west. Low- and high-density lipoproteins 
are involved in the disease development by depositing and removing lipids to and 
from artery walls. These processes are complex and not fully understood however, 
therefore determining the specific roles of the components involved is of fundamental 
importance in the treatment of the disease.  

The work presented in this thesis investigates the production of recombinant tailor-
deuterated cholesterol, the structure of cholesterol-containing model membranes and 
interactions of both native and reconstituted lipoproteins with model membranes. 
Deuteration is commonly used in neutron scattering for biological samples to provide 
highly important contrast and the complexity of the native lipoproteins leads to the 
use of more simple model systems where the compositions can be altered and inves-
tigated systematically. 

A protocol was developed to produce matchout-deuterated cholesterol for use in 
neutron scattering studies, as cholesterol is a hugely important component in mem-
branes. The verification of the matchpoint of cholesterol was determined by small-
angle neutron scattering and the localisation of cholesterol in model membranes was 
determined through the use of neutron reflectometry. The interactions of the native 
and reconstituted lipoproteins with model membranes were also followed by neutron 
reflectometry, while the structural characterisation of the reconstituted lipoproteins 
was carried out by small-angle scattering. 
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INTRODUCTION 

Atherosclerosis 

Atherosclerosis 

Atherosclerosis is the largest killer in the west1. It comes from plaque build-up in 
artery walls and can lead to cardiovascular diseases (CVD), giving rise to heart attacks 
and strokes2. The plaque build-up originates from low-density lipoproteins (LDL) de-
positing into the artery walls3 which are then oxidised and taken up by macrophages. 
These then become foam cells, essentially filled with fat, and they continue to build 
up and can form a plaque. When this plaque ruptures, thrombus material enters the 
blood stream and can lead to heart attacks or other CVD related phenomena. High-
density lipoproteins (HDL), on the other hand, have been shown to play a preventative 
role in the development to atherosclerosis by a process known as reverse cholesterol 
transport (RCT)4. Here, cholesterol is removed from the lipid-filled foam cells and 
deposited in the liver where it is cleared from the body5–7. The cholesterol removal 
occurs via efflux by various means, including aqueous diffusion or receptor/trans-
porter mediated transfer8. The presence of HDL has been shown to prevent the oxida-
tion of the LDL and therefore helps prevent the development to atherosclerosis9. In 
turn, HDL and LDL are commonly known as ‘good’ and ‘bad’ cholesterol respec-
tively. Whilst HDL has been shown to prevent the development to atherosclerosis via 
this RCT pathway, in which a reduction of atherosclerotic risk is seen with increasing 
RCT efficiency7, increased levels of HDL have also been shown to have a neutral10 
or even negative correlation11 to the prevention of atherosclerotic development. Alt-
hough the molecular mechanisms involved in the advancement of CVD are highly 
complex, the absolute ratios of LDL to HDL have been found to be of great im-
portance for the onset of atherosclerosis12.  

 

Lipoproteins 

Lipoproteins consist of a core of cholesterol esters and triglycerides, with an outer 
monolayer of lipids and cholesterol all encased by apolipoproteins13. Lipoproteins 
come in various sizes and are categorised by their density and composition13. These 
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variations can be large between distinct groups of lipoproteins; for example, HDL and 
LDL vary drastically in protein composition, size and density, however within these 
categories further distinctions can be made. This is more prominent in HDL where 
there are generally five distinct subpopulations, with slight variations in composition 
but most notably differences in size and density. HDL was first described by differ-
ences in density according to ultra-centrifugation techniques categorising HDL into 
two distinct groups14: HDL2 which is lower in density due to a higher lipid content 
(1.063-1.125 g mL-1); and HDL3 which is slightly higher in density owing to its higher 
protein content (1.125-1.21 g mL-1). These groups can further be characterised by their 
size, using polyacrylamide gradient gel electrophoresis (GGE) resulting in five further 
subclasses ranging in size from 7.2-12.0 nm in diameter15. 

The main protein present in HDL is Apolipoprotein A1 (ApoA1) contributing 
roughly 70% of total protein content in all HDL16. The second most abundant is 
ApoA216 followed by a combination of various other proteins including Apolipopro-
teins C, E and J. While almost all HDL contain ApoA117, the remaining proteins are 
varied across different HDL types and subclasses16. The main protein present in LDL 
is Apolipoprotein B100 (ApoB100)13; this is a large protein also found on very low-
density lipoproteins (VLDL) and intermediate-density lipoproteins (IDL), although 
never found in HDL. ApoC and ApoE are also commonly found in VLDL16. 

Another key difference between HDL and LDL is the way in which they are formed 
in the body (see Figure 1). HDL is metabolised from lipid-poor ApoA1 produced in 
the intestine and liver18. This ApoA1 is lipidated with both phospholipids and choles-
terol via the ATP-binding cassette A1 (ABCA1), which in turn forms nascent dis-
coidal HDL on the addition of further phospholipids and cholesterol via peripheral 
tissues. The nascent HDL obtains free cholesterol transferred via macrophage ABCA1 
and ABCG1 transporters. This free cholesterol is then esterified by lecithin-choles-
terol acyltransferase (LCAT) resulting in mature spherical HDL with a core full of 
cholesterol esters18. Both discoidal and mature HDL can interact with the scavenger 
receptor class B type-1 (SR-B1) in the liver and undergo transfer of cholesterol esters 
towards SR-B1 and exchange of unesterified cholesterol in both directions19. The 
transfer of cholesterol esters also occurs via the cholesteryl ester transfer protein 
(CETP) to VLDL and LDL for eventual uptake by the LDL receptor (LDLR) in the 
liver20. The transfer of phospholipids and triglycerides from VLDL to HDL is facili-
tated by phospholipid transfer protein (PLTP) resulting in HDL remodelling. The hy-
drolysis of HDL phospholipids and triglycerides via hepatic and endothelial lipases 
(HL and EL) also results in HDL remodelling21. 



 

 16 

On the other hand, LDL has a much simpler formation pathway. Chylomicrons, the 
largest and least dense lipoprotein type, are produced in the intestine and undergo 
hydrolysis of triglycerides resulting in chylomicron remnants which are cleared via 
the liver22. VLDL are produced in the liver and are the next least dense lipoproteins 
rich in triglycerides. These particles are hydrolysed by lipoprotein lipases (LPL) re-
sulting in the removal of the triglycerides and the formation of IDL which are choles-
terol rich23. Further hydrolysis via LPL occurs and results in LDL, which is even richer 
in cholesterol (see Figure 1). 

In summary, the structural and compositional differences between HDL and LDL 
play a large role in their contributions to atherosclerosis24. While both lipoprotein 
types are lipid binding, their abilities to exchange lipids and transport cholesterol dif-
fer drastically. LDL deposits more lipids and cholesterol to artery walls, whereas the 
main role of HDL in the blood is to carry out cholesterol efflux thereby removing 
excess cholesterol from artery walls24. 
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Figure 1A. Lipoprotein metabolism: Lipid-free ApoA1 is produced in both the intes-
tine and the liver. It gains phospholipids and cholesterol via the ATP binding cassette 
A1 (ABCA1) to form lipid-poor ApoA1; it gains further lipids from peripheral tissues 
to form nascent discoidal HDL which obtains free cholesterol (FC) from macrophages 
via ABCA1 and ABCG1. The FC is esterified by lecithin-cholesterol acyltransferase 
(LCAT) to form mature spherical HDL. Mature HDL can interact with the scavenger 
receptor class B type-1 (SR-B1) in the liver resulting in the exchange of unesterified 
cholesterol in both directions. Cholesteryl esters (CE) are transferred to VLDL via the 
cholesteryl ester transfer protein (CETP) for eventual uptake by the LDLR in the liver. 
The progression from VLDL to LDL occurs via hydrolysis by lipoprotein lipases 
(LPL). Phospholipids and triglycerides (TG) are transferred to HDL from VLDL via 
the phospholipid transfer protein (PLTP) resulting in HDL remodelling. Hepatic and 
endothelial lipases (HL/EL) also promote HDL remodelling. Insert: B. Lipoprotein 
structure with a core of cholesterol esters and triglycerides.  
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Plaque Remodelling 

As increased HDL levels had previously been shown to reduce the risk of atheroscle-
rosis by slowing down plaque formation via lipid and cholesterol removal5, potential 
treatments were introduced to mimic this process. One such method, the so-called 
plaque remodelling method, injected reconstituted HDL-like particles (rHDL) into the 
blood stream to increase the efficiency of cholesterol efflux and therefore reduce the 
progression to atherosclerosis25,26. Another plaque remodelling technique works on a 
similar basis but uses ApoA1-like peptides instead of rHDL to carry out the same 
function27,28. Pre-clinical trials for plaque remodelling therapies seemed to give posi-
tive indications of success in diminishing atherosclerotic plaque29, however clinical 
trials failed to deliver statistically significant regression of atherosclerotic plaque30. In 
coronary heart disease, derived from the plaque build-up in atherosclerosis, HDL lev-
els have been shown to have both protective31 and non-protective32 capabilities in pa-
tients after coronary interventions or bypass operations respectively. The latter also 
supported discussions that neither the concentration nor the quantity of HDL alone in 
the blood is important, but that it is functionally beneficial HDL (i.e. those that in-
crease RCT for example) which have a positive impact in providing atheroprotective 
behaviour33,34. It is though, to date, not known which HDL have beneficial function 
in order to prepare relevant rHDL for therapy.  

 

Apolipoprotein E (ApoE) 

Structure and Roles 
ApoE is a 299 amino acid protein encoded by the ApoE gene found on human chro-
mosome 1935. There are three alleles of ApoE: E2, E3 and E4, each differ by only two 
amino acids in positions 112 and 158. Either arginine or cysteine are found in these 
positions depending on the isoform36: E2: Cys-112, Cys-158; E3: Cys-112, Arg-158; 
E4: Arg-112, Arg-158. Even though these differences are only small they have dra-
matic effects on the structure and function of the proteins37.  

ApoE present in the periphery (the rest of the body apart from the brain) is mostly 
produced in the liver38,39, whereas all ApoE found in the brain is produced therein as 
it cannot cross the blood-brain barrier40. The roles ApoE plays within these distinct 
regions (the brain versus the periphery) are also varied41. In the periphery ApoE cir-
culates in blood serum and is found on most HDL particles, but more commonly on 
large HDL2 particles which are rich in lipids and triglycerides42. ApoE takes part in 
cholesterol efflux and also binds to lipoproteins and ApoE receptors43,44. Receptor 
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binding is of great importance to the role that ApoE plays in the clearance of choles-
terol from the body45,46. However, within the brain ApoE-enriched HDL-like particles 
do not behave as HDL in the periphery: ApoE plays a role in maintaining cholesterol 
homeostasis by transporting cholesterol around the brain but distinctly not clearing it 
from plasma as elsewhere in the body38,47. 

Different parts of the protein’s structure are responsible for the ability to bind var-
ious components in the blood, for example ApoE’s N-terminal binds to LDL recep-
tors48, whereas its C-terminal domain is most commonly associated with lipid binding 
capabilities49. There has been some discussion as to whether ApoE4 can bind a fewer 
or greater number of lipids compared to ApoE349,50. The difference in abilities to bind 
lipids has been discussed at length and has mostly been attributed to the structural 
differences arising from the changes in composition across the protein isoforms51. The 
presence of the arginine at residue 112 in allele E4 forms a salt bridge with Glu-109, 
leading to Arg-61 facing away from the four-helical bundle comprising the N-termi-
nal. This in turn leads to another salt bridge to occur between Arg-61 and Glu-255 in 
the C-terminal domain. Even though it is probable that salt bridges occur to some 
extent in ApoE3 and ApoE2, it is to a much lesser extent than for ApoE439. This in-
teraction between Arg-61 and Glu-255 is known as the ‘domain interaction’ leading 
to ApoE4’s more compact structure52 and is likely the cause of many functional dif-
ferences between the isoforms. Indeed, when small molecules are introduced to inhibit 
this interaction, or mutations are introduced to prohibit the domain interaction, the 
ApoE4-like isoform behaves in a much more similar way to ApoE337,53,54. On one 
hand, it is argued that ApoE4 can bind fewer lipids due to this domain interaction 
causing restrictions on the structure and therefore not allowing it to bind as many 
lipids as the other isoforms50. On the other hand, this salt bridge is said to have some 
causal effects in the increased lipid affinity of ApoE449,55, including ApoE4’s reduced 
ability to form tetramers56 and therefore increased ability to bind lipids, as monomers 
are more able to bind lipids than tetramers57. This structural difference is reflected in 
different binding abilities for some LDL receptors58; despite this, overall ApoE3 and 
ApoE4 have been shown to have equal binding capacity for the ApoE receptors in the 
liver59. .    

 
Relevance in Disease 
ApoE is a biomarker for certain diseases such as atherosclerosis and Alzheimer’s dis-
ease (AD), however the positive or negative correlation to these diseases is allele de-
pendent. ApoE3 is a neutral indicator for these diseases, i.e. it does not have a positive 
or negative connotation with either. ApoE2 is thought to be protective against AD60,61; 
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however, in certain cases indicative of atherosclerotic development due to its impaired 
binding of the LDLR in Type III hyperlipoproteinemia cases. This impaired binding 
leads to lesser capabilities to clear triglyceride rich VLDL remnants from plasma and 
in turn increase atherosclerotic risk39,62. ApoE4 has been linked to the progression of 
both atherosclerosis and AD37. As previously discussed, the use of ApoA1-rHDL has 
previously been employed to aid in the treatment of atherosclerosis, and more recently 
the use of ApoE-based rHDL has also been introduced and has encouraging potential, 
though clinical trials are required to determine if it would be a suitable treatment route 
for atherosclerosis63. 

The main links to these diseases, while not fully understood, have been put down 
to their different binding abilities to both lipids and receptors. In the blood ApoE4 has 
a greater tendency to bind to VLDL than HDL; however for both ApoE2 and ApoE3 
the opposite phenomenon occurs49. This preference for VLDL of ApoE4 has been 
suggested to be due to structural restrictions arising from the domain interaction64,65 
leading to an extended helical segment in the C-terminal domain. An extended con-
figuration results in ApoE4 having a preference for the lesser curved surfaces found 
on VLDL, due to the latter’s increased size and higher lipid surface content: 60% 
lipids vs. 80% protein in HDL49. Another suggestion is that ApoE3 has a more stable 
N-terminal domain and therefore can bind proteins more easily hence the preference 
for HDL, whereas ApoE4 is less stable and therefore less likely to bind to proteins 
and so has a stronger affinity for VLDL49. This preference of ApoE4 for VLDL gives 
rise to greater VLDL receptor binding and downregulation, leading to higher levels 
of LDL found in serum resulting in higher risk for atherosclerosis39,64. Conversely, in 
the brain both ApoE3 and ApoE4 preferentially bind to HDL sized particles38,66. The 
different binding capabilities of the isoforms lead, for ApoE4, to a deficiency both in 
lipid and cholesterol transport in the brain, and in cholesterol deposition to neuronal 
sites67. This deficiency is seen across many processes in the brain and leads to ApoE4 
displaying a greater production of amyloid beta peptides which is an indicator of the 
beginning stages of AD68. It is though not clear if the development of AD comes from 
the amyloid beta peptide production directly or from a lack of clearance of the amyloid 
plaques69.  
 

 
 
 
 



 

21 
 

Lipids and Biomembranes 

Cell Membranes 

Biological membranes comprise the outer layer of a cell providing protection from its 
surrounding environment and regulating material in and out of the cell. Human cell 
membranes are comprised of mainly phospholipids, cholesterol and proteins, but spe-
cific composition can vary per cell type70. Each component in cell membranes has a 
specific role71, such as communication within and between cells72 or transport of ma-
terial73. 

The “fluid mosaic model” was reported in the early 1970s as a way to describe cell 
membranes which comprised membrane proteins set in a fluid lipid bilayer74 (Figure 
2). The viscous fluidity allows for translational diffusion to occur, resulting in a dy-
namic membrane75. The composition of the membrane strongly influences the bi-
layer’s features such as fluidity, curvature and potential domain formation. A more 
recent model known as the “flexible surface model” was introduced in the 1990s 
which provided further information about how proteins and lipids interact in the mem-
brane, giving rise to distinct curvatures and insight into membrane protein stabil-
ity76,77. 

As phospholipids make up a large proportion of the cell membrane, they have an 
important role in deciding what can or cannot enter the cell. They form a bilayer at 
the rim of the cell due to their amphipathic nature, preventing unwanted molecules 
from passing through the membrane. Another main role of the phospholipids is to 
maintain fluidity, dependent on the temperature and composition78. Membranes can 
be characterised via various techniques such as differential scanning calorimetry 
(DSC), which can be used to measure the melting temperature of lipids to determine 
what phase the lipids are in79. 

Proteins within cell membranes also play an important role: they can communicate 
signals from intracellular to extracellular environments80; enable the movement of 
molecules across the membrane81; and some proteins allow recognition of other 
cells82. 

The way in which lipids come together can be determined by their composition and 
environment. The “packing parameter” of a certain lipid type is related to the ratio 
between its hydrophilic headgroup and hydrophobic tail region83. Distinct packing 
parameters determine the overall shape that the spontaneous assemblies form. For 
planar bilayers, as in the case for membranes, this packing parameter is equal to 1, 
since the relative areas of the headgroups and tail regions should be equal and result 
in flat bilayers. For packing parameters smaller than 1, various shapes can occur with 
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positive curvature, whereas for packing parameters larger than 1 the same shapes oc-
cur but in an inverted manner84, for example, reverse micelles where the headgroups 
form the micelle core and the tails are part of the continuous solution phase. 

In general, cell membranes are in a fluid state. However, their highly complex com-
position can cause some phase separation to occur due to limited miscibility or certain 
interactions between lipid types; these nanodomains are called lipid rafts. These rafts 
are often comprised of cholesterol and sphingolipids which show strong interactions 
in the membrane85,86 and play important physiological roles in protein signalling87,88 
and function89. Studies of lipid rafts in vivo have been successfully carried out using 
fluorescence techniques with various cell types90–92. Neutron scattering techniques 
have been used to investigate domains in membrane models, including determining 
the co-existence of fluid and gel domains within a membrane93, and investigating the 
domain size and morphology within a model environment94. 

Another aspect of cellular membranes, is the asymmetric nature of the composi-
tion95. Generally, in eukaryotic cells, there is a prevalent asymmetry in the distribution 
of the lipids in the membranes. A large proportion of the phosphatidylcholine (PC) 
and sphingomyelin (SM) is found in the outer membrane, whereas the inner mem-
brane leaflet is more commonly comprised of phosphatidylethanolamine (PE), phos-
phatidylserine (PS) and phosphatidylinositol (PI)96. This distinct distribution can in 
part be down to the packing parameters of the lipids: PC and SM prefer neutral or 
positive curvature, whereas PE and PS prefer negative curvature. This arrangement of 
lipids is also thought to provide certain functions to the membrane, including stability, 
surface charge and permeability.  
 
 

 
 
Figure 2. Pictorial representation of a cell membrane. The phospholipids are the main 
component, the cholesterol is represented by the hexagonally comprised molecules 
and the large solid colour blocks are proteins. 
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Lipid Types 

Lipids come in many shapes and sizes. They are amphipathic molecules generally 
comprised of a hydrophilic headgroup and a hydrophobic tail region. Phospholipids 
make up roughly 70% of all lipids in human cell membranes96, containing a phos-
phate-based head group and an acyl chain tail region. PC is the most common type of 
phospholipid in humans97, with two acyl chains comprising the tail. While all PC 
headgroups are the same, the tail regions can vary in both chain length and saturation.  

Another common type of lipid found in cell membranes are sphingolipids. This 
group is not derived from glycerol, unlike many others, and consists of a headgroup, 
a fatty acyl chain and sphingosine (an 18-carbon length amino alcohol hydrocarbon). 
SM is the most common sphingolipid in cell membranes96 with either a PC or PE 
headgroup, a sphingosine and a fatty acyl chain of varying length and saturation.    
 

Cholesterol 

Cholesterol is another key component of cellular membranes. As a lipid it contains a 
polar hydroxyl headgroup and a non-polar tail region. The tail region consists of four 
bulky hydrocarbon rings with a short acyl chain, together forming the sterol structure. 
The steroid ring group interacts strongly with phospholipid tails which helps to main-
tain the membrane’s structure98. Key roles of cholesterol include balancing both mem-
brane fluidity and rigidity, depending on temperature99–101, and also altering the thick-
ness of membranes, by condensation102 or by fluctuations in the gel and fluid 
phases103.  

The presence of cholesterol in membranes induces a liquid ordered phase as a func-
tion of cholesterol concentration – this highly ordered phase has characteristics of both 
gel and liquid crystalline phases104. Neutron scattering techniques have been used to 
show the presence of micro-domains of highly ordered lipids (with high concentra-
tions of cholesterol in particular), amongst an otherwise liquid disordered phase105, 
known as rafts. 
 

Model Membranes 

As cell membranes are very complex, model membranes are often used as a bio-mi-
metic to simplify the environment but allow for specific questions about the compo-
sition, structure, morphology and size to be answered. When exploring phenomena 
occurring in human membranes, PC lipids are often used as the main component as 
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they constitute a large proportion of human cell membranes. Different phospholipids 
can be used depending on the specific question being asked: information to be ob-
tained and what the model symbolises.  

There are various ways in which to represent cell membranes, from monolayers106, 
to vesicles and various forms of supported bilayers107, each type providing a different 
property to be probed. One way to represent lipid bilayers is via the use of vesicles: 
thermodynamically unstable aggregates which are created via sonication or extrusion. 
Vesicles can be categorised by size from small unilamellar vesicles (SUVs) through 
to large and giant unilamellar vesicles (LUVs and GUVs respectively), ranging from 
20 nm in radius to a few microns in diameter, dependent on their use and what they 
represent. SUVs may be used as a pre-cursor to forming supported lipids bilayers 
(SLBs)108 whereas GUVs are in the size range to be comparable to eukaryotic cells109 
and have also been used to study phase behaviour in membranes110,111. 

While vesicles are free standing in solution, SLBs provide a flat membrane to be 
studied. The most common ways in which SLBs are formed are the vesicle fusion or 
Langmuir-Blodgett methods. Vesicle fusion is a simple method for bilayer deposition: 
small vesicles are introduced onto a hydrophilic surface and spontaneously rupture 
after initially adsorbing onto the surface. Small vesicles formed by tip sonication have 
an increased chance of rupturing and forming a uniform bilayer108,112,113. Langmuir-
Blodgett/Schaefer deposition is another way in which bilayers can be formed in a 
controlled manner, and it is commonly used to create asymmetrical bilayers114,115. 
However, this method can be a very time-consuming process and requires highly con-
trolled conditions for good coverage. SLBs can be used to study membrane composi-
tion108 as well as the morphology of the bilayer i.e. the detection of microdomains or 
inhomogeneity present116. 

Vesicle fusion, on the other hand, can give rise to spontaneous asymmetry in SLBs 
such as for mixtures of low and high melting lipids117. It was shown that asymmetry 
occurs in vesicle compositions close to the two phase boundaries between fluid and 
gel phases for 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) – 1,2-dipal-
mitoyl-sn-glycero-3-phosphocholine (DPPC) mixtures. This is due to vesicles having 
a range of sizes and lipid distributions at the single vesicle level, dependent on vesicle 
size108.  

While SLBs provide a lot of information about a membrane, the contact it has with 
the surface could potentially cause artefacts or different properties to be seen118. The 
development of floating lipid bilayers removes the bilayer from being in direct contact 
with the substrate and could therefore help circumvent this problem119.  
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These methods for representing model membranes can be studied via various tech-
niques such as atomic force microscopy (AFM)116, dynamic light scattering (DLS)120, 
quartz crystal microbalance with dissipation (QCMD)121, attenuated total reflection-
Fourier transform infra-red spectroscopy (ATR-FTIR)122, small-angle neutron scat-
tering (SANS)123 and neutron reflectometry (NR)124, some of which will be discussed 
later on in more detail.  

The chosen membrane composition is determined by the purpose of the model and 
what it represents. Most commonly symmetrical membranes are used if standard cell 
membranes are the subject of choice for simplicity purposes. Cell membranes are of-
ten asymmetrical; however, in model membranes this is often not considered unless 
the outer layer is drastically different or plays a significant role. For example, the outer 
layer of certain native cell membranes may consist of particular lipids or proteins that 
are key to function and are the component in question. 

  

Use of Membranes to Study Interactions 

Model membranes can be of interest to study the membrane itself, however, they often 
serve as a tool to study interactions with the membrane125 or as carriers for membrane 
proteins. In either case, the simplest model which suitably represents the membrane 
in question should be used.  

One recent example of a study of lipoprotein interactions occurring at model mem-
branes is the work carried out by Browning et al.126,127 to follow interactions of human 
lipoproteins with model membranes as SLBs. The initial work investigated the differ-
ence in interaction between HDL and LDL with model PC membranes126 and found 
NR was a suitable tool to follow this exchange. The study showed HDL removed more 
lipids from the SLBs whereas LDL deposited more. Following this work, an investi-
gation into the effect that the charge of the bilayer has on exchange capabilities was 
carried out127 through the introduction of PS lipids into PC bilayers to give varying 
levels of charge across the membranes. Whilst the quantity of lipids deposited was 
unaffected by the charge on the bilayer, the amount of material removed by HDL 
increased for membranes with higher charge. A further example is from Maric et al.128 
who investigated interaction of human lipoproteins with model PC membranes in the 
form of vesicles, free standing in solution. As with the work by Browning et al. deu-
teration was used to aid the quantification of lipid exchange. The mode of interaction 
was determined in more detail whereby the interaction was seen to be influenced not 
only by diffusion-limited monomer exchange but collision and tethering-determined 
exchange also, along with the lipoprotein type present. 
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Gerelli et al. used NR to follow lipid exchange between SLBs and vesicles129. The 
use of the deuterated SLBs and non-deuterated vesicles, and vice versa, allowed the 
exchange to be followed by changes in the reflectivity signal. This method also gave 
rise to information on the flip-flop rates of lipids within the SLBs, another phenome-
non of cellular membranes that has also been measured in bulk123.  

Another interaction type that has been studied at membrane surfaces is that between 
nanodiscs (formed by lipids and membrane scaffold proteins reminiscent of apolipo-
proteins130 or polymers131) and SLBs. Hall et al. incubated polymer-based nanodiscs 
with SLBs and followed both lipid and polymer exchange using ATR-FTIR and NR 
respectively122. The combined use of these techniques allowed distinction to be made 
between the lipid and polymer exchange as the polymer exchange was less detectable 
via ATR-FTIR. 
 

Use of Scattering 
To be able to study the structure and dynamics of soft matter systems, such as lipids 
and proteins, scattering is a powerful technique often employed. The scattering comes 
from an interaction of an incoming source of either X-rays or neutrons with a sample. 
X-rays interact with the electron cloud of the sample whereas neutrons interact with 
the nucleus of the atoms (see Materials and Methods section for theory). 

In X-ray scattering, the scattering power is directly proportional to the number of 
electrons in the sample (Figure 3). In this way smaller components, such as hydrogen, 
have weak scattering power. This also means that isotopes of the same element have 
an equal scattering power as they have the same number of electrons. The scattering 
lengths of the main components in these soft matter systems can be found in Table 1. 
From these values it is clear to see that hydrogen gives little contrast compared to 
other components, however hydrogen often makes up a large proportion of these sam-
ples, so a lot of information is lost. 

Neutrons, on the other hand, behave very differently. The scattering ability of dif-
ferent elements is not linked to the number of electrons but is seemingly more random 
and interacts with the nucleus of the atom. Again, the scattering lengths of the main 
components of soft matter systems can be found in Table 1. From these values the 
contrast is again notable, however the largest difference is of that between hydrogen 
and deuterium. This difference in scattering power enables different features to be 
distinguished in samples through isotope substitution. Both buffer solutions and the 
samples themselves can be modified via this method.  
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Figure 3. X-ray (triangles) and neutron (squares) scattering lengths of the first twenty 
atoms of the periodic table (including most common atoms found in biological sam-
ples). Deuterium is given as atomic number 1.5 to separate from hydrogen at 1. Hy-
drogen and deuterium are highlighted in dotted square box. 
 
 
Table 1. X-ray and Neutron scattering lengths (b) for atoms commonly found in soft 
matter systems132. 

Atom (Isotope) bX-ray (10-12 cm) bneutron (10-12 cm) 
Hydrogen (1H) 0.28 -0.37 
Deuterium (2H) 0.28 0.67 

Carbon (12C) 1.69 0.67 
Oxygen (16O) 1.97 0.58 
Nitrogen (14N) 2.25 0.94 

Phosphorous (31P) 4.23 0.52 
Sulphur (32S) 4.50 0.28 
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A key factor in obtaining the most information from using low-resolution scattering 
techniques is creating good contrast. Often this scattering contrast comes from the 
difference in scattering ability of the sample compared to the solvent it is in. When 
working with X-rays, this contrast often comes from the introduction of heavy metal 
salts into the sample environment133,134. For neutrons, on the other hand, this contrast 
comes from the use of isotope labelling, most commonly via the use of deuteration 
for biological samples123,129,135. 

Another key benefit that can be gained from the use of isotopes is that of rendering 
certain components ‘invisible’, also known as contrast matching136. As hydrogen has 
a negative scattering length where deuterium has a positive one, a specific isotope 
ratio can be utilised to obtain a sample with no net scattering. This can be highly 
beneficial when measuring samples with more than one component. Using a heavy 
water or D2O based buffer, certain components can be rendered invisible or ‘matched-
out’ at certain percentages of D2O. Different components have standard D2O levels at 
which they no longer give net coherent scattering, for example lipids, protein and 
DNA have matchout values of roughly 12%, 42% and 65% D2O buffer, respec-
tively137 (Figure 4). This means that no scattering from those components will be seen 
in those specific percentages of D2O as there is no contrast between the sample and 
the buffer it is in. Using deuteration in the sample as well as in the buffer gives another 
level of possibility when determining the best contrast for a sample. Measuring a non-
deuterated sample in 100% D2O buffer will likely give the best contrast, enabling the 
most amount of information to be obtained from the data. However, the technique of 
matching out can also be used to add complexity to a sample whilst reducing its scat-
tering. This can be beneficial in procuring further information about a sample without 
adding layers of complexity in the scattering data. To determine the matchpoint of a 
sample as a whole or specific components within, a matchout series can be carried out 
in a range of D2O buffer contrasts to extract the relevant information.  
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Figure 4. Level of deuteration in buffer required to provide matchout conditions for 
various biological macromolecules. (Reviewed in Haertlein et. al 2016)135 

 
Deuteration can be carried out chemically138 or biologically139. Chemical deuteration 
is performed by exposing whole molecules or building blocks to D2O in the presence 
of a catalyst. The final products are then synthesised from these deuterated starting 
materials using organic chemistry techniques. Biological deuteration is accomplished 
by using microorganisms such as bacteria or yeast grown in deuterated media, fol-
lowed by extraction and purification. The specific level of deuteration can be obtained 
using a deuterated or non-deuterated carbon source139,140 or solvent. The benefits of 
using biological deuteration is that the specific level of deuteration can be fine-tuned 
according to experimental needs, and chiral specific molecules can be obtained. Dif-
ferent sections within the same molecule can be modified to have differing final levels 
of deuteration, this can be done by knowing the synthesis pathway and how each com-
ponent in the medium will affect the final product. For example, the production of 
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natural PC lipids using Escherichia coli and differing levels of deuteration across dif-
ferent sections of the lipids renders the whole molecule matched-out in 100% deuter-
ated solutions even though the level of deuteration differs across the molecule140. 

Scattering can be used in various ways to determine valuable structural or dynamic 
information about a sample, depending on the sample type and environment it is in. 
One example is the use of neutron spin echo to follow the dynamics of a molecule by 
analysing the speed of scattered neutrons to determine dynamic properties of the mol-
ecule in question141. Another example is the use of crystallography to determine the 
structure of molecules and to aid in determining their potential importance or use for 
further studies142. Other techniques include small-angle X-ray and neutron scattering 
(SAXS and SANS respectively) and neutron reflectometry (NR) which will be the 
main focus explored here. The principles of these techniques will be discussed in the 
materials and methods section.  

 

Small-Angle Scattering and Neutron Reflectometry 

SAXS is an effective tool used to determine the structure of a sample in solution143–

145. It can also be used to follow kinetics or interactions in solution146. Size-exclusion 
chromatography coupled with SAXS (SEC-SAXS)147 can be used alongside normal 
SAXS measurements for various reasons, including to improve sample quality and to 
study samples which might be unstable or aggregate quickly. The use of the SEC to 
directly measure samples into the beamline ensures the sample is as fresh as it can be 
and has not had the chance to degrade or aggregate before analysis is carried out. A 
low flow rate is used during this process to maximise the amount of time the sample 
is exposed to the beam, to obtain as much information as possible. SAXS measure-
ments (like any X-ray measurements) cannot be carried out over extended periods as 
the samples often suffer radiation damage after exposure to the X-ray beam, in turn 
rendering them no longer in a biologically relevant state148. However, the potential 
larger intensity from SAXS measurements gives rise to shorter measurement times (if 
using a synchrotron source) and greater detail to be obtained from the sample. 

SANS is also an extremely useful tool to determine structural information about a 
sample in solution or follow interactions and kinetics in solution128,137, and can also 
be used in combination with SAXS to maximise information obtained149. While using 
SANS is often a slower technique compared to SAXS (due to lower flux resulting in 
longer exposures), the main benefit of using neutrons comes from the ability to gain 
more contrasts with the use of deuteration (as discussed previously)150. Using several 
isotopic contrasts for the same sample gives more detailed information, which aids in 
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the data fitting procedure and provides more accurate and representative models. To 
determine which contrasts to use a matchout series can be performed which allows 
for the determination of the level of deuteration required to render a sample invisi-
ble151. Kinetics and interactions can also be followed by neutron scattering, provided 
the timescales are suitable123,128. If the timescale is too short, the neutrons will not be 
able to provide suitable information as long measurement times are required for good 
statistical data.  

NR is a technique which allows investigation into samples on surfaces152–154 or in-
teractions with said samples155,156. The structural information obtained will only see 
what is adsorbed to the surface and not any presence of molecules in the bulk solution. 
Again, due to the use of neutrons as probe, deuteration can be beneficial in gaining 
various contrasts of the same sample aiding the restraining when fitting data. It is also 
possible to follow kinetics of interactions with NR as the changes at the surface can 
be followed with time126,127,129. If the timescale is suitably long NR can be a very good 
way to follow a process occurring in real time.   
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AIMS 

The overall aim of this thesis is to understand the specific role that the apolipoprotein 
ApoE plays on lipid exchange events at the onset of atherosclerosis. To be able to 
understand such phenomena, several methodological requirements were necessary, 
resulting in several specific aims, including: the advancement of model membrane 
systems to increase their similarity to real membranes and their complexity; deuter-
ation of membrane components; and advancement in the reconstitution of artificial 
lipoproteins with controlled composition. Previously, most exchange work was done 
for lipoproteins extracted from human blood which are very complex in terms of both 
protein and lipid content. Here, artificial rHDL was prepared from ApoE (alleles 3 
and 4) in order to better understand their role in phospholipid and cholesterol ex-
change. Additionally, previous work investigated the effect of charge within the mem-
brane on lipoprotein interactions. In this thesis, SLBs that include the second most 
important component in membranes, cholesterol, were used as model membranes to 
follow lipid exchange with lipoproteins.  
 

The specific aims are: 
 

1. To produce matchout cholesterol for advanced biomolecular complex studies 
using NR and SANS (Paper 1). 
 

2. To form model membranes comprising cholesterol and determine its co-lo-
calisation within the membranes by NR. Here deuterated and non-deuterated 
cholesterol as well as natural and synthetic lipids are used to determine local-
isation of cholesterol in model membranes (Paper 1 and Paper 2). 
 

3. To determine lipid exchange for human lipoproteins and model membranes 
in the presence and absence of cholesterol and using lipids with differing sat-
uration levels using NR (Paper 3). 
 

4. To determine ApoE interactions with model membranes of differing satura-
tion levels using NR (Paper 4). 
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5. To form artificial lipoproteins made of ApoE, and to structurally characterise 

them by SANS (Paper 4). 
 

6. To determine lipid exchange for artificial ApoE based lipoproteins and model 
membranes in the presence and absence of cholesterol using NR (Paper 4) 
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MATERIALS AND METHODS 

Bio-deuteration 
Deuteration plays an important role throughout this project. The use of bio-deuteration 
is a key tool and used here to fine tune the level of deuteration required in the final 
samples. While protein deuteration is possible, only non-deuterated protein was used 
throughout. Instead, various lipids including cholesterol were produced in a deuter-
ated environment. Lipo-engineered E. coli and Pichia pastoris (a yeast strain) were 
used to produce PC lipids140 and cholesterol157 respectively. Deuteration is toxic to 
cells158; however, when introduced gradually to a strain it can adapt and produce the 
required samples much in the same way as if in a non-deuterated environment. The 
benefit of using this method allows the level of deuteration to be chosen precisely for 
the needs of the experiments.   

 

Sample Preparation 

Protein Production 

There are various methods that can be used to purify proteins; these largely depend 
on whether the protein construct used includes a tag to aid purification. Whilst it is 
possible to purify proteins with no tag, the presence of a tag can reduce the number of 
steps required in the purification process. One of the most common tags used for pro-
tein purification is the inclusion of a histidine tag (His-tag: 6 or occasionally 10 suc-
cessive histidine amino acids included at one end of the protein sequence), enabling a 
short one or two step purification process. The main goal behind using this tag is to 
separate proteins with a tag from those without, using affinity chromatography. A 
Nickel-NTA column is used for this process, whereby the protein with the His-tag 
will attach to the column, whereas the unwanted proteins go straight through and are 
removed from the sample. The protein can then be released from the column and is 
often quite pure, a further size-exclusion chromatography step can be carried out to 
increase the purity of the sample. 
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Whilst His-tags were included in the constructs used throughout this project, and 
indeed were used as a purification method to begin with, other tags can be used in the 
purification process such as a thioredoxin tag as used here. Thioredoxin is a small 
protein which can be added to the sequence for the protein of interest, resulting in 
what is known as a fusion protein, aiding the solubility and purification of said protein. 

  The His-tag present in the construct is situated between the ApoE protein and the 
thioredoxin tag making it difficult to purify via this method. Due to the lipid-binding 
nature of ApoE, a purification method using ultra-centrifugation (UC) is possible. The 
protein is incubated with lipids to protect the hinge-region during the cleaving process 
required to remove the thioredoxin tag. After the cleaving step, ApoE remains lipid 
bound whereas the thioredoxin is not. Using a density gradient obtained via UC, a 
separation of lipid-bound protein from other unwanted cellular proteins, including the 
thioredoxin, is possible. 

 

rHDL Preparation 

rHDL preparation can be carried out via different methods. The most common is with 
the use of cholate which helps solubilise the protein and lipids and is then later re-
moved via Bio-Beads™ or dialysis. Another method is forming the discs via self-
assembly, where protein and lipids are incubated together and left to form discs over 
time. There are benefits to both methods: the first allows for different lipid types to 
be used and obtain the same final result; the second does not require the use of deter-
gents therefore reducing the risk of unfolding the protein and deactivating it. Different 
ratios of protein to lipid can also be used, sometimes resulting in different sized nano-
discs. 

Here, different methods were tested including the use of cholate and removal via 
Bio-Beads™ or dialysis, and self-assembly. However, as only 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC) lipids were used in the rHDL, self-assembly was 
found to be the most suitable method. To obtain the final rHDL samples, protein-lipid 
mixtures were incubated at 24 °C for at least 12 hours, and purified via size-exclusion 
chromatography to separate them from any potentially remaining lipid-free protein or 
excess lipids.  
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Small-Angle Scattering 
The principles of small-angle scattering (SAS) with both X-rays and neutrons are very 
similar, apart from the main key difference of what the incoming source of X-rays 
(SAXS) or neutrons (SANS) interacts with; however, for the purposes of elastic neu-
tron scattering studies, the same principles apply to both.  

The incoming beam of X-rays or neutrons interacts with the sample and is scattered. 
The scattered intensity is measured as a function of momentum transfer, q, and defined 
as thus: 

 

|𝑞𝑞| = �𝑘𝑘𝑓𝑓 − 𝑘𝑘𝑖𝑖� =
4𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋

𝜆𝜆
 

Equation 1 
 
where θ is shown in Figure 5 and λ is the wavelength of the incoming source of X-
rays or neutrons. 
 

 
 
Figure 5. Schematic of small-angle scattering principle. Where ki, kf and kt are the 
incident, scattered and transmitted scattering vectors and q is the momentum transfer. 
 
Scattered intensity is measured as a function of q and gives an average of scattering 
from the sample as is defined as follows: 
 

𝐼𝐼(𝑞𝑞) =
𝑁𝑁
𝑉𝑉
𝑉𝑉𝑝𝑝2(𝜌𝜌 − 𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)2|𝐹𝐹(𝑞𝑞)|2 

Equation 2 
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where N refers to the number of molecules in solution, V is the total sample volume, 
Vp is the molecular volume, (ρ-ρsolv) is the scattering contrast defined as the scattering 
length density of the sample minus that of the solvent, and |F(q)| is the sample form 
factor giving information about the sample shape in solution. The detector image gives 
the structure of the sample in reciprocal space and after Fourier transform treatment 
is converted to real space for size and structure determination.   
 

Data Analysis 

For both SAXS and SANS similar models can be used and co-refined together; how-
ever, it is important not to over-fit the data or try to obtain information that is not 
available, with the use of co-refinement. As X-ray data is generally recorded to higher 
resolution, further information can be obtained from these data sets. Therefore it is 
important not to force the fitting to be simultaneous for both if the SANS data do not 
give that level of information. 

Three contrasts for the SANS data are measured for this very reason: to help alle-
viate the uncertainty in the measurements. Data are fitted based on models which 
translate raw data into structures. Measurements for the empty cell and buffer back-
grounds are subtracted from sample data; and different detector distances (from the 
sample) are also used to ensure the whole q-range of interest is covered when meas-
uring. As the scattering from the sample is related to the size of the molecule being 
studied, shorter detector distances are required for longer length scales and vice versa. 

Multiple contrasts are often measured with SANS providing further information 
about a sample, adding a constraint to the fitting process thereby obtaining more ac-
curate fitting parameters. The use of 0%, 42% and 100% D2O based buffer solutions 
provides further constraints and multiple contrasts for the components, particularly 
important for protein-lipid complexes. The 100% D2O buffer provides the greatest 
contrast between the non-deuterated sample overall and the buffer environment 
providing the most information. The 42% D2O buffer is the level at which proteins 
give no net coherent scattering, which is useful when studying protein-lipid com-
plexes: even though the contrast is not the largest between the lipids and the buffer, 
as there is no signal coming from the protein, all the information that can be obtained 
from this data set is related to the lipid signal. The 0% D2O buffer contrast gives an 
overall view of the complex but with less contrast, the lipids will also have very low 
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scattering signal in H2O as they matchout at around 10% D2O. Therefore, more infor-
mation can be obtained about the protein itself at this contrast: 10% D2O buffer could 
be used in its place here if it is preferable to have zero scattering from the lipids. 

To determine the level of deuteration required in the buffer solution to result in no 
net scattering from a sample, a contrast-match series can be carried out. This series 
involves a succession of samples to be measured in varying ratios of H2O:D2O buffer 
to determine the point at which no scattering is seen. The graph obtained gives the 
level of deuteration required to matchout the sample when the intensity is zero. This 
can be done with a singular component or a combination of two components where 
one value is already known leaving only one unknown159. It is important to note how-
ever, that the distribution of components across the sample must be uniform to obtain 
a reliable and informative value. If a sample is not uniform this can lead to difficulties 
in obtaining a suitable series, as an average will be taken across the sample. Different 
detector distances (from the sample) are also used to ensure the whole q-range of in-
terest is covered when measuring. As the scattering from the sample is related to the 
size, shorter detector distances are required for longer length scales and vice versa.   
 

Neutron Reflectometry 
Scattering with neutron reflectometry is, in principle, similar to small-angle scattering 
in that it is the intensity as a function of momentum transfer that is measured. Instead 
of the beam of neutrons travelling directly to the sample, they are introduced at an 
angle to the surface and reflected according to the scattering length density of each 
layer. In specular reflection, the angle of incidence is the same as the angle of reflec-
tion giving rise to a scattering length density (SLD) profile of the sample, perpendic-
ular to the surface.  
 

Theory 

Specular reflection describes the reflectivity signal of a flat smooth surface (interfacial 
roughness of the sample gives rise to off-specular reflection detailing composition in 
the lateral direction). The scattering principle is similar to small-angle scattering; the 
incident angle θ, of wave vector ki is equal to the reflected angle of wave vector kr 
(Figure 6). The incident and reflected wave vectors are equal and defined by: 
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𝑘𝑘𝑖𝑖 = 𝑘𝑘𝑟𝑟 =
2𝜋𝜋
𝜆𝜆

 

Equation 3 
 
The ratio of incident to reflected intensities gives information about the change in k 
when reflected at the surface and is defined as the momentum transfer denoted by Q: 
 

𝑄𝑄 = 𝑘𝑘𝑟𝑟 − 𝑘𝑘𝑖𝑖 = 2𝑘𝑘𝑖𝑖 =
4𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋

𝜆𝜆
 

 
Equation 4 

 
 

 
 

Figure 6. Reflectometry scattering principle and accompanying SLD profiles. Reflec-
tion and refraction occur depending on the structure of the interface, hereby described 
by SLD profiles. A. Neutron beam reflecting from surface with incoming, reflected 
and transmitted wave vectors ki, kr and kt with corresponding angles θi, θr and θt and 
scattering vector Q. B. Neutron scattering from thin layer. The SLD profiles vary ac-
cording to the changes in SLD across the layers. 
 

A 

B 
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Time-of-flight (TOF) reflectometry is used to capture a whole q-range in one snap-
shot, providing better resolution. If it is necessary to use only one wavelength of neu-
trons, a large proportion of neutrons are not used giving lower flux. As neutrons are 
produced using either a nuclear reactor (as at the Institut Laue-Langevin, ILL) or a 
spallation source (as at ISIS neutron source), the incoming beam needs to be regulated 
to produce a pulse to tune the q-range. At ISIS the pulsed nature of the source already 
provides conditions for the TOF technique; however at the ILL the TOF approach is 
possible via the use of choppers which allow only a small range of neutrons through 
to form the beam. The settings of the choppers can be modified to obtain the wave-
length of neutrons desired. On FIGARO at the ILL (Figure 7), where most data in this 
thesis was collected, the wavelength range of neutrons was from 2-20 Å in turn giving 
a measurable q-range of 0.004-4 Å-1. To capture the full q-range desired two incident 
angles were used: 0.8° and 2.3°.  
 
 

 
 
Figure 7. FIGARO instrument setup. (1) The neutron beam entering (2) four choppers 
which rotate to refine the wavelength of neutrons allowed through; (3) hitting various 
slits which further refine the beam. (4) Guiding mirrors and a (5) collimator direct the 
beam before hitting the (6) sample and a (8) detector under (7) vacuum.  
 

Data Analysis 

The data obtained are presented as reflectivity as a function of q where the reflectivity 
is defined as relative intensity I/I0: I corresponding to reflected intensity and I0 to the 
incident signal. As an SLD profile is not directly obtained from scattering data, models 
are used to fit the data to the profile. These models represent each layer within a sam-
ple. For each SLD change it is possible to distinguish the thickness, solvent percentage 
(in relation to coverage of sample) and roughness of each layer. Multiple contrasts are 
often used for reflectivity measurements; this gives more information on the same 
sample and allows constraints to be put in place to derive more accurate models. Three 
contrasts are used in this work: 0%, 38% and 100% D2O-based buffers. The 0% and 
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100% D2O buffers give maximum contrasts for deuterated and non-deuterated sam-
ples respectively, whereas the 38% D2O contrast gives an SLD value which matches 
the small oxide layer present on the silicon blocks, often denoted cmSi (contrast-
matched Silicon). For the 100% D2O buffer, a critical edge is seen in this q-range. 
This is due to the refractive index of the D2O being higher than the Si block and there-
fore gives total external reflection resulting in a reflectivity signal of 1. When the 
contrast is of lower refractive index, the neutrons are refracted giving a reflectivity 
signal of less than 1.   

For each sample measured an initial characterisation of the silicon block is carried 
out before any sample deposition occurs, enabling the fitting of this layer which then 
can be fixed for the remaining steps during an experiment. For the samples them-
selves, each model is derived by the addition of layers corresponding to each SLD 
change which are simultaneously fitted with all three buffer contrasts. Various models 
are tried for each sample, the final chosen model is the one that best fits the data and 
makes most physical sense.  

To ensure the model makes physical sense for the lipid samples seen here, the area 
of the headgroup should roughly equal the area of the lipid tail region, for each lipid. 
This can be calculated using the solvent penetration value with respect to each layer 
as there should be equal numbers of heads to tails and as the bilayer is flat, each com-
ponent must take up equal space and can be defined as such: 
 

𝐴𝐴 =
𝑉𝑉
𝑑𝑑𝑑𝑑

 

Equation 5.1 
 

𝑉𝑉ℎ𝑒𝑒𝑒𝑒𝑒𝑒
𝑑𝑑ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑ℎ𝑒𝑒𝑒𝑒𝑒𝑒

=
2𝑉𝑉𝑡𝑡𝑒𝑒𝑖𝑖𝑠𝑠

𝑑𝑑𝑡𝑡𝑒𝑒𝑖𝑖𝑠𝑠𝑑𝑑𝑡𝑡𝑒𝑒𝑖𝑖𝑠𝑠
 

Equation 5.2 
 
where V is the volume of the head or tail regions, d is the thickness and ϕ is the volume 
fraction. Two tails are present per headgroup, hence the requirement for doubling the 
tail volume. 

To add further complexity to the bilayer model, asymmetry can be applied in a 
multi component system if enough contrast is seen between components. To deter-
mine the respective volume fractions of the components, the known SLD values are 
necessary to be able to determine the positioning of one component in favour of an-
other (causing said asymmetry). If the layer is comprised of solvent and two further 
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components, e.g. varying lipids with differing enough SLD values, the following 
equation can be used with the overall SLD value obtained from the model: 
 

𝑆𝑆𝑆𝑆𝑆𝑆𝑠𝑠𝑒𝑒𝑙𝑙𝑒𝑒𝑟𝑟 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑠𝑠1𝑑𝑑𝑠𝑠1 + 𝑆𝑆𝑆𝑆𝑆𝑆𝑠𝑠2𝑑𝑑𝑠𝑠2 + 𝑆𝑆𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 
Equation 6 

 
where ϕl1 + ϕl2 + ϕsolv = 1. 
 
Bilayer characterisation 
As mentioned briefly, all silicon surfaces are characterised prior to introducing sam-
ples onto them, both in D2O and H2O buffers, to be able to fit the SiO2 layer. Once the 
surfaces are verified to be clean and ready for use, the lipid vesicles are injected onto 
them. Supported lipid bilayers (SLBs) are characterised in three contrasts to gain op-
timum information when fitting (0%, 38% and 100% D2O based buffers). To start 
with a basic three-layer model was chosen to fit the SLBs to represent the inner head-
group, tail and outer headgroup regions, assuming a symmetrical bilayer. During the 
fitting process various other models were tested including four- or five-layer symmet-
rical or asymmetrical options. Between the SiO2 layer and the SLB sometimes a small 
solvent layer is also required. The final model is selected on the basis of the best fit 
(the χ2 value), in combination with what makes sense from a physical point of view. 
When a suitable model is found, this is then generally used as a guide for other SLB 
fittings.   
 
Exchange experiments 
Three different types of exchange experiments were carried out with various SLB 
conformations: native lipoproteins (HDL and LDL); ApoE protein alone; and ApoE-
based rHDL. During the exchange process the first hour of kinetics was measured 
then every other hour subsequent, i.e. the first, third, fifth and sometimes seventh 
hours were measured depending on the overall incubation times. Samples were incu-
bated with the SLBs for either 6 or 8 hours in total before rinsing with buffer. During 
the incubation process, measurements were carried out in H2O buffer to give the most 
contrast, as the SLBs used were deuterated to some extent (either tail-only deuterated 
or fully deuterated). A full characterisation in the three contrasts was then carried out 
again at the end and the same fitting process was performed. An additional rinse with 
H2O was performed to confirm that no further changes in reflectivity occurred after 
rinsing with excess buffer. To simplify the fitting as much as possible, the starting 
points of the fitting parameters were the initial bilayer values, allowing only the least 
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number of parameters to change, for example, the SLD and the solvent penetration of 
the tail region. For some experiments, this was sufficient to get a good enough fit after 
the exchange, however some bilayers changed more drastically than others and so 
further structural changes were required to reach a suitable fit. After the incubation, 
in each case at least one further layer was required on top of the bilayer to represent 
the lipoprotein/protein/rHDL attached to the surface that stayed after washing. The 
quantities of lipids exchanged and removed in each of these experiments could be 
determined from the changes in SLD and solvent coverage respectively, following 
Equation 6. 
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RESULTS AND DISCUSSION 

Bio-deuteration for Advancing Model Membranes 

Cholesterol 

As discussed previously, cholesterol is a highly important component in cellular mem-
branes and plays an important role in the development of atherosclerosis. In order to 
use neutron scattering to probe membrane structures and lipid exchange, deuterated 
cholesterol, and in particular, matchout-deuterated cholesterol, was ideal. 

At the beginning of this project, perdeuterated cholesterol was produced using al-
ready established protocols139. The production of matchout cholesterol required fur-
ther advances in methods and modification of these protocols. As cholesterol plays a 
such a large role in membranes and throughout the body, the need for matchout-deu-
terated cholesterol for use in neutron scattering experiments for biological applica-
tions (SANS in particular) is very high. It was in the original plan to measure lipo-
somes with the matchout-cholesterol incorporated against matchout-lipoproteins, 
however difficulties arose owing to the stability of these liposomes in solution leading 
to sedimentation during the course of the SANS experiment. This in turn led to a 
change in scattering signal arising from a combination of lipid exchange (the phenom-
enon of interest) and loss of sample (through sedimentation) and an impossible task 
to determine which effect gave which result. Therefore, the studies with lipoproteins 
presented here focus on interactions with membranes using NR. 

To determine the appropriate modifications required, the synthesis pathway of cho-
lesterol was looked into and the quantity of hydrogen required to give an overall SLD 
value that would fit the matchout requirements was determined (roughly 6H in a total 
of 46H). The deuteration of cholesterol was carried out via the use of a lipo-engineered 
P. pastoris strain157 with non-deuterated glycerol as a carbon source. As such a small 
proportion of hydrogen atoms were required to remain as protium and not be replaced 
by deuterium the simplest way to carry this out was via the change in carbon source. 
Another carbon source that is often used is glucose, though more expensive than glyc-
erol. If glucose had been used instead, it is most likely the same end product would 
have been obtained due to the similar synthesis of glucose in the biosynthetic pathway. 
The initial steps would be different; however, they reach the same precursor molecule 
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relatively early on in the synthesis. Thus, there is little room for differences to occur. 
Another option would be to change the level of deuteration in the medium. In this 
instance, 100% deuterated medium was used to grow the yeast in. A lower percentage 
of D2O based medium could have been used; however, in this case at every step there 
would be an increased chance of a protium being up taken by the molecule rather than 
a deuterium. Possibly more so than just the 1 in 10 chance if a 90% D2O medium was 
used, as hydrogen bonding with a bridging H is more energetically favourable than 
having a bridging D160. Therefore, H could potentially be preferentially taken from 
the medium. Another benefit of using a non-deuterated carbon source over a lesser 
deuterated medium is the cost: it is cheaper to use non-deuterated glycerol instead of 
10% less D2O medium. The benefit of using bio-systems to deuterate a molecule is 
usually the increased control that can be obtained during the synthesis process, for 
example with the production of matchout-deuterated PC140. However, due to the na-
ture of this synthetic pathway (as compared with that of PC), the numerous steps lead 
to many uncertainties and apart from the hydrogen atoms the carbon source starts 
with, all remaining hydrogen atoms come from the medium so each step is a game of 
statistics and probability. 

An alternative route to deuterate cholesterol is through chemical deuteration161. 
However, this is a complicated process and not an easy route to go down to obtain 
fully deuterated systems. Partial deuteration is possible this way, but to get to the level 
of deuteration required for matchout conditions, this is an unsuitable method to fol-
low. That being so, if it were possible to deuterate chemically, there may be more 
specific reactions targeting certain areas of the cholesterol molecule that could be 
tuned towards deuteration. For the time being, however, chemical synthesis is not a 
viable option for the matchout-deuteration of cholesterol and would lead to a racemic 
mixture of products, rather than a naturally obtained singularly chiral end product.   

In Paper 1, SANS was used to determine the match-point of cholesterol. To deter-
mine this (the level of D2O required in the buffer to result in a matched-out sample), 
the cholesterol was required to be incorporated into vesicles of another lipid to obtain 
good scattering data. Cholesterol has a very low solubility limit in water and forms 
micelles at roughly 25- 40 nM at 25 °C162. The micelles are very small and only scatter 
weakly, hence multi-component vesicles were used. The lipids chosen were POPC, as 
cholesterol had already been shown to be soluble at quite high concentrations in these 
vesicles, and the same protocol was followed as for the tail-deuterated POPC vesicles 
alone151. Measuring series for both POPC alone and POPC with cholesterol at differ-
ent H2O/D2O ratios enabled the matchpoint to be determined as 101%. This value 
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obtained by SANS also corroborated the NMR and MS data for the level of deuter-
ation of the cholesterol at 89% (see Figures 1-3 in Paper 1). 

 

Membrane Structure with Cholesterol 

The outcome of using a non-deuterated carbon source with a cholesterol-producing 
lipo-engineered yeast strain for matchout-deuterated cholesterol production was suc-
cessful and enabled it to be used in NR and SANS studies (Paper 1). As with the 
perdeuterated cholesterol139, NR was also used to characterise SLBs with cholesterol 
incorporated and determine the position of the cholesterol within the bilayer. 

The localisation of cholesterol in model membranes is highly important, especially 
for the later studies, which will follow lipid exchange processes. Therefore, both deu-
terated and non-deuterated cholesterol were used to locate the molecule and to cross-
check that the deuteration does not itself affect the positioning and is therefore a suit-
able tool to use in future studies. The membranes were prepared using vesicle fusion 
to form SLBs for use in NR studies. The membranes were chosen for variation of tail 
length and level of saturation and included both naturally and synthetically derived 
lipids. To obtain good scattering contrast, we used matchout-deuterated cholesterol 
within non-deuterated membranes (Paper 1) and both non-deuterated and deuterated 
cholesterol within deuterated membranes (Paper 2) to ensure the variations in choles-
terol deuteration did not affect its localisation in the membrane.   

We prepared model membranes of synthetic (Paper 1) and naturally derived (Paper 
2) PC lipids to determine the localisation of the cholesterol. The use of different lipid 
species ensured the localisation of cholesterol was determined over a range of mem-
branes with different tail lengths and at varying cholesterol concentration. Initially 
single layer models for the tail region were tested, however they failed to give suitable 
fits for the data, implying the cholesterol was not symmetrically situated throughout 
the bilayer. Other models of increasing complexity were also tested; however these 
still did not give suitable and acceptable fits for the data. In the end, a five-layer model 
for the bilayer was determined, including an inner headgroup, a tail region and an 
outer headgroup where the tail region itself was split into a further three layers (Figure 
8). All models also included a SiO2 layer and most included a small solvent layer 
between the SiO2 and in the inner headgroup, commonly seen in SLBs for NR163.   
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The use of both synthetic and natu-
rally derived lipids was important to 
ensure the same model could be used 
across all model membranes, and that 
the cholesterol behaved the same way 
when non-deuterated and deuterated. 
In all cases cholesterol was found to 
thicken the bilayer, which was ex-
pected due to the induction of the liquid 
ordered phase, or combination of liquid 
ordered and liquid disordered164. For 
the naturally derived lipids, with in-
creasing levels of cholesterol came an 
increasingly thickened core. For the 
synthetic lipids an increase in core 
thickness was also seen when com-
pared to the same bilayers without cho-
lesterol. It is important to note how-
ever, that while values in Paper 2 imply 

a linear increase is seen with increasing cholesterol quantities, it can be seen from the 
values in Paper 1 that a plateau is reached and the bilayer does not thicken much fur-
ther (see Table 2 below). The cholesterol was situated in the outer two sections of the 
overall tail region closer to the headgroups. This was determined via the differences 
in SLD seen throughout these three layers.  
 
 
Table 2. Comparison of cholesterol inducing increase in core thicknesses from cho-
lesterol-containing SLBs in Papers 1 and 2. *Values taken from literature for compar-
ison. (DLPC: 1,2-dilauroyl-sn-glycero-3-phosphocholine) 

Paper SLB 0% chol 10% chol 20% chol 40% chol 
Paper 1 DLPC mo 21.8*165 28.2*166 - 30.3 

POPC mo 30*121 - - 31.5 
DMPC mo 25.8*165 34.1*166 - 29.7 

Paper 2 dPC hchol 29.5 30.9 32.8 - 
dPC dchol 29.5 30.8 33.5 - 

 

Figure 8. Model determined for cho-
lesterol localisation. (Figure 4A in Pa-
per 1).  
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Cholesterol positioning in the naturally derived membranes was not found to be 
symmetrical with increasing concentration, i.e. greater levels of cholesterol were seen 
in the outer-most section of the core compared to that closest to the inner headgroups. 
On the other hand, symmetric distribution was found for the SLB with a lower per-
centage of cholesterol (Table 2 and Figure 4 in Paper 2). This is likely due to an asym-
metry within the vesicles prior to vesicle fusion due to cholesterol’s affinity for higher 
curvature found within the inner-leaflet of the vesicles167,168. It is also important to 
note that where deuterated and non-deuterated cholesterol was used, very little differ-
ence was seen in the structure and thickness of the layers implying no effects were 
seen on the phospholipid-cholesterol interactions, verifying the suitability of using 
deuterated cholesterol and the absence of significant isotope effects. 

The synthetic lipids were of varying length and level of saturation and showed the 
same positioning of cholesterol throughout the SLBs regardless of lipid species. The 
cholesterol was also found to be located towards the headgroups in all bilayers and 
not localised towards the centre of the core as previously suggested165. Marquardt et 
al. (2016)165 had proposed a model whereby cholesterol remained horizontal within 
the bilayer and not towards the head-tail interface, if the core thickness was below 
30 Å. This was not found to be the case for any of the bilayers in Paper 1 as all of 
them showed the location of the cholesterol in the upright position towards the head-
tail interface; however within errors all the SLBs were 30 Å or more after the addition 
of cholesterol. The importance of the model fitting all bilayer types verifies the rele-
vance of the use of model membranes and synthetic lipids, in particular, as the cho-
lesterol behaves in the same way across the board.    

The concentration of cholesterol in cells in the periphery is roughly 20 mol% in 
endothelial cells169 compared to 40 mol% in neural cells in the brain170,171. Whilst the 
concentration of cholesterol varies throughout the body in differing cell types, the 
results here show that regardless of that, the cholesterol localises in a similar way. The 
asymmetry of the cholesterol from inner to outer leaflets seen here may not mirror 
live cells since it likely arises as a consequence of the method of SLB formation. 
However, structurally it can be said the cholesterol thickens a membrane and is lo-
cated towards the head-tail interface, irrespective of the lipid species it is surrounded 
by, in said membrane.  

The quantities of cholesterol in the bilayers in Paper 2 were nominally given as 10 
and 20 mol%. From the analysis of the data these values were 9% and 15% respec-
tively, for the non-deuterated cholesterol in the deuterated PC bilayer. This shows that 
while in later experiments there is little contrast between cholesterol and phospholipid 
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in the SLBs, and therefore as the concentration of cholesterol may be difficult to de-
termine, it can be assumed to be the nominal composition within error.  

 

Native/Artificial Lipoproteins and Model Membranes 

Native Lipoproteins with Membranes 

The use of native lipoproteins for interaction studies with model membranes via NR 
has been shown to be a suitable method as reported previously126,127. During these 
studies HDL was shown to remove more lipids than LDL and the presence of charged 
lipids within the membrane also increased the ability of HDL to remove lipids.  

During the studies presented here the effect of the level of saturation and the pres-
ence of cholesterol in the membrane was investigated (Paper 3). Two types of lipo-
proteins were used: HDL and LDL, purified from plasma from 3 healthy males and 
pooled together. No clinical background information exists for these samples.  

The level of saturation in the bilayer made a huge difference in the level of interac-
tion of the lipoproteins with the SLBs (Figure 9). The presence of unsaturation dra-
matically decreased the quantities of lipids exchanged and removed by the lipopro-
teins, regardless of lipoprotein type. In this way, HDL and LDL have a greater affinity 
for saturated rather than unsaturated lipids, though LDL to a lesser extent. The abso-
lute values of the quantities of saturated lipids both exchanged and removed was 
greater for HDL than LDL, as seen before126. The difference in ease of lipid removal 
between the lipoprotein types could be explained by variance in the specific protein-
lipid interactions. Different conformations of ApoA1 (the main protein in HDL) were 
shown to have varying binding affinities to POPC vesicles172. The increased ease for 
saturated lipid removal is likely due to the increased mobility of said lipids. Saturated 
phospholipids were shown to have greater mobility than their unsaturated counterparts 
in both gel and fluid phases173.   

The presence of cholesterol in the SLBs also had a large impact on the quantities 
of lipids exchanged and removed (Figure 9). In the bilayers comprising saturated li-
pids, the presence of cholesterol decreased the amount of lipids exchanged and re-
moved with HDL, whereas for the unsaturated lipids, the presence of cholesterol made 
little difference when interacting with HDL. LDL, on the other hand, did not follow 
the same pattern. Including 10 mol% cholesterol in the saturated bilayer increased the 
amount of lipids exchanged. Upon further increasing to 20 mol% a similar value was 
found to that of the saturated bilayer alone. For the unsaturated SLBs, the presence of 
20 mol% cholesterol also gave similar values to that of the bilayer alone. However, in 
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terms of removal, for both the saturated and unsaturated bilayers, the presence of cho-
lesterol increasingly reduced the quantity of lipids removed. It is possible that the 
presence of cholesterol may inhibit the mobility of phospholipids174, and cause it to 
localise preferentially towards saturated lipids175. However, there were no clear sys-
tematic changes when cholesterol was incorporated into the bilayer so it is difficult to 
pinpoint the exact cause of the changes seen. LDL has also been shown to preferen-
tially bind to rafts of saturated lipid with cholesterol176. Since no reduction or increase 
in exchange was seen due to cholesterol, it is likely the specific lipoprotein-lipid in-
teractions determine the final quantities of lipids exchanged and removed.   
 

 

 
 

Figure 9. Relative lipid exchange and removal for HDL or LDL particles interacting 
with membranes formed with saturated (dDMPC) and unsaturated (dPC) phospholip-
ids with and without cholesterol. Results are shown for HDL (A, B) and LDL (C, D) 
regarding exchange (A, C) and removal (B, D). (Figure 2 from Paper 3) 
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As already discussed, some of the differences seen are likely due to specific interac-
tions between the lipoprotein particles and the SLBs. To further look into this, differ-
ences were compared between levels of interactions of LDL with differing composi-
tions. It was found that with increasing density of LDL, i.e. increasing percentage of 
protein, greater levels of exchange were observed (Figure 3 in Paper 3). These find-
ings can be explained by the difference in ApoB100 (the main protein in LDL) found 
on smaller more dense LDL particles. Denser LDL particles contain regions with al-
tered epitopes177 that may house part of the lipid-binding region of LDL178 and thus 
affect their binding and interactive activities.   

The effect of the presence of deuteration in the lipid headgroups was also investi-
gated. Little difference was seen in terms of the quantity of lipids removed. However, 
with increasing levels of deuteration in the headgroups, increased amounts of lipids 
exchanged were observed (Figure 4 in Paper 3). This difference is again likely due to 
specific protein-lipid interactions, influenced by the presence of deuterium160,179, 
which therefore could impact the outcome of these types of exchange studies; how-
ever this was most notable only when the headgroups were perdeuterated. Tail deu-
teration should not affect this to such an extent, as the lipoproteins do not interact with 
the tail groups specifically upon initial interaction.   

 

Structure of rHDL 

Reconstituted HDL-like particles are commonly used to represent native discoidal 
HDL as they are structurally similar and behave in comparable ways – namely in their 
lipid exchange capacity. To structurally characterise rHDL, SAXS and SANS are 
commonly used tools180. Various models have been proposed for these protein-lipid 
complexes including the picket-fence model181 and the double superhelix182, but the 
most common and widely used model is that of the double belt model183.  
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This last model is the one used to 
fit the data presented here resulting 
in a protein rim encircling a bilayer 
of lipids as seen in Figure 10 (Fig-
ure 3A inset, Paper 4). The number 
of proteins present in ApoE-
DMPC complexes has been dis-
cussed and has shown some varia-
tion but always resulting in 2 or 
more protein molecules per 
disc46,184,185. The conformation of 
the ApoE protein has also been 
proposed to vary according to the 
allele present38. It has been sug-
gested that ApoE3 is capable of 

adopting an elongated belt conformation which extends around the perimeter of the 
disc and two separate molecules are stacked to form the double belt184. On the other 
hand, ApoE4 is proposed to form a looped-back arrangement due to decreased flexi-
bility arising from the salt bridge, giving a more compact structure in which one mol-
ecule covers both leaflets of the bilayer185,186. The complete list of parameters deter-
mined from fitting the data are presented in Table 3. 
 
Table 3. Parameters for ApoE3 and ApoE4 rHDL. *Fitted values. **Calculated val-
ues. ***Fixed value.  

Parameters ApoE3 rHDL ApoE4 rHDL 
Radius* Å 39.6 43.3 

Ellipticity ratio* 1.8 1.5 
Rim thickness* Å 9 9.8 
Face thickness* Å 7.9 7.6 

Length*** Å 28 28 
Diameter** Å 97.2-160.6 106.2-149.5 

Circumference** Å 417 407 
No. amino acids** 278 272 

Area per lipids** Å2 55.9 55.9 
No. lipids per leaflet** 159 158 
No. proteins per disc** 2 2 

 

Figure 10. Model used to fit SAXS and 
SANS data for ApoE-rHDL. (Figure 3A in 
Paper 4).  
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The values for the differing proteins are very similar, giving the same number of pro-
teins and lipids per disc and the same rim and face thicknesses. They differ slightly in 
radius and ellipticity ratio, though still only within a few Ångstroms. These values are 
in line with previously reported data for discs of similar composition187. The number 
of amino acids which are in contact with the bilayer is roughly 20 short of the full 
length protein which has 299, however this has also been seen before with similar 
proteins180,188 and allows for some flexibility in the protein and potential expansion. 
The size is slightly larger than what has been seen for ApoA1 rHDL183. However, as 
the ApoE protein is significantly larger than ApoA1, it is a reasonable increase and is 
similar to previously reported data for proteins of similar length187.   

 

Protein and Artificial HDL with Membranes 

As native lipoproteins are highly complex structures, to determine specific roles of 
components reconstituted lipoproteins can be used in their place. As with the native 
lipoproteins, both lipid-free protein and the reconstituted HDL particles were incu-
bated with model membranes and the interaction and lipid exchange followed, again 
as a function of saturation and presence of cholesterol respectively. The main focus 
of the rHDL study was comparing ApoE3 with ApoE4; however it also included 
rHDL made with ApoA1 (the main protein in HDL).  

The interaction of protein alone against both saturated and unsaturated model mem-
branes resulted in differences seen across protein alleles and lipid species. However, 
an overall similar model was seen for all SLBs and both protein types (Paper 4): some 
lipids were removed, some protein incorporated into the tail region of the bilayers and 
some protein formed an extra layer on top of the SLBs. When comparing the satura-
tion of the membranes, regardless of allele, ApoE had a preference to remove satu-
rated lipids over unsaturated ones. This is similar to what was seen with the HDL and 
is again likely to be due to the increased mobility of saturated lipids compared to 
unsaturated ones173. However, again regardless of allele, more ApoE was found within 
the tail region of the unsaturated membranes than saturated ones (Figure 11). As for 
the alleles, more ApoE4 was found within the tail region of the SLBs than ApoE3, 
regardless of saturation level, whereas on the other hand, more ApoE3 was found on 
top of the SLBs than ApoE4, again regardless of lipid saturation (see Figures 2D and 
E, Paper 4). These differences are likely explained by differences in the modes of 
interaction of ApoE with the specific lipid species. ApoE4 is said to have a greater 
ability to bind lipids than ApoE3 due to slight structural differences56,57. ApoE4 is 
thought to have a more rigid structure and prefer less curved lipid surfaces such as 
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VLDL than ApoE3, whereas ApoE3 is more flexible and can interact with other pro-
teins more easily as with on the surface of HDL49. Thus, ApoE3 probably prefers to 
interact with lipid headgroups and is found on top of the SLBs whereas ApoE4 is 
found within. Though it is important to bear in mind that the NR data cannot distin-
guish whether the ApoE3 proteins are separate molecules on top from those within. 
The increased flexibility of ApoE3 means it is likely that the same molecules can 
adapt different conformations, part of which resides within the tails and part on the 
heads, to a larger extent than the ApoE4 protein.  
 

 

 
 
Figure 11. Percentages of protein adsorbed within the bilayer cores (left) and on top 
of the bilayers (right). (Figures 2D and E in Paper 4). 
 
The lipid exchange studies showed mixed results comparing the two ApoE-rHDL with 
the native and ApoA1-based rHDL (Figure 12 and Paper 4). In terms of lipid removal, 
no distinct pattern was seen for the interaction of ApoE-rHDL with the SLBs in the 
presence and absence of cholesterol. ApoA1-rHDL, on the other hand, behaved in a 
much more similar way to native mature HDL by removing a noticeable quantity of 
lipids from the bilayer, though not quite to the same extent. Conversely ApoE-rHDL 
displayed a distinct ability to exchange lipids with the SLBs, in a manner similar to 
both the native and ApoA1-rHDL. The presence of cholesterol hindered the ability of 
the ApoE-rHDL to exchange lipids, as had been seen previously with the native HDL 
(Paper 3). While ApoE3-rHDL exchanged similar quantities of lipids to the native and 
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ApoA1-based counterparts, ApoE4-rHDL exchanged the highest values of all of 
them. The differences seen here are likely to be due to the different apolipoprotein-
specific, including allele-specific189,190, interactions with lipids. The differences seen 
between ApoE3 and ApoE4 could also be due to potential differences in protein ar-
rangement in the rHDL leading to differing abilities to exchange lipids. ApoA1-rHDL 
show similar behaviour to the native plasma HDL, which is to be expected. ApoE, on 
the other hand, performs different roles to ApoA1 in the brain, where both alleles are 
found on ApoE-enriched HDL-like particles and help to maintain cholesterol homeo-
stasis by moving lipids around the brain to maintain membrane plasticity rather than 
clearing cholesterol straight from the body as elsewhere in the periphery191.  

Following the journey of cholesterol was also possible during these experiments 
through the use of optimised deuteration and contrast. Both deuterated and non-deu-
terated cholesterol were used in SLBs to determine if cholesterol was selectively ex-
changed by the rHDL or not. As the lipids replacing those in the SLB would be non-
deuterated, any uptake of cholesterol would cause a change in the SLD of the tail core. 
However, this was not the case showing cholesterol was not selectively taken, but 
only phospholipids exchanged. This work highlights the differences between ApoE 
and ApoA1 as mirrored in their differing roles in the body192, and confirms the rele-
vance of our model systems to understand functional processes in the body and then 
further find ways to regulate interactions for finding cures to diseases such as athero-
sclerosis or Alzheimer’s disease. 
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Figure 12. Lipid A. removal and B. exchange by ApoE-rHDL. SLD change in bilayer 
core for DMPC and DMPC-cholesterol SLBs against C. ApoE3-rHDL and D. ApoE4-
rHDL. The stars represent incubation periods of 8 hours compared to 6 hours of those 
without.  
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CONCLUSIONS 

This thesis describes the characterisation of model membranes and their interactions 
with lipoproteins. It also includes the production of tailor-deuterated cholesterol and 
reconstituted lipoproteins used throughout the experiments. The initial characterisa-
tion of the model membranes was important to ensure a greater understanding of the 
systems that would be used throughout the rest of the work. Results from Papers 1 
and 2 shed light on the structure of cholesterol-containing membranes highlighting 
not only the importance of the use of deuterated cholesterol in these studies but also 
verifying their suitability, as few differences between deuterated and non-deuterated 
were seen. The NR technique used for the study of the cholesterol-containing mem-
branes showed its applicability to the study of model membranes. While it is not a 
new technique to be used to structurally characterise membranes, it proved to be a 
powerful tool in combination with the use of deuterated lipids to obtain satisfactory 
detail about the model systems in question. 

Model membranes have often been used to follow interactions as biomimetics. Pa-
pers 3 and 4 exploit this powerful technique with the use of NR and SANS. Paper 3 
explores the interactions of native lipoproteins with model membranes investigating 
the important roles that the composition of the membrane can play; more specifically 
the presence of saturation vs. unsaturation and presence and absence of cholesterol. 
The class of lipoprotein as well as the more specific composition can impact the in-
teraction seen with model membranes, as displayed by the HDL and LDL. This was 
further discovered in Paper 4 where only small changes were made in the composition 
– the change of a protein allele differing in only one amino acid – and still differences 
were seen, as reflected in the diseases associated with these proteins.  

The findings here show the importance of understanding how the smallest change 
in lipoprotein composition can make a large difference and can aid the understanding 
behind fundamental processes that occur in the onset of certain diseases such as ath-
erosclerosis. Development in treatment for these diseases will be aided in the under-
standing of the initial processes which occur. 
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FUTURE PERSPECTIVES 

During this work there was a focus on the composition of the model membranes and 
the effect this would have on the systems investigated. However, following on from 
these experiments, various other questions could be asked to gain further understand-
ing on these processes, including further systematic studies of lipoprotein composi-
tion.  

In terms of the native lipoproteins, using sub-fractionated LDL to separate the large 
buoyant particles from the small dense ones would already give some information on 
the effect of composition. As we found within our studies the smaller denser particles 
exchanged more lipids, it would be interesting to carry out a more systematic approach 
to this method to ensure continuity and well-defined sub-classes. 

This could also be linked to the use of native lipoproteins from people with under-
lying health conditions, specifically CVD related. Only samples from healthy males 
were used during these studies, however it would be interesting to see how or if the 
lipoprotein profile differed between these groups of people and how this might affect 
their lipid exchange capabilities. In turn this could be used to aid treatment develop-
ment if the interactions of these lipoproteins differ dramatically and therefore a more 
suitable alternative could be determined.  

Since our protein-lipid interactions showed that the alleles have different ways of 
interacting with lipids, it would be interesting to see if discs of different lipid compo-
sitions also have differing interactions with model membranes. Indeed, we have al-
ready acquired preliminary data on ApoA1 discs made with POPC and DMPC which 
behave differently in the same environment (Figure 13).  
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Figure 13. Preliminary NR data for ApoA1-rHDL made with POPC (top) or DMPC 
(bottom) against DMPC SLBs. Pristine bilayer before shown in hollow circles in both, 
whereas POPC rHDL are shown in full circles (top) and DMPC rHDL are shown in 
full triangles (bottom). 
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Another route that could be explored is that of the complexity itself of the rHDL com-
position. Different components can affect the properties of the model systems drasti-
cally, however if a combination of proteins was used it would be interesting to see if 
one protein would overshadow the properties of the other or if it would sit somewhere 
in the middle.    

During experimentation, we also observed allele-dependent self-assembly of lipid-
free proteins. ApoE3 was found to form large random aggregates, whereas ApoE4 
formed more rigid structures (Figure 14). This work still needs to be completed and 
will then be published. Other work that was started and needs a little more to complete 
it, is the study of the way in which specific interactions between the apolipoproteins 
and lipids occur: of key interest is whether the protein binds before integration and 
removal or if it all happens at the same time. SANS studies have been carried out 
following the formation of the rHDL and demonstrated the gradual increase in scat-
tering from the formation of the discs.    
 



 

61 
 

 
 
Figure 14. SANS and SAXS data for ApoE3 (top) and ApoE4 (bottom) protein. 
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POPULÄRVETENSKAPLIG 
SAMMANFATTNING 

Åderförkalkning är den främsta orsaken till tidig död bland människor i västvärlden. 
Det uppstår genom uppbyggnad av plack (fett) i artärväggarna, något som i sin tur kan 
leda till hjärtinfarkt och stroke. Fett och kolesterol transporteras runt kroppen med 
hjälp av nanopartiklar som kallas lipoproteiner. Lipoproteiner bär fettet till och från 
cellerna. Det finns olika typer av lipoproteiner såsom 1) lågdensitetslipoproteiner 
(LDL, också kallad för det onda kolesterolet) som levererar fett till cellerna, och 2) 
högdensitetslipoproteiner (HDL, också kallad för det goda kolesterolet) som avlägs-
nar fett från cellerna. När det finns en obalans i lipidmetabolismen, börjar LDL acku-
mulera fett som eventuellt bildar ett plack vid artärväggarna, medan HDL kan hjälpa 
till att förhindra ansamling av plack och minska risken för hjärt-kärlsjukdom. Dessa 
processer är mycket komplexa och inte helt utredda, varför det krävs enklare modeller 
som delar upp processerna i separata komponenter så att man kan förstå var och en 
för sig. De kunskaper man får genom enklare modeller kan leda till ytterligare förstå-
else för sjukdomsutveckling och i sin tur hjälpa utvecklingen av behandlingar för sjuk-
domen. Kolesterol är en viktig komponent i cellmembran som denna avhandling fo-
kuserar på: modellmembran skapas för att representera de som finns i kroppen, där 
kolesterol spelar en viktig roll. Dessa modeller kan modifieras för att i sin tur fokusera 
på en viss aspekt av membranet och studera den systematiskt: här studeras rollen av 
mättat och omättat fett som kan innehålla kolesterol. Eftersom lipoproteiner består av 
många olika komponenter används båda nativa och förenklade modeller för dessa 
också. Neutronreflektans har använts för att följa växelverkan mellan lipoproteiner 
och modellmembran. På detta sätt kunde membrankomponenternas roller bestämmas 
och variationen bland de nativa proven och deras enklare modeller belysas. Slutligen 
bestämdes strukturen hos modellipoproteinerna genom lågvinkel neutronspridning. 
Resultaten bekräftade lämpligheten av modellerna för att kartlägga lipoproteinernas 
roll i fettutbyte. 
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the production of Matchout-
Deuterated Cholesterol and the 
study of Bilayer-Cholesterol 
Interactions
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Marité Cárdenas2

The deuteration of biomolecules provides advanced opportunities for neutron scattering studies. 
For low resolution studies using techniques such as small-angle neutron scattering and neutron 
reflection, the level of deuteration of a sample can be varied to match the scattering length density 
of a specific D2O/H2O solvent mixture. This can be of major value in structural studies where specific 
regions of a complex system can be highlighted, and others rendered invisible. This is especially useful 
in analyses of the structure and dynamics of membrane components. In mammalian membranes, 
the presence of cholesterol is crucial in modulating the properties of lipids and in their interaction 
with proteins. Here, a protocol is described for the production of partially deuterated cholesterol 
which has a neutron scattering length density that matches that of 100% D2O solvent (hereby named 
matchout cholesterol). The level of deuteration was determined by mass spectrometry and nuclear 
magnetic resonance. The cholesterol match-point was verified experimentally using small angle 
neutron scattering. The matchout cholesterol was used to investigate the incorporation of cholesterol 
in various phosphatidylcholine supported lipid bilayers by neutron reflectometry. The study included 
both saturated and unsaturated lipids, as well as lipids with varying chain lengths. It was found that 
cholesterol is distributed asymmetrically within the bilayer, positioned closer to the headgroups of the 
lipids than to the middle of the tail core, regardless of the phosphatidylcholine species.

Cholesterol is a key component of cellular membranes that modulates the structure and organisation of the lipid 
bilayer including the formation of so-called lipid rafts1. Lipid rafts are naturally existing nano-sized domains 
which are thought to regulate transmembrane proteins, some of which are linked to signalling mechanisms 
throughout the membrane2,3. Cholesterol provides rigidity in membranes by inducing liquid-ordered phases, 
and also affects structure by bringing about changes in the thickness of lipid monolayers (by condensation)4,5 and 
bilayers (by altering the fluid and gel phases)6–8.

It has recently been suggested that cholesterol positions itself in a lipid bilayer in a manner that depends on 
its environment: in polyunsaturated or very thin saturated bilayers, cholesterol will preferentially locate towards 
the core of the bilayer9–11, while for thicker bilayers made of saturated or monounsaturated lipids, the cholesterol 
molecules will sit closer to the hydrophilic head groups of the lipid core11. It was suggested that the displacement 
of cholesterol towards the core is due to a solubility limit related to the order parameter of the lipids in which it is 
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found9,10,12. This is quite a surprising result that requires further investigation. An excellent technique to study the 
structure and composition of thin membranes is neutron reflectometry (NR), as it is a highly sensitive structural 
tool with a resolution of a few angstroms perpendicular to the plane of the solid-liquid interface13,14.

The availability of deuterated lipids is crucial for neutron scattering studies that exploit the very large differ-
ence in the scattering length densities (ρ) of protium and deuterium. This approach provides a way to study the 
positioning of a lipid molecule with respect to different environments and has successfully been used for the study 
of several systems including mixtures of deuterated phospholipids15–17 and unlabelled sterols18. The deployment 
of D2O matched-deuteration, referred to herein as simply matchout-deuteration, (in contrast to perdeuteration) 
in neutron structural studies has been discussed recently by Dunne et al.19 and Haertlein et al.20. This approach is 
based on the concept of deuterating specific molecules (in this case cholesterol) to a level that endows them with 
a ρ that is equal to that of pure D2O, and as such is invisible to small angle neutron scattering (SANS) or NR at 
this solvent condition. The matchout-deuteration regime allows more sophisticated neutron-based experiments 
to be designed whereby within a single sample preparation, different components of a complex can be rendered 
“invisible” to neutron scattering techniques such as SANS and NR. This matchout deuteration technique allows 
components to be invisible to a perdeuterated environment, however different mixtures of H2O and D2O can give 
the same effect when the ρ of the solvent mixture matches the ρ of a component of a system (typically having a 
value in between that of H2O and D2O) which is in turn rendered invisible. The benefits of this contrast matching 
allows a simplification of a complex system by focussing on certain parts and not having any extra scattering from 
those parts that are not of interest. Using solely a mixture of H2O and D2O to contrast match components might 
not be sufficient, for example in the case that the ρ values for the phospholipids compared to non-deuterated 
cholesterol are very similar. Perdeuteration gives a different advantage, in that it provides maximum contrast to 
a non-deuterated solvent background. This is beneficial if a greater signal is necessary or if a single component 
sample is under investigation.

Despite the benefits of molecular deuteration in scattering techniques, there are some considerations to bear 
in mind; namely if the deuteration of lipid components truly reflects the same system when non-deuterated. 
Deuteration is known to affect the phase transition temperature of phospholipids21,22 and the high resolution 
structural composition of lipid systems22,23. For low resolution studies, however, hydrogenous and deuterated 
lipid systems are often considered to be interchangeable.

In this work, a new protocol based on in vivo biosynthetic methods for the production of deuterated choles-
terol is presented. The cholesterol was characterised by mass spectrometry (MS), nuclear magnetic resonance 
(NMR), and SANS. Moreover, the matchout cholesterol is used to further investigate its location in different lipid 
bilayers by NR. Specifically, we use supported lipid bilayers (SLBs) of matchout deuterated cholesterol-containing 
phosphatidylcholine (PC) with various saturated lengths (C14:0 DMPC and C12:0 DLPC) and level of unsatura-
tion (1-palmitoyl-2-oleoyl-glycero-3-phosphocholine, C16:0,18:1 or POPC).

Results
Growth and Fermentation Conditions for the Production of Matchout-Deuterated Cholesterol.  
Perdeuteration of cholesterol can be achieved in high cell density cultures using lipo engineered strains of Pichia 
pastoris grown in a medium containing the solvent (D2O) and a carbon source (d8-glycerol) in their deuterated 
forms24. To reduce the deuteration level to a level required for matchout labelling, a medium containing D2O and 
unlabelled glycerol was used. Cells were adapted to growth in the deuterated medium prior to high cell density 
cultures. At the end of the fermenter run, the final optical density measured at 600 nm (OD600) was 42 and the 
cellular wet weight (CWW) was 37 g, giving a final yield of 66.5 mg of matchout-deuterated cholesterol for 1 litre 
of culture.

Structural Characterisation of Matchout-Deuterated Cholesterol. The analysis of the lipid fractions 
from the purified cell paste, as carried out by gas chromatography coupled with mass spectrometry (GC-MS) 
(in duplicate – green and orange curves), showed a peak eluting at 28.1 min (Fig. 1A). This peak corresponds 
to cholesterol. The retention times and composition as estimated by the area under the chromatographic peaks 
are given in Table 1. The presence of cholesterol is demonstrated by the MS spectrum that shows a main peak at 
499 m/z (Fig. 1B). This main peak corresponds to cholesterol with a mass of 427 g/mol. The cholesterol shown 
has undergone silylation during the derivatisation process, where a trimethylsilyl moiety with a mass of 72 g/mol 
leading to the total mass of the complex at 499 m/z was added. This step is required to ensure sufficient volatility 
of the sample, enabling accurate and efficient GC-MS analysis25. The remaining peaks were assigned by compari-
son to a non-deuterated sample, as was reported previously24. These sterols also had additional peaks in their MS 
chromatograms arising from various intermediates during their synthesis.

The cholesterol produced, labelled MO-chol in Fig. 2 and Table 2, was found to have an 89% level of deuter-
ation by 1H-NMR. This level of deuteration accounts for 41 deuterium atoms and 5 protiums, giving a mass of 
427 g/mol; this is supported by the GC-MS data.

Contrast Match Point Determination. The scattering intensities of each series (either pure 
non-deuterated POPC or its mixtures with matchout cholesterol) are shown in Fig. 3A. The contrast match point 
(CMP) was determined for the composition of the solvent at y = 0 in Fig. 3B. The CMP for non-deuterated POPC 
including 40 mol% matchout cholesterol is an overall value and corresponds to the presence of both lipids and 
cholesterol.

Using the CMP for both series and Eqs 3–5 the CMP for cholesterol alone was found to be 101%, correspond-
ing to a ρ value of 6.5 × 10−6 Å−2, as summarised in Table 2. The value obtained for the ρ is in excellent agreement 
with both the MS and NMR data. The errors given were determined using standard deviation analysis.
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Structure and Localisation of Matchout-Deuterated Cholesterol in Saturated and Monounsaturated  
Phospholipid Bilayers. Three different SLBs were studied using NR to determine the positioning 
of the cholesterol within the bilayer: non-deuterated DMPC, POPC and DLPC each containing 40 mol% 
matchout-deuterated cholesterol. The three Tris buffer contrasts in D2O, H2O and a mixture giving the same ρ to 

Figure 1. GC-MS analysis of the sterol components extracted from the partially deuterated cell paste. (A) 
GC-MS chromatogram showing the total sterol components, each sample was run in duplicate (green and orange 
curves). The first and main peak corresponds to cholesterol. Further details relating to the remaining peaks are 
given in Table 1. (B) MS spectrum for the isolated cholesterol component showing the main mass peak.

Peak Compound
Retention Time 
(RT) (min) Rel. RT

% of Total 
Sterols

1 Cholesterol 28.1 1.000 47.1 ± 1.3

2 7-DHC 28.7 1.023 23.2 ± 0.3

3 Zymosterol 29.1 1.037 1.3 ± 0.0

4 Cholesta-5,7,14,24(25)-tetraenol 29.5 1.052 26.1 ± 1.4

5 Cholesta-7,24(25)-dienol 29.7 1.059 2.2 ± 0.2

6 Ergosterol (IS) 30.0 1.070

Total sterols 4.5 ± 0.2 ug/mg (CWW)

Table 1. Table of sterol components in GC-MS sample.

Figure 2. 1H-NMR spectra for non-deuterated and matchout-deuterated cholesterol in black and red 
respectively. These spectra were measured in CD3OD and at a concentration of 2 mM. The spectra were 
collected on a Bruker 1D NMR spectrometer at 600 MHz.
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contrast match the silicon block (cmSi) gave structural and compositional information on the bilayer and the data 
were fitted to a model as shown in Fig. 4A. The model includes the silicon block with a small silicon dioxide layer 
in contact with a small solvent layer followed by the bilayer. The bilayer is broken up into five-layers: an inner head 
group, three distinct tail regions and an outer head group exposed to the solvent contrast. The three sections of 
the tail core allow for an asymmetric distribution of cholesterol, as reported previously26. The thickness, coverage 
and roughness of the tail regions were all constrained during the fitting process to be symmetric (each of these 
parameters were kept equal throughout all three core layers) to limit the number of variables. However, the ρ for 
each section of the core was allowed to vary, granting the distribution of cholesterol throughout the bilayer.

Alternative models with only one or two layers in the lipid core were also tried. However, the fits were not sat-
isfactory, suggesting an oversimplification of the composition of the SLB, assumed to be symmetrical and uniform 
throughout the core. A five-layer model was therefore necessary to understand where the cholesterol was located 

POPC % POPC % CHOL ρPOPC × 10−6 Å−2 ρMO-CHOL × 10−6 Å−2 CMPTOT CMPMO-CHOL

Without MO-CHOL 100 0 0.44 ± 0.02 15 ± 1

With MO-CHOL 60 40 0.44 ± 0.02 6.5 ± 0.2 37 ± 2 101 ± 2

Table 2. Summary of the experimentally determined CMPs and ρ values obtained for the lipid vesicles.

Figure 3. (A) The SANS spectra for the non-deuterated POPC series in the absence (red triangles) and 
presence (blue circles) of matchout cholesterol (MO-CHOL) in 10%, 30%, 50%, 70% and 100% D2O (v/v) 
contrasts. (B) The contrast match point series measured for non-deuterated POPC in the absence (red triangles) 
and presence (blue circles) of matchout cholesterol, measured in 10%, 30%, 50%, 70% and 100% (v/v) D2O 
contrasts. The lines are a linear fit to the data given by the symbols. (C) Pictorial representation of the model for 
the vesicles used in the SANS matchout series with POPC in the presence of 40 mol% cholesterol at contrasts 
of 10% D2O matching out the lipids tails, 50% D2O showing all components of the vesicles and 100% D2O 
matching out the cholesterol.
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in the core - whether it accumulates in the centre of the bilayer core or positions itself at the edges of the bilayer 
close to the headgroups as seen previously11,26.

Figure 4B–D shows the NR curves for the three different SLBs studied, in each of the three isotopic con-
trasts (D2O, H2O and cmSi, in blue, pink and orange respectively). The best fitting parameters are given 
in Table 3. The total (and core) thickness for the bilayers are 45 (29.7) Å, 46 (31.5) Å and 44 (30.3) Å for the 
cholesterol-containing DMPC, POPC and DLPC SLBs respectively. In all three SLBs, the outer regions of the lipid 
core are enriched with cholesterol; this can be seen with the increase in ρ in the outer regions of the core, corre-
sponding to the increased ρ value of the cholesterol compared to the lipid tails alone. In the DMPC bilayer, the 
inner (that closer to the Si block surface) and outer sections of the lipid core present an enrichment in cholesterol 
with 52 mol% and 61 mol% while only 20 mol% cholesterol is present in the central region of the lipid core. This 
gives an average of 45 mol% cholesterol content in the SLB, which is expected and very close to the nominal value 
of the parent vesicles used for the SLB formation. In the POPC bilayer, the inner and outer regions of the tail core 
contain 64 mol% and 75 mol% cholesterol while only 21 mol% is present in the middle section of the core, thus 
giving an overall 53 mol% cholesterol in the SLB. This is slightly higher than the nominal value to be expected 
from the parent vesicles. The DLPC SLB also contained enriched outer regions of the tail core with 72 mol% and 
75 mol% for the inner and outer leaflets respectively, and only 47 mol% in the middle region. This in turn gives 
an average of 65 mol% cholesterol present in the DLPC SLB, which is again higher than the expected nominal 
value. Compositional deviations in SLBs from their parental vesicles for a two component system containing 
PC lipids close to its phase separation boundary and when using the vesicle fusion approach have been reported 
previously15.

Figure 4. (A) Five layer model used to fit the SLBs at the SiO2-aqueous interface, and reflectivity curves for 
cholesterol-containing (B) DMPC, (C) DLPC and (D) POPC SLBs. The SLBs were formed by vesicle fusion at 
37 °C using a vesicle composition of 60 mol% PC and 40 mol% cholesterol. The blue triangle, orange circle and 
pink square curves coincide with different contrasts (100% deuterated Tris buffer, 100% non-deuterated Tris 
buffer and cmSi respectively). The insets in (B–D) show the ρ profile for the best fits to the five layer model.
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Discussion
In this paper, a new protocol is presented for the production of matchout-deuterated cholesterol in a yeast host. 
The method is based on growing a genetically modified yeast strain27 in deuterated media using a non-deuterated 
carbon source (glycerol) to obtain the required level of deuteration. Both MS (Fig. 1) and 1H NMR (Fig. 2) sug-
gest a level of deuteration of the cholesterol of 89%, corresponding to 41 deuterium and 5 protium atoms. The 
asymmetric distribution of ions for the main peak in the MS spectrum (Fig. 1B) implies no compounds have a 
higher deuteration level than 89% (there is otherwise a Gaussian distribution of deuteration around the main 
ion)24,28. This demonstrates the efficacy of the production method and its practical application for the matchout 
deuterium labelling that is often extremely helpful in neutron scattering work29,30. From the biosynthetic pathway, 
an outline of which can be seen in the Supplementary Information Scheme SI1, it is obvious that the presence of 
perdeuterated solvent largely determines the level of deuteration in cholesterol. Since the non-deuterated glycerol 
is the only carbon source in the growth media, it provides the carbon backbone of cholesterol and all the orig-
inal protiums. Certain protium atoms in this carbon backbone have a lower likelihood to undergo deuterium 
exchange during the biosynthesis process. The tautomerisation of Acetyl CoA (see Scheme 2 in Supplementary 
Information) results in an equilibrium of products which largely determines the level of deuteration in the final 
product, as it is during this step there is most uncertainty in the resulting hydrogen atoms. These equilibrium 
products react together to continue along the biosynthetic pathway. Therefore, from the biosynthesis of cho-
lesterol we can expect that the use of non-deuterated glycerol as the sole carbon source will result in at least 
five protiums not being exchanged by deuterium - four present in methyl groups and one labile protium on the 
oxygen. The number of protium atoms incorporated into matchout cholesterol as determined by MS and NMR 
allowed the calculation of a theoretical ρ of 6.5 × 10−6 Å−2. The experimental SANS data (Fig. 3) confirmed the ρ 
of the matchout deuterated cholesterol preparation to be 6.5 × 10−6 Å−2. This corresponds to the (notional) CMP 
of 101% D2O solvent.

This D2O matchout cholesterol preparation was used to investigate the positioning of the cholesterol mole-
cules within the leaflets of SLBs made of various PC lipids. NR was chosen due to it being a highly suitable tech-
nique for studying density profiles of lipid films in a direction perpendicular to an interface and having down to 
a few Angstroms resolution13,14. In a previous study, a five-layer model for SLBs made of natural, D2O matchout 
deuterated PC extracts has been used to show the asymmetrical distribution of both non-deuterated and perdeu-
terated cholesterol throughout the lipid core and that the molecule is located close to the PC headgroups26. In 
that work, perdeuterated cholesterol and non-deuterated cholesterol was mixed with D2O matched natural PC 
bilayers specifically to give contrast and highlight the cholesterol, whereas here we use non-deuterated bilayers 
and D2O matched cholesterol to ensure minimal signal from the cholesterol while being able to specifically com-
pare the scattering from the lipid bilayers. An advantage of the previous work was the use of a lipid extract to 
determine the structure and positioning of cholesterol within a bilayer made of natural lipids. However, a draw-
back to the use of a natural lipid extract, and in turn an advantage of using singular lipid species in this instance, 
is the well-defined lipid volumes attainable and necessary for the detailed structural information extracted. A 
systematic study of single lipid structures is possible, in turn verifying the model previously determined. The 5 
layer (head layer- 3 equally thick lipid core sublayers - head layer) model was used here to determine the location 

Sample ρ × 10−6/Å−2 MO-Chol % Thickness/Å Coverage % MMA/Å2

DMPC
+40 mol%
cholesterol

Inner Head 1.89* 8.2 ± 0.5** 92 ± 2** 43 ± 3

Tail (3 sublayers)

3.2 ± 0.3 52 ± 5

29.7 ± 0.8** 93 ± 1**

50 ± 2

1.0 ± 0.5 20 ± 9 54 ± 2

3.8 ± 0.3** 61 ± 5 49 ± 2

Outer Tail 1.89* 8.2 ± 0.5** 92 ± 2** 43 ± 3

Average:
45 ± 11

Total:
46 ± 1

POPC
+40 mol%
cholesterol

Inner Head 1.89* 7.2 ± 0.2** 87 ± 3** 52 ± 2

Tail

4.06 ± 0.07 64 ± 1

31.5 ± 0.3** 99 ± 1**

47 ± 1

1.11 ± 0.08 21 ± 1 56 ± 1

4.83 ± 0.07** 75 ± 1 45 ± 1

Outer Tail 1.89* 7.2 ± 0.2** 87 ± 3** 52 ± 2

Average:
53 ± 2

Total:
45.9 ± 0.4

DLPC
+40 mol%
cholesterol

Inner Head 1.89* 7.0 ± 0.3** 74 ± 3** 63 ± 4

Tail

4.6 ± 0.2 72 ± 3

30.3 ± 0.5** 83 ± 1**

50 ± 2

2.9 ± 0.2 47 ± 3 51 ± 2

4.8 ± 0.1** 75 ± 2 50 ± 2

Outer Tail 1.89* 7.0 ± 0.3** 74 ± 3** 63 ± 4

Average:
65 ± 5

Total:
44.4 ± 0.7

Table 3. Structural parameters obtained from fitting of derived model to the reflectivity curves for the bilayers. 
*Values kept constant during the fitting process. **The errors are given in Table 3 and are calculated using a 
Monte-Carlo analysis as embedded in the motofit software43.
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of cholesterol within the bilayer as a function of the length of saturated lipids (C12 vs C14) and the presence of 
unsaturation (POPC). This is relevant to recent NMR, MD and SANS analyses that suggest that the PC species 
determines the positioning of cholesterol within the lipid bilayer11. In particular, it has been suggested that the 
thickness of the bilayer core may determine the position and orientation of cholesterol - with thin bilayers forcing 
the cholesterol out of the bilayer structure and into the middle section of the lipid core: for cholesterol-containing 
lipid films where the half core thickness is shorter than the extended length of a cholesterol molecule (15 Å) the 
steroid moiety tilts and descends into the bilayer centre.

In the absence of (and presence of 10 mol%) cholesterol, the lipid bilayer core thickness was reported to be 
30 Å31, 25.8 (34.1) Å11,32 and 21.8 (28.2) Å11,32 for POPC, DMPC and DLPC respectively at similar experimental 
conditions. Therefore, these SLBs should probe whether the bilayer core thickness affects the positioning of cho-
lesterol within the lipid bilayer structure: the thicker DMPC and POPC bilayers should lead to cholesterol being 
closer to the headgroups, while DLPC should lead to cholesterol being gathered in the middle of the core.

The results obtained here show that the cholesterol was located nearer the headgroups in all of the SLBs stud-
ied, as can be seen from the difference in ρ values for the different regions in the hydrophobic core arising from 
the cholesterol-rich regions (insets in Fig. 4). The core thicknesses were found to be (within the experimental 
error) 30 Å for DMPC and DLPC, and slightly thicker (by 1.5 Å) for POPC. As already discussed, Marquardt  
et al.11 hypothesised a limit of 30 Å for the displacement of cholesterol from the upright positioning towards the 
centre of the bilayer core. Kučerka et al.33 found when polyunsaturated lipids alone in the presence of cholesterol 
induced the cholesterol positioning to be in the centre of the bilayer, whereas the co-addition of as few as 5 mol% 
DMPC induced the upright positioning of cholesterol near the lipid headgroups due to the increased level of 
order it provided. Both phenomena are in agreement with the data provided here whereby the high cholesterol 
content (>45 mol%) provides a high level of order in the bilayers thus inducing the cholesterol to remain in an 
upright position, regardless of saturation level or chain length.

The concentration of cholesterol present (65 mol%) in the DLPC SLB means the bilayer is likely to be in a 
liquid-ordered phase or even on the boundary of a crystalline and lamellar phase, which is cholesterol-rich, at 
37 oC34. This increase in cholesterol concentration could lead to the formation of crystalline cholesterol regions, 
especially near the headgroups. Similarly, the DMPC SLB contained 45 mol% cholesterol which would imply that 
the bilayer would be in a quite rigid liquid-ordered phase35.

For the cholesterol containing POPC bilayers, the sole unsaturated lipid studied, cholesterol was located at the 
head-tail interface. This is expected as it has been previously reported that for unsaturated bilayers the cholesterol 
tends to be located nearer the headgroups26. Interestingly, the phase of the cholesterol containing POPC bilayer 
was also likely to be liquid-ordered due to the slightly increased level of cholesterol. At 40 mol% cholesterol, the 
POPC-cholesterol phase diagram36 predicts the coexistence of the liquid-ordered and liquid-disordered phases at 
37 oC. However, the NR data showed slightly higher levels of cholesterol present (53 mol%) thus pushing the phase 
slightly over into the liquid-ordered region of the phase diagram. Earlier it has been found that the composition 
of SLB can differ from that of the nominal vesicles, and this has to do with differences in composition at the 
single vesicle level that are size dependent and is more marked for mixtures that are close to a phase transition 
boundary15.

The experiments performed by Marquardt et al.11 contained phospholipids with only 10 mol% cholesterol. 
Under these conditions, the bilayers are likely to be in the liquid-disordered phase. Hence, it would seem possible 
that the liquid crystalline phase of the cholesterol containing lipids may also play a key role in determining the 
positioning of the molecules in addition to the total thickness of the core or level of saturation of the core.

It is well known that perdeuteration of lipids can impact their phase transition behaviour22. Recently, it was 
reported that the perdeuteration of lipids reduced their bilayer thickness besides reducing their melting tempera-
ture. Even though the phase transition reported is not of that between a co-existing mixture of liquid disordered 
and liquid ordered to solely liquid ordered (as shown here), a similar effect is likely to be seen. However, it is 
important to note that it was also reported that the bilayer structure was not much altered away from the melting 
temperature. Their suggestion to overcome the differences induced by the deuteration is to use only partial deu-
teration to benefit from the difference in ρ without perturbing the bilayer itself significantly. The work here uses 
non-deuterated lipids and partially deuterated cholesterol which meets these requirements, thus implying there 
should be little interference and the use of the partially deuterated cholesterol is suitable to verify the previously 
established protocol and model.

Understanding the data presented here can help to determine the effect that cholesterol exerts on a bilayer, 
which can in turn give further insight into the function of cholesterol itself and how bilayers, and therefore cellular 
membranes, behave. This is particularly important for the structure and function of endothelial membranes (that 
contain about 20 mol% cholesterol37) and neural cells (that contain up to 40 mol% cholesterol38,39). Additional 
experiments using a wider range of cholesterol contents are needed to clarify the role of bilayer thickness for 
the distribution of cholesterol, however it should be emphasised that the accuracy of NR decreases sharply with 
reduced contrast (which would be the case of a SLB containing only 10 mol% cholesterol).

The availability of matchout-deuterated cholesterol opens up a range of additional possibilities of for mem-
brane, cholesterol and protein structural studies. For example studies of matchout deuterated cholesterol may 
be used in combination with matchout deuterated PC28 to enable studies of the role that cholesterol plays in 
membrane protein structure and function in matchout deuterated nanodiscs40 and lipid-exchange studies in lipo-
proteins (unpublished results).

Conclusions
A method has been developed for the production of matchout deuterated cholesterol for use in neutron scattering 
studies by the simple incorporation of non-deuterated glycerol in the otherwise deuterated growth medium, further 
demonstrating how the carbon source used in cultures can be used to control the level of deuteration in biomass.
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The development of matchout-deuterated cholesterol allows for studies of its positioning within the lipid 
membrane, as demonstrated in the NR studies described here. It also opens up other options including the study 
of its regulation of membrane proteins17, its metabolism and uptake by cellular complexes such as lipoproteins, 
and other aspects that impact in terms of both structure and function in relation to other components in the cell 
membrane. In general, the inclusion of cholesterol in lipid bilayers gives a more realistic model membrane than 
phospholipids alone.

Materials and Methods
theoretical D2O Match Point of Cholesterol. During the biosynthetic synthesis of cholesterol many 
protons are exchanged during enzymatic processes, therefore if a perdeuterated growth medium is used the 
majority of protium atoms will be exchanged for deuterium atoms present in the medium. A ρ calculator was used 
to determine a theoretical ρ value for matchout cholesterol whereby only 5 hydrogen atoms would be required 
to remain as protium whereas the remaining 41 hydrogens could be exchanged to deuterium. Throughout the 
process most hydrogen atoms are exchanged meaning using a non-deuterated carbon source provides the correct 
level of non-deuteration in the overall solution mixture.

Production of Yeast Biomass. Matchout-deuterated cholesterol was produced in the Deuteration 
Laboratory of ILL’s Life Sciences Group and purified using a protocol modified from that described by Moulin 
et al.24 for the production of perdeuterated cholesterol. In order to achieve a matchout level of deuteration, the 
previously genetically modified Pichia pastoris yeast strain was grown in the presence of non-deuterated glycerol 
as the sole carbon source in D2O minimal medium. One litre of deuterated basal salts medium (BSM) containing 
10 g non-deuterated glycerol was inoculated (OD600 = 2.7) and grown in a three litre fermenter (Labfors, Infors) 
for a duration of three weeks. The pD level was monitored and adjusted by the addition of NaOD. After about a 
week when all of the glycerol had been consumed, the fed-batch phase was initiated by continuous feeding of a 
further 30 g of glycerol over 12 days.

Purification of Partially Deuterated Cholesterol. Cholesterol was extracted and purified from the cell 
paste and analysed as reported previously24. The cell paste (batches between 27.5 and 34.5 g) was transferred into a 
500 mL round-bottomed flask into which 60 g potassium hydroxide, 200 mL water, 100 mL methanol and 400 mg 
pyrogallol was added. The mixture was heated under gentle reflux for 3 h under a nitrogen atmosphere with min-
imal stirring to avoid foaming. After cooling to room temperature, 100 mL cyclohexane was added and the mix-
ture stirred for another hour. Insoluble materials were then removed by filtration, once the mixture had cooled 
to room temperature, and the cyclohexane layer formed was separated using a separatory funnel. The metha-
nolic solution was extracted a further two times each with 100 mL cyclohexane. The combined three cyclohexane 
extracts were washed with 100 mL water, dried over sodium sulphate and concentrated under reduced pressure. 
From a total of 123.7 g cell paste, 788 mg crude solid extract was obtained. To pre-purify the matchout-deuterated 
cholesterol, a flash chromatography on silica gel (silica gel 60, 0.040–0.063 mm, No. 109385, Marck, Darmstadt, 
Germany) using cyclohexane/ethyl acetate mixtures from 20:1 to 3:1 (v/v) was conducted. After removing the 
solvents under reduced pressure, 317 mg pre-purified material was obtained and, thus, the final HPLC separation 
could be done in a single run with the available equipment. Propan-1-ol proved to be a highly suitable solvent for 
dissolving the crude material in 2 mL volume. The cholesterol was isolated in pure form using a ThermoFisher 
UltiMate 3000 binary semi-preparative HPLC system equipped with a NUCLEODUR® 100-10 C18ec column
(125 mm × 21 mm, 5 µm, Macherey-Nagel, Düren, Germany) attached to a VP 20/16 NUCLEODUR® C18ec
guard column. Using an isocratic mixture consisting of acetonitrile/methanol (95:5) at a flow rate of 20 mL/min 
at 30 °C, the desired product eluted baseline-separated between 27.9 and 34.3 min as monitored by UV-detection 
at 210 nm. After removing the solvent under reduced pressure, 66.5 mg pure matchout-deuterated cholesterol 
was obtained. Analytical HPLC analysis of the final product purity was conducted on an Agilent 1100 sys-
tem, equipped with a DAD detector and a NUCLEODUR® C18 gravity column (150 mm × 3 mm, 3 µm, No.
760083.30, Macherey-Nagel, Düren, Germany) using an isocratic mixture of acetonitrile/methanol 1:1 at a flow 
rate of 0.70 mL/min at 30 °C. The eluting peak at 8.24 min represents the desired product with a purity of >99% 
as checked by UV at 210 nm detection wavelength.

Structural Characterisation of Partially Deuterated Cholesterol. Gas Chromatography Mass 
Spectrometry of Cholesterol. Gas chromatography coupled with mass spectrometry (GCMS) was carried out 
as reported previously24. 1 mL 0.2% pyrogallol in methanol and 400 μL 60% potassium hydroxide was used to 
resuspend 15 mg cell paste in Pyrex tubes. 10 μg ergosterol (1 mg/mL) were used as an internal standard and the 
sample was saponified at 90 °C for 2 h. The sample was extracted with n-heptane three times over and dried under 
a constant stream of nitrogen. 10 μL pyridine was used to dissolve the dried extracts, then derivatised with 10 μL 
N,O-bis(trimethylsilyl)trifluoracetamide. Samples were diluted in 50 μL ethyl acetate and analysed by GC-MS.

Nuclear Magnetic Resonance. The level of deuteration of the cholesterol was determined by 1H-NMR, measured 
at the Institut de Biologie Structurale (IBS), Grenoble, France. The samples were measured at a 4 mM concentra-
tion in deuterated chloroform. No internal standard was used. However, the non-deuterated cholesterol sample 
was set as a reference for 0% deuteration. The instrument used was a 600 MHz Bruker NMR spectrometer with 
an avance III HD console. A spectral width of 25 ppm was obtained, 32 scans were carried out with a relaxation 
delay of 20 sec and an acquisition time of 0.5 sec per scan. Bruker TopSpin software was used to analyse the data.
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Lipid Vesicle and Supported Lipid Bilayer Formation. The lipids; 1-Palmitoyl-2-oleoyl-glycero-3-phosphocholine 
(POPC), 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC or C14 PC), 1,2-dilauroyl-sn-glycero-3-p
hosphocholine (DLPC or C12 PC), non-deuterated cholesterol and the extruder setup were purchased from 
Avanti Polar Lipids (Alabaster, AL).

For SANS, non-deuterated POPC lipid films were prepared in the presence and absence of 40 mol% partially 
deuterated cholesterol. The lipids were mixed from chloroform stocks of both POPC and cholesterol. The chlo-
roform was evaporated using a nitrogen stream and the resulting films were put under vacuum overnight. The 
films were hydrated in D2O to a concentration of 50 mg/mL, extruded using a 100 nm filter and thereafter diluted 
10-fold with varying H2O/D2O ratios. The lipids were used at a final concentration of 5 mg/mL in 10%, 30%, 50%, 
70% and 100% D2O/H2O (v/v). By using a lipid stock prepared in 100% D2O for each lipid type, the same vesicle 
preparation was ensured for each series.

The lipids films required for NR were further hydrated in Milli-Q water to a concentration of 0.2 mg/mL and 
bath sonicated for 1 h. The lipid solutions were then tip sonicated for 5 min, at 10% power 5 sec on, 5 sec off, just 
before use. For optimum vesicle fusion, a 0.1 mg/mL solution of lipids in the presence of 2 mM CaCl2 was used15, 
by mixing equal volumes of the tip sonicated lipids with a 4 mM CaCl2 solution26,41. The sample was then intro-
duced into the flow cell by a syringe injection and left to incubate at 37 °C for 20 min before rinsing the excess off 
in water followed by Tris buffer (50 mM Tris-HCl, 150 mM NaCl).

Neutron Scattering. SANS and NR data were collected where the scattered intensity as a function of the momen-
tum transfer vector q = 4π * sin(θ)/λ, were measured.

Determination of Contrast Match Point using SANS. SANS data were collected on the D22 instrument at the 
Institut Laue-Langevin (ILL) in Grenoble. The experiments were carried out at 25 °C using detector distances 
of 1.4, 5.6 and 17.6 m, providing a total q range of 0.002 < q < 0.56 Å−1. The CMP was obtained from the graph 
shown in Fig. 3B which plots √(intensity-background) against D2O concentration (φ). Here, the intensity value 
corresponds to the average of the intensities between 0.003 < q < 0.012 Å−1 and the background value corre-
sponds to the average of the intensities between 0.45 < q < 0.55 Å−1. The data were corrected for the empty cell, 
background and used in absolute scale compared to the direct beam measurement. The cell thickness was 1 mm 
quartz glass Helma SANS cuvettes and the data reduction was carried out using GRASP.

The scattered intensity, I(q), of a vesicle solution is related to the form factor, P(q)lipid, volume, Vlipid, number 
density, n, of the vesicles, and the difference in ρ between the vesicles (ρlipid) and the solvent (ρsolvent):

ρ ρ= ∗ ∗ − ∗ +I q n V P q I( ) ( )2 ( ) (1)lipid lipid solvent lipid incoherent
2

where ρ is given by the total sum of scattering lengths (bi) over the total volume (V):

ρ = Σb V( ) / (2)i

From the contrast match point (CMP), the ρ of sample can be acquired using the equation:

ρ ρ ρ= ∗ + − ∗CMP CMP(1 ) (3)sample TOT D O TOT H O2 2

For the two component systems, the overall ρ can be broken down into the following equation that combines 
each components ρ and volume ratio (φ):

ρ φ ρ φ ρ= ∗ + ∗ (4)sample POPC POPC CHOL CHOL

For the two component systems, the CMP can be broken down into the following equation that combines 
component CMP and φ:

φ φ= ∗ + ∗CMP CMP CMP (5)TOT POPC POPC CHOL CHOL

By rearranging this equation, the ρ of the cholesterol can be found from the overall CMP and the subsequent 
overall ρ.

Neutron Reflectometry Study. NR data were collected on the INTER instrument at the ISIS neutron facility, 
Didcot, UK42, and fitted using the MOTOFIT package43. The experiments were carried out at 37 °C using bespoke 
solid-liquid flow cells. The resolution was set to Δq/q = 3% and the incident angles used were 0.7° and 2.3°. The 
area illuminated by the neutron beam was 30 × 60 mm2. The polyether ether ketone (PEEK) components of the 
cell were cleaned thoroughly using bath sonication in 2% (v/v) Hellmanex twice and MilliQ water, with rinsing in 
MilliQ water between each sonication. The Silicon (111) blocks used for depositing the bilayer were cleaned using 
Piranha solution (H2SO4/H2O2, 7:3) for 10 min at 80 °C before thorough rinsing with MilliQ water.

The DMPC, POPC and DLPC all containing 40 mol% matchout deuterated cholesterol SLBs were deposited in 
2 mM CaCl2 and measured in three contrasts: D2O, H2O and a mixture which contrasts matches the silicon (cmSi) 
using Tris buffer, as previously mentioned.
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SI1. Cholesterol biosynthetic pathway. Exchanged protons are given with red or 

green circles. The red represents deuterium, the green represents the possibility of 
deuterium or protium.  In the synthesis from glycerol to pyruvate there are 8 enzymes 

involved (1-8): glycerol kinase, glycerol 3-phosphate dehydrogenase, triosephosphate 

isomerise, glyceraldehyde 3-phosphate dehydrogenase, phosphoglycerate kinase, 

phosphoglycerate mutase, enolase and pyruvate kinase. From pyruvate to Acetyl Co-
enzyme A (CoA) there are three enzymes involved (9-11): pyruvate dehydrogenase, 

dihydrolipoyl transacetylase and dihydrolipoyl dehydrogenase which all come under 

the pyruvate dehydrogenase complex. For the conversion of Acetyl CoA to 3-hydroxy-3-

methylglutaryl-CoA (HMG-CoA) there are two enzymatic pathways (12-13): thiolase 
and HMG-CoA synthase. From HMG-CoA to Melavonic acid HMG-CoA reductase is 

present (14). From melavonic acid to melavonate pyrophosphate there are two 

enzymes involved (15-16): mevalonate kinase and phosphomevalonate kinase. From 
melavonate pyrophosphate to isopentyl pyrophosphate (IPP) only one enzyme is used 

(17): mevalonate-5-pyrophosphate decarboxylase. To convert between IPP and 

dimethallyl pyrophosphate (DMAPP) the isopentenyl pyrophosphate isomerase enzyme 

is required (18). To then progress to geranyl pyrophosphate (GPP), farnesyl 

diphosphate synthase (FPPS) is used (19). To further progress to farnesyl 

pyrophosphate (FPP) the same FPPS enzyme is required (20). From FPP to squalene the 

enzyme farnesyl diphosphate farnesyltransferase is used (21). From squalene to 

lanosterol two further enzymes are required (22-23): squalene monooxygenase and 
oxidosqualene cyclase. There are a further 19 steps from lanosterol to cholesterol 

including demethylation, desaturation and reduction among others (24-43). 

SI2. Tautomerisation of Acetyl CoA. 



Table S1. All structural parameters obtained from fitting of derived model to the 

reflectivity curves for the DLPC + 40mol% cholesterol.  

DLPC + 40% 

cholesterol 

Thickness/Å ρ × 10-6/Å-2 Solvent /% Roughness/ 

Si 2.07* 

SiO2 13.3 ± 0.7** 3.47* 22 ± 3** 5.2 ± 0.5** 

Solvent 6.0 ± 0.5** 0* 100* 5.1 ± 0.5** 

Inner head 7.0 ± 0.3** 1.89* 26 ± 3** 5.7 ± 0.2** 

Inner 1/3 core 10.1 ± 0.3** 4.6 ± 0.2** 17 ± 1** 5.7 ± 0.2** 

Middle 1/3 

core 

10.1 ± 0.3** 2.9 ± 0.2** 17 ± 1** 5.7 ± 0.2** 

Outer 1/3 core 10.1 ± 0.3** 4.8 ± 0.1** 17 ± 1** 5.7 ± 0.2** 

Outer head 7.0 ± 0.3** 1.89* 26 ± 3** 5.7 ± 0.2** 

Backing 5.7 ± 0.2** 

* Values kept constant during the fitting process.

**The errors are given in table 3 and are calculated using a Monte-Carlo analysis as 
embedded in the motofit software27. 



Table S2. All structural parameters obtained from fitting of derived model to the 

reflectivity curves for the POPC + 40mol% cholesterol.  

POPC + 40% 

mochol 

Thickness/Å ρ × 10-6/Å-2 Solvent /% Roughness/ 

Si 2.07* 

SiO2 7.4 ± 0.3** 3.47* 5 ± 3** 4.3 ± 0.2** 

Solvent 4.6 ± 0.3** 0* 100* 4.2 ± 0.2** 

Inner head 7.2 ± 0.2** 1.89* 13 ± 3** 4.1 ± 0.1** 

Inner 1/3 core 10.5 ± 0.2** 4.06 ± 0.07** 0.5 ± 0.3** 4.1 ± 0.1** 

Middle 1/3 

core 

10.5 ± 0.2** 1.10 ± 0.08** 0.5 ± 0.3** 4.1 ± 0.1** 

Outer 1/3 core 10.5 ± 0.2** 4.83 ± 0.07** 0.5 ± 0.3** 4.1 ± 0.1** 

Outer head 7.2 ± 0.2** 1.89* 13 ± 3** 4.1 ± 0.1** 

Backing 4.1 ± 0.1** 

* Values kept constant during the fitting process.

**The errors are given in table 3 and are calculated using a Monte-Carlo analysis as 
embedded in the motofit software27. 



Table S3. All structural parameters obtained from fitting of derived model to the 

reflectivity curves for the DMPC + 40mol% cholesterol.  

DMPC + 40% 

mochol 

Thickness/Å ρ × 10-6/Å-2 Solvent /% Roughness/ 

Si 2.07* 

SiO2 10.4 ± 0.6** 3.47* 9 ± 3** 5.7 ± 0.3** 

Solvent 5.2 ± 0.1** 0* 100* 5.8 ± 0.2** 

Inner head 8.2 ± 0.6** 1.89* 8 ± 2** 5.1 ± 0.5** 

Inner 1/3 core 9.9 ± 0.4** 3.2 ± 0.3** 7 ± 1** 5.1 ± 0.5** 

Middle 1/3 

core 

9.9 ± 0.4** 1.0 ± 0.5** 7 ± 1** 5.1 ± 0.5** 

Outer 1/3 core 9.9 ± 0.4** 3.9 ± 0.3** 7 ± 1** 5.1 ± 0.5** 

Outer head 8.2 ± 0.6** 1.89* 8 ± 2** 5.1 ± 0.5** 

Backing 5.1 ± 0.5** 

* Values kept constant during the fitting process.

**The errors are given in table 3 and are calculated using a Monte-Carlo analysis as 
embedded in the motofit software27. 
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ABSTRACT: Cholesterol is an essential component of
mammalian membranes and is known to induce a series of
physicochemical changes in the lipid bilayer. Such changes
include the formation of liquid-ordered phases with an
increased thickness and a configurational order as compared
to liquid-disordered phases. For saturated lipid membranes,
cholesterol molecules localize close to the lipid head group−
tail interface. However, the presence of polyunsaturated lipids
was recently shown to promote relocation of cholesterol
toward the inner interface between the two bilayer leaflets.
Here, neutron reflection is used to study the location of
cholesterol (both non-deuterated and per-deuterated versions
are used) within supported lipid bilayers composed of a
natural mixture of phosphatidylcholine (PC). The lipids were produced in a genetically modified strain of Escherichia coli and
grown under specific deuterated conditions to give an overall neutron scattering length density (which depends on the level of
deuteration) of the lipids matching that of D2O. The combination of solvent contrast variation method with specific deuteration
shows that cholesterol is located closer to the lipid head group−tail interface in this natural PC extract rather than in the center
of the core of the bilayer as seen for very thin or polyunsaturated membranes.

■ INTRODUCTION

Cholesterol is a natural component of most biological
membranes.1 Cholesterol-containing membranes have been
the focus of many biophysical studies during the last 2−3
decades because of its suggested role in the formation of the
so-called lipid rafts.1 Lipid rafts are denser and thicker nano-
sized domains that are believed to exist in natural membranes.2

The role of lipid rafts has been linked to the function and
regulation of transmembrane proteins and signaling processes
across the cell membrane.3 The main characteristic of
cholesterol is to induce the formation of liquid-ordered phases
consisting of lipid molecules that diffuse rapidly within the
plane of the bilayer but retain their all-trans configuration.4

Besides the condensation of lipid monolayers,5 cholesterol

induces changes in the thickness of both fluid and gel phase
membranes6−8 and affects the order parameter of lipid
bilayers9 and cell membranes.10,11 These effects are explained
in the “umbrella model” by the localization of cholesterol with
its hydroxyl group close to the lipid head group region and its
acyl tail buried in the lipid bilayer.12 The polar head groups of
phosphatidylcholine (PC) form an “umbrella” to compensate
for the smaller, polar “head group” of cholesterol (the area of
the hydroxyl group is only one-quarter of that occupied by the
cholesterol molecule). In this way, the PC head group covers
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the nonpolar parts of the cholesterol molecule, preventing any
unfavorable contact with water. This lipid−cholesterol
coupling leads to an increased order parameter of the lipid
acyl chains.
Recently, it was proposed that cholesterol may localize

differently in the bilayer depending on the level of saturation or
thickness of the lipid tails. In particular, cholesterol was found
to localize in the middle of the lipid core for bilayers
containing polyunsaturated lipids13−15 or saturated lipids with
a very thin lipid core such as 1,2-dilauroylphosphatidylcholine
(DLPC).16 Relocation of cholesterol into the middle of the
lipid bilayer was related to the solubility limit of cholesterol in
the membrane,17 suggesting that cholesterol has poorer
solubility in polyunsaturated as compared with monounsatu-
rated or saturated acyl chains. Moreover, small-angle neutron
scattering (SANS) data suggest that cholesterol has a
preference for interactions with saturated lipids, given that
titration with monounsaturated or saturated lipids caused
cholesterol to locate closer to the lipid head group interface
[specifically, more than 50% 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) or more than 5% 1,2-dimyristoyl-sn-
glycero-3-phosphorylcholine (DMPC) was needed to relocate
cholesterol toward the interface of the lipid head group].15

Indeed, the presence of cholesterol was shown to create more
diverse regions with distinct physical properties in natural
rather than simpler model membranes.10 It is clear that further
studies of the localization of cholesterol in natural membranes
are needed to fully unravel the role of unsaturated lipids in the
organization of cholesterol and consequently in its effect on
the lipid bilayer structure.
In this work, D2O tailor-deuterated PC18 and cholesterol

were used as a model for natural, fluid cellular membranes.
Supported lipid bilayers (SLBs) of mixed PC−cholesterol
membranes were prepared by vesicle fusion, and neutron
reflection (NR) used to characterize the positioning of
cholesterol in the bilayers. NR is a technique that excels at
determining the structure of buried interfaces with a resolution
down to a few Ångstrom in the direction perpendicular to the
solid−liquid interface.19 To increase the sensitivity of the NR
measurement, both nondeuterated (h-cholesterol) and perdeu-
terated (d-cholesterol) cholesterol were used, and all
reflectivity curves were fitted using a single global model to
describe the position of cholesterol in the PC membrane.

■ EXPERIMENTAL SECTION
Materials. D2O was purchased from Sigma and provided by

Institute Laue−Langevin, Grenoble, France. Milli-Q (MQ) water was
used for all cleaning procedures and solvents. CaCl2 was purchased
from Sigma-Aldrich. Tris buffer was prepared by dissolving a tablet of
50 mM Tris, 150 mM NaCl, pH 7.4, in either D2O or H2O as
specified by the producer (Sigma-Aldrich). DMPC and h-cholesterol
were acquired from Avanti Polar Lipids Inc., Alabama, USA.
Production of D2O-Matched PC. The method developed by Maric

et al. (2015)18 was used to produce a mixture of D2O-matched PC.
The Escherichia coli strain W389954 carrying the modified plasmid
pAC-PCSlp-Gm (ParaB-pcs GmR) was grown in minimal 100%
deuterated medium20 supplemented with deuterated glycerol
(C3D8O3) and induced with 0.2% arabinose (unlabeled; Sigma-
Aldrich) in addition to 2 mM deuterated choline chloride (trimethyl-
d9, 98%; Euriso-Top), as previously described.

18,21 After incubation at
37 °C for 24 h, cells were harvested by centrifugation (10 000g, 20
min, 4 °C), and total lipids extracted according to a modified version
of the Bligh & Dyer method.22 Lipid extracts were separated into
individual phospholipid classes according to the head group using

flash chromatography on a silica-gel column using varying ratios of
chloroform and methanol, as previously described.18

Phospholipids were further characterized by thin-layer chromatog-
raphy through comparison with known standards, as previously
described,23 and the lipid amounts were estimated through the
measurement of total phosphorus content according to Rouser et al.24

Purified PC was assayed for fatty acid composition using matrix-
assisted laser desorption/ionisation time-of-flight (MALDI-TOF)
mass spectrometry (MS), as described previously.25 The PC fraction
was premixed in a 1:1 (v/v) ratio with 2,5-dihydroxy-benzoic acid as a
matrix before deposition onto the MALDI target and was investigated
by positive ion-mode MALDI-TOF MS on a Bruker Autoflex mass
spectrometer (Bruker Daltonics)26 using 30% laser power and 1000
counts on average.

Production of Perdeuterated Cholesterol. The d-cholesterol used
in this study was produced by the expression from the Pichia pastoris
strain CBS7435 Δhis4Δku70 Δerg5::pPpGAP-ZeocinTM-[DHCR7]
Δerg6::pGAP-G418[DHCR24].27,28 This yeast strain was adapted to
growth in a deuterated minimal medium and scaled up in a high cell-
density culture.29 d-cholesterol was purified and characterized by MS
and gas chromatography.

Methods. SLB Formation. Lipid films were made by taking the
appropriate volumes from chloroform stocks of D2O-matched PC and
either h- or d-cholesterol to obtain the desired vesicle composition.
The mixtures were dried under nitrogen and kept in vacuum for at
least 1 h. All films were kept at −20 °C until use. Small unilamellar
vesicles (SUVs) were formed by resuspending the lipid films in water
or 150 mM NaCl solution to a concentration of 0.2 mg/mL. The
suspension was bath-sonicated at room temperature for 1 h and then
subsequently tip-sonicated for 5 min or until an optically clear
solution was obtained. For optimal vesicle fusion conditions, a 0.1
mg/mL vesicle solution in 2 mM CaCl2 was produced by mixing
equal volumes of the freshly tip-sonicated vesicle suspension prepared
in water and a 4 mM CaCl2 solution. This solution was immediately
introduced into the QCM-D or NR flow cell (preequilibrated to 37
°C) by pump or syringe injection, respectively, and left to incubate for
20 min at 37 °C. The cell was rinsed with water and then by a Tris
buffer (50 mM Tris-HCl, 150 mM NaCl).

Quartz Crystal Microbalance with Dissipation, QCM-D.Measure-
ments were performed using a Q-SENSE E4 system (Q-Sense,
Sweden) connected to a peristaltic pump (Ismatec IPC, Switzerland).
Silicon oxide sensor crystals (50 nm, Q-Sense, Sweden) were used.
Cleaning protocols were used as specified by Q-Sense. Prior to
experiments, the fundamental frequency (5 MHz) and five overtones
(3rd, 5th, 7th, 9th, and 11th) were found and recorded in MQ water.
The flow rate was set to 100 μL/min, and the temperature was kept at
37 °C throughout all experiments. A baseline was obtained in MQ
water prior to injection of the vesicle solution. A constant flow of
vesicles was maintained until stable signals were obtained before
rinsing with excess MQ water. Experiments were repeated three times,
and reproducible results were obtained.

Neutron Reflection. Specular NR was used to analyze the structure
of the SLB at the solid/liquid interface. NR yields structural
information perpendicular to the surface in a nondestructive manner.
FIGARO,30 a time of flight (TOF) reflectometer at the Institute
Laue−Langevin (Grenoble, France) was used in this study. An
incident neutron beam, with a chosen wavelength (λ), is directed on
the solid/water interface and is partially reflected and refracted
depending on the incident angle (θ) and the wavelength (λ). The
ratio between incident and reflected beam (R) is then measured as a
function of the wave vector, which is defined as Q = 4/λ sin θ. To
obtain detailed structural information, the isotopic contrast between
the molecules in the sample is important. The scattering length
density (SLD) determines the isotopic contrast by highlighting
different components in the sample. The SLD profile is given by the
sum of the coherent scattering lengths bj multiplied by the number of
nuclei in a given volume nj (SLD = ∑j × nj × bj). By exchanging
hydrogen with deuterium, the SLD of a molecule increases, and the
isotropic contrast can be manipulated to partially highlight specific
parts of a molecule. In this study, the isotopic contrast was achieved
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by using both h- and d-cholesterol as well as by exchanging the bulk
solvent with Tris buffers made from D2O, H2O, or a mixture contrast-
matched to silicon (cmSi). The resolution was set to Δλ/λ = 7% using
two incident angles of 0.8° and 3.2°. The experiments were carried
out at 37 °C using homemade solid−liquid flow cells. The area
exposed to the neutron beam was 3.5 × 6.5 cm2. All cell parts made of
polyether ether ketone (PEEK) were cleaned by bath sonication in
2% Hellmanex and MQ water. Silicon (111) surfaces were cooked in
dilute piranha solution (H2O/H2SO4/H2O2 5:4:1) at 80 °C for 15
min followed by extensive rinsing in MQ water, drying in nitrogen,
and 10 min UV−ozone cleaning (Bioforce Nanosciences Inc.). The
data were analyzed using the Motofit software,31 which uses the
Abeles optical matrix method for fitting reflectometry data of thin
layers. The genetic Monte Carlo minimization algorithm embedded
within this software was used, allowing for error estimation of the fit
parameters. The Supporting Information gives the free parameters as
well as the range over which they were allowed to vary.

■ RESULTS AND DISCUSSION

SLBs were produced via the vesicle fusion method,19,32 and
successful SLB formation was assessed using quartz crystal
microbalance with dissipation (QCM-D). For PC, successful
vesicle fusion typically takes place in pure water or in buffered
solvents with high ionic strength.32 However, deposition of
SLBs from vesicles of more complex composition can be
challenging, and other solvents were required for deposi-
tion.33−36 The deposition of cholesterol containing PC was
optimized using QCM-D, and representative traces are
presented in Figure 1. The collectively accepted QCM-D
signals for successful vesicle fusion32,37−39 are such that the
QCM-D frequency (Δf) decreases because of the mass
increase of the water-filled vesicles as vesicles adsorb to the
surface. Simultaneously, the QCM-D energy dissipation (Δd)
increases as a result of the softness and compliance of the
vesicles. The collapse of the vesicles and the SLB formation
lead to an increase in Δf which is consistent with loss of mass
due to the release of water, and a simultaneous decrease in Δd
occurs because of the formation of a thin, homogeneous
membrane, which is more rigid and well-coupled to the sensor
surface as compared to the adsorbed vesicle layer. This
characteristic signal has led to the hypothesis that SLBs can
only be formed once a critical density of vesicles have attached
to the surface, which makes the adsorbed vesicles unstable and
leads to their fusion and consequent formation of a continuous
supported bilayer.40 However, it has been shown that small
vesicles tend to break directly upon adsorption when added in
pure water or in water with low salt content.19,41

Figure 1 shows that no vesicle adsorption or SLB formation
occurred in pure water, whereas SLBs were successfully formed
using either 2 mM CaCl2 or 150 mM NaCl. However, the
QCM-D traces were significantly different for the two latter
cases. No overshooting of Δf and Δd was observed in CaCl2,
whereas the characteristic overshooting of the QCM-D signals
in NaCl was followed by further increase in Δd and decrease in
Δf and spreading of the overtones over time. This suggests two
different types of mechanisms for vesicle fusion depending on
the solvent quality. For CaCl2, vesicles break directly upon
adsorption to the surface with no critical vesicle concentration
needed for the formation of an SLB. For NaCl, on the other
hand, the initial QCM-D responses correspond to the common
signals related to a critical vesicle surface concentration, with
further vesicle attachment taking place once the SLB was
formed. However, the excess vesicles could be successfully
removed upon rinsing. In previous work, fusion of cholesterol-
containing vesicles was achieved by using high-salt-containing
buffers.33,42 However, high ionic strength typically increases
the time required to produce small enough vesicles via tip
sonication, a requirement to form SLBs of high quality (e.g.,
see discussions in ref 19). Extensive tip sonication could
potentially lead to overheating of the sample, which should be
avoided. SLBs were therefore formed using 2 mM CaCl2. As
control, this approach was used even for dPC SLBs in the
absence of cholesterol.
Figure 2 gives neutron reflectivity profiles for an SLB formed

from pure D2O-matched d-PC vesicles. Initially, the data were
fitted to a single layer model to represent the lipid bilayer (see
the Supporting Information Figure S1). The resulting SLB was
of high quality in terms of surface coverage (95% coverage).
The layer was 41 Å thick with low roughness (4.2 Å). The SLD
of this layer was determined to be 6.10 (±0.01) × 10−6 Å−2,
which is close to the value for D2O (6.3 × 10−6 Å−2). A three-
layer (3L) model, for which the heads and tails were
distinguished by the content of water, was applied to the
data, and the best fit is given as solid lines in Figure 2. The
inset gives the SLD profiles for the best fits found for a 3L
model using the parameters given in Table 1. To decrease the
number of free parameters, the coverage was fixed to 95%, and
this gave a total thickness = 43.3 Å and a mean molecular area
(MMA) = 61 Å2, which is consistent with previous results for
fluid lipids such as POPC.41 The main lipids present in the PC
extract were PC 16:0/17:0cyc, PC 16:0/15:0cyc, and PC
16:0/18:1 (POPC), as identified by MALDI-TOF MS
(Supporting Information Figure S2), and thus, this result is
not surprising. The compositional results are in agreement with

Figure 1. Fusion of DMPC vesicles containing 20 mol% cholesterol on SiO2 as monitored by QCM-D. Deposition was performed at 37 °C in MQ
water (left), 2 mM CaCl2 (middle), and 150 mM NaCl (right). The star marks the point at which 0.1 mg/mL vesicles were introduced in the fluid
cell at 0.1 mL/min, whereas the cross shows the point at which rinsing with MQ water was performed. Overtones 5−11th are shown.
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a previous characterization of dPC lipids produced in a similar
manner.18 The exact composition cannot be obtained with
MALDI-TOF MS because phospholipids with lower molecular
weight are more sensitively detected than those with higher
molecular weight.43 However the MS data show that more
than 2/3 of the dPC mixture is composed of 16:0/17:0cyc,
whereas the rest contains roughly equal amounts of 16:0/
15:0cyc and POPC.
D2O-matched PC extracts containing either h- or d-

cholesterol were formed using the vesicle fusion method in
CaCl2, Figure 1 and characterized structurally. NR data for
SLBs formed by vesicles with a nominal composition of 10 and
20 mol % cholesterol are given in Figure 3A,B, respectively.
The difference between the SLD for D2O-matched PC and d-
cholesterol is low (1.04 × 10−6 Å−2) as compared to D2O-
matched PC and h-cholesterol (6.94 × 10−6 Å−2). Three
different models were used to find the best fit to the data. First,
a fully symmetric 3L model (head−tails−head) was applied.
Then, leaflet asymmetry was modeled using two different
approaches: (1) a four-layer (4L) model for which the inner
and outer leaflet tail region were clearly separated from each
other and (2) a five-layer (5L) model for which the tail region
was separated into three regions, and that enabled the
localization of cholesterol in the middle of the SLB. In the
latter model, the three tail region subsections were constrained
to have equal thickness, roughness, and coverage, but each
having distinctive SLD values. This choice was made to reduce
the number of free parameters of the fits, and variations
between them did not vary the quality of the fit significantly.
For 10 mol % cholesterol, the data could be fitted using a
symmetric 3L model. For 20 mol % cholesterol, on the other
hand, the data could be best fitted using a 5L model. Figure S3

in the Supporting Information shows the best fits for the
symmetric 3L model and the asymmetric 4L model used for
the 20 mol % cholesterol NR data and gives the difference in
chi2 between the different fits. For consistency, the 5L model
was then applied to SLBs containing both 10 and 20 mol %
cholesterol. The parameters used for the best fits to the 5L
model are given in Table 2.
For 10 mol % cholesterol, SLBs of high surface coverage

(>96%) were obtained. The SLD profile for the best fit shows a
slight increase in the cholesterol distribution toward the outer
head group region for h-cholesterol with some depletion at the
center of the membrane (Figure 3A). However, the difference
in SLD between these three layers is not significant when
considering the fit error, and an equal distribution could thus
be assumed in this case. Compared to the d-PC SLB, the total
thickness of the membrane increased by 1−2 Å. Thickening of
the d-PC membrane was found to be similar for h- and d-
cholesterol. Moreover, the fit results show that the membranes
contain 9 and 14 mol % cholesterol for the hydrogenated and
deuterated version, respectively (average of the composition
given in Table 2). Considering the error from the fits and the
experimental conditions,41 this is quite close to the expected
values based on the nominal composition of the vesicles used
to form the SLBs.
As already mentioned, the 5L model was needed to obtain a

good fit for the 20 mol % cholesterol. The average composition
of the SLB was also similar to the nominal composition of the
vesicles from which they were made (15% and 21% for non-
deuterated and deuterated cholesterol-containing SLBs,
respectively). The asymmetric distribution of cholesterol
within the lipid core, on the other hand, was significant
(Figure 3B): cholesterol preferentially localized near the outer
lipid head group for both the hydrogenated and the per-
deuterated molecules with the outer and inner leaflet
containing up to 55 and 2 mol % cholesterol, respectively.
The data show further thickening of the membrane by 4−5 Å
regardless of the level of deuteration.
The SLBs were formed at 37 °C, the temperature at which

both (i) the E. coli cells were grown and (ii) hydrogenated
POPC−hydrogenated cholesterol mixtures were reported to
exist in the liquid disordered phase regardless of composi-
tion.44 Moreover, the cyclic species in our dPC extract are
known to have a main melting transition well below 0 °C.45

For d-PC containing 20 mol % cholesterol, the SLB thickened
by as much as 4 Å. Such an effect can be explained by the
ability of cholesterol to reduce trans−gauche isomerization of
the saturated acyl chains in their fluid state4 and to increase the
order parameter within the bilayer.33 These results are
consistent with previous findings in literature: for example, it
was found that 30 mol % cholesterol induces 3−4 Å thickening
of DMPC bilayers regardless of the temperature.6 For mixed
SLBs composed of POPC and cholesterol, a total bilayer
thickness of 44 and 45 Å was found for 0 and 20 mol %
cholesterol.33 The presence of cholesterol in the D2O-matched
d-PC extract leads to 2 Å thicker SLBs as compared to
cholesterol mixtures with POPC.33 This can be attributed to
the more complex composition of the d-PC extracts [the main
species are POPC, and two cyclopropane containing PCs]
(Supporting Information Figure S2). Recently, Marquardt et
al.16 reported that the localization of cholesterol in the center
of lipid bilayers does not necessarily depend on the level of
polyunsaturation but rather on the thickness of the lipid
bilayer. In particular, the authors found that cholesterol

Figure 2. Neutron reflectivity profiles and best fits (solid lines) for an
SLB made of D2O-matched PC extract (upper graph). The bulk
solvent contrasts were D2O (green squares), H2O (pink triangles),
and cmSi (blue circles). The inset shows the corresponding SLD
profile for the best fit.

Table 1. Parameters Used in the Best Fit to a 3L Model for
Pure dPC Given in Figure 2a

SLD × 10−6/Å−2 thickness/Å coverage/% MMA/Å2

inner head 6.1 ± 0.01 6.9 ± 0.7 75 ± 2 62 ± 7
tail 6.1 ± 0.01 29.5 ± 1.2 95 65 ± 2
outer head 6.1 ± 0.01 6.9 ± 0.7 75 ± 2 62 ± 7

43.3 ± 1.4 63 ± 9
aValues for molecular volumes and SLDs for other compounds are
given in the Supporting Information, Table S1
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occupied this unexpected position not only in polyunsaturated
lipid membranes but also in DLPC. The common structural
feature of these two bilayers was the thickness of the
cholesterol containing bilayer core (28 Å). For DMPC
bilayers, on the other hand, this parameter was 34 Å with

the cholesterol positioned close to the head groups in an uptilt

position. Here, the core of the pure dPC bilayers was 29.5 Å

(Table 1), while it increased to ∼31 and ∼33 Å for 10 and 20

mol % cholesterol (Table 2), respectively. As these values are

Figure 3. Neutron reflectivity profiles (upper graph), best fits (solid lines), and SLD profiles (lower graph) for SLBs made of the d-PC extract and
h- or d-cholesterol (black and pink, respectively) using vesicles with 10 mol % cholesterol content or 20 mol % cholesterol content. The bulk
contrasts used were D2O, H2O, and cmSi [squares (top), triangles (middle), and circles (bottom), respectively]. The contrasts have been offset on
the y-scale for clarity.

Table 2. Parameters for the Best Fits Shown in Figure 3

SLD × 10−6/Å−2 % lipid thickness/Å coverage/% MMA/Å2

10 mol % h-cholesterol
inner head 6.1 7.5 ± 0.5 67 ± 4 64 ± 6
tail 5.6/5.5/5.5(±0.1) 90/92/90(±3) 30.9 ± 0.5 97 ± 2 59 ± 2
outer head 6.1 7.7 ± 0.4 72 ± 6 58 ± 5

average = 91 46.1 ± 0.9 60 ± 8
10 mol % d-cholesterol

inner head 6.1 7.2 ± 0.5 81 ± 2 55 ± 4
tail 6.22/6.32/6.23(±0.07) 89/84/86(±2) 30.8 ± 0.4 99 ± 5 57 ± 3
outer head 6.1 7.5 ± 0.5 72 ± 5 60 ± 6

average = 87 45.5 ± 0.9 57 ± 7
20 mol % h-cholesterol

inner head 6.1 7.3 ± 0.5 84 ± 2 53 ± 4
tail 5.4/5.3/4.9(±0.2) 88/87/80(±3) 32.8 ± 0.6 96 ± 3 55 ± 2
outer head 6.1 7.6 ± 0.5 70 ± 5 60 ± 6

average = 85 47.5 ± 0.9 56 ± 7
20 mol % d-cholesterol

inner head 6.1 7.0 ± 0.4 77 ± 4 60 ± 5
tail 6.12/6.15/6.70(±0.06) 98/95/45(±2) 33.5 ± 0.7 99 ± 5 51 ± 3
outer head 6.1 7.0 ± 0.5 76 ± 5 61 ± 6

average = 80 47.5 ± 0.9 57 ± 8
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similar to what was found for DMPC, a similar cholesterol
orientation is also expected.
The asymmetry reported for SLBs made with vesicles

containing 20 mol % cholesterol could be a consequence of an
asymmetric distribution of cholesterol in the vesicle population
prior to fusion. It is thus expected that earlier studies on
cholesterol containing SLBs using vesicle fusion also presented
such asymmetry, although the lack of contrast available in
these studies did not allow this effect to be discriminated
previously.33 An increasing number of reports describe a
tendency to form asymmetric membranes,41,46−48 especially for
two-component PC systems close to the phase separation
boundary.41 In such cases, POPC and the more rigid 1,2-
dipalmitoyl-sn-glycero-3-phosphorylcholine (DPPC) lipids
were used to form SUVs with diameters around 50 nm. In
these SUVs, DPPC is expected to be preferentially localized in
the outer leaflet, and thus, upon fusion, it should be
preferentially located in the inner leaflet of the resulting SLB.
For cholesterol containing liposomes, asymmetry in the vesicle
composition was observed by SANS,49 although in this study,
the authors did not report the degree of compositional
asymmetry of the vesicles. Moreover, molecular dynamics
simulations of lipid vesicles composed of DMPC and
cholesterol (70:30 mol %) predicted an increased density of
cholesterol in the inner leaflet of vesicles with diameters
smaller than 50 nm,50 as the ones typically produced by tip
sonication using protocols similar to the ones in this work.41

The small hydroxyl group of cholesterol gives it an inverted
conical shape, and thus, it is expected that cholesterol
preferentially localizes in the leaflet closer to the vesicle’s
lumen, enriching the outer leaflet of a mixed phospholipid−
cholesterol SLB after vesicle fusion. It could also be argued that
the order parameter of the inner leaflet increases because of the
presence of the supporting substrate, and that such asymmetric
ordering across the inner and outer leaflets could lead to
asymmetry in the cholesterol distribution. However, this does
not seem to be the case as cholesterol prefers to localize within
regions of high order, and therefore, the expected asymmetry
would be opposite to that experimentally found. Interestingly,
the SLB formed with vesicles containing 10 mol % cholesterol
is fully symmetric. In this case, the SLB is expected to be in the
fluid disordered phase and thus present high flip-flop rates for
cholesterol.51 The high flip-flop rate will, within seconds after
vesicle fusion, even out the distribution of cholesterol across
the SLB. For the SLB made with vesicles containing 20 mol %
cholesterol, on the other hand, the actual content of
cholesterol in the outer leaflet reaches up to 50 mol %.
Therefore, in this case, liquid-ordered phases are expected with
significantly slower flip-flop rates52 which would favor the
retention of the asymmetric structure. Indeed, recent near
atomic molecular dynamics simulations on complex lipid
membranes containing up to 60 lipid species suggest that the
cholesterol asymmetry across the leaflet occurs when leaflet
concentrations reach those expected for the formation of a
liquid-ordered phase.53

Finally, and following the same reasoning as described for
the asymmetric distribution of lipid mixtures in SUVs, it could
be argued that the three main PC species are distributed
differently within the two leaflets of the vesicles and thus in the
resulting SLB. An asymmetric distribution of the PC species
within the leaflets of the vesicles could lead to cholesterol
adopting different configurations within the leaflets. If
cholesterol presents preferential interactions with saturated

PC species, as has been suggested previously,15 it could be
speculated that any saturated species and cholesterol
preferentially enrich the inner leaflet of the vesicles and thus
the outer leaflet of the SLB. This would give a strong
asymmetric distribution of cholesterol in SLBs made by vesicle
fusion. However, our dPC mixture does not contain saturated
species, and this does not seem like a plausible explanation for
the asymmetry measured for 20 mol % cholesterol. To address
the effect of the specific lipid species present in our mixture
(cyclic vs unsaturated acyl tails), we are currently developing
preparative chromatographic protocols in our lab to separate
the cyclic and the unsaturated species from our mixtures.
Figure 4 presents a schematic diagram for the localization of
cholesterol in SLBs on the basis of the results described here.

■ CONCLUSIONS
In a natural lipid extract, cholesterol is embedded in the lipid
bilayer in close proximity to the lipid head groups. This is in
accordance with the localization of cholesterol reported for
lipid bilayers of a similar core size and differs from the findings
obtained from polyunsaturated or for very thin lipid bilayers.
Moreover, a strong asymmetric distribution of cholesterol in
SLBs is expected as the cholesterol content is raised to at least
20 mol % in PC mixtures. The data described here can be used
to improve the modeling of cholesterol containing bilayers and
of other biomolecular interactions involving cellular mem-
branes. Methods to separate and purify individual PC species
in the natural lipid mixture are currently being developed to
further address any potential interactions with specific lipids.
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The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.lang-
muir.7b02716.

NR data fitting, NR fitting for dPC using a single layer,
positive ion mode MALDI-TOF for the lipid extract
used in this work, and a comparison between the

Figure 4. Schematics of cholesterol distribution in d-PC containing
10 or 20 mol % cholesterol. The thickness of the SLB increases from
∼43 to ∼46 and ∼48 Å in the absence and presence of 10 and 20 mol
%, respectively.
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enhanced quartz crystal microbalance studies on the experimental
parameters controlling the formation of supported lipid bilayers. J.
Phys. Chem. B 2005, 109, 21755−21765.
(41) Åkesson, A.; Lind, T.; Ehrlich, N.; Stamou, D.; Wacklin, H.;
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Supporting Information 
Localization of Cholesterol within Supported Lipid Bilayers Made of a 

Natural Extract of Tailor-Deuterated Phosphatidylcholine 

Sarah Waldie, Tania K. Lind, Kathryn Browning, Martine Moulin, Michael Haertlein, V. Trevor 

Forsyth, Alessandra Luchini, Gernot A. Strohmeier, Harald Pichler, Selma Maric and Marité 

Cárdenas. 

Table S1. Theoretical SLD values and molecular volumes used. 
1 Assuming the volume of the POPC tail minus the volume of a CH3 group, for the main 16:0/17:0 

cyclo PC present in the mixture (see Figure SI1); calculated from the component volumes of CH2, 

C=C, and CH3 generated from MD simulations (Armen, Uitto et al. 1998). 
2 Calculated from component volumes of the PC headgroup generated from MD simulations 

(Armen, Uitto et al. 1998)
3 Taken from (Greenwood, Tristram-Nagle et al. 2006) 

The Si-SiO2 substrate was modeled as a single layer and typical results gave a SiO2 layer that was 

6-8 Å thick, 2-3 Å rough and contained 2-10% solvent within it. A thin (3-4 Å) water layer between 

the silica and the lipids was required to fit all NR data. This is a common practice for fitting SLBs, 

see for example (Åkesson, Lind et al. 2012). 

SLD * 10-6 / Å-2 Volume / Å3

Si 2.07

SiO2 3.47

dPC tail 6.1 9051

dPC head 6.1 3222

h-cholesterol 0.2 6223

d-cholesterol 7.2 6223

Page �  of �1 5



The free parameters used for each data set fit are summarised below: single, underlined values refer 

to fixed parameters, while a range is shown for the variable parameters. Simultaneous fitting of both 

h- and d- cholesterol containing dPC mixtures was performed. The roughness of the various layers 

of the SLB were co-fitted to the same values. The SLD values for the heads of the cholesterol 

containing bilayers were fixed to the value fitted for the data without cholesterol. 

Table S2. Parameters and range of values used to fit the NR data.  

SLD * 10-6 / Å-2 thickness/Å coverage/% roughness/Å

Underlying substrate

SiO2 2.07 5-10 0-25 2-4

Solvent layer 6.35 3-7 0 2-4

 without cholesterol

Inner head 6-6.5 35-45 90-100 2-5

with cholesterol

Inner head 6.1  6.0 - 8.5 18- 40

2-5Tail 6.1-7.3 (d)/0-6.1 (h) 9-12 (*3) 90-100

Outer head 6.1  6.0 - 8.5 18- 40
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Figure S1 NR data for a dPC SLB including the best fit (solid lines) to a one-layer model. The bulk 

solvent contrasts were D2O, H2O and cmSi (green squares, purple triangles and blue circles, 

respectively). The graph below shows the corresponding scattering length density profiles for the 

best fit. 
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Figure S2. Positive ion mode MALDI-TOF mass spectrum of phospholipid species extracted from 

adapted AL95 cells grown in ∼100 % D2O supplemented with deuterated glycerol (Sigma Aldrich) 

and labeled choline (trimethyl- d9, 98%; Eurisotop). Spectra were recorded in the presence of 9-

aminoacridine as the matrix. Only the most abundant species (16:0/17:0 cyclo) were investigated in 

more detail and compositional details are given exclusively for these species. 

Main PC lipids found in order of abundance: 

1. PC 16:0/17:0cyc + H+,C41H23D58NO8P, theoretical mass: 806.4 Da, Na+ adduct: 828.4 Da

2. PC 16:0/15:0cyc + H+, C39H23D54NO8P, theoretical mass: 774.33 Da, Na+ adduct: 796.33 Da

3. PC 16:0/18:1 + H+, C42H21D61NO8P, theoretical mass: 822.4 Da, Na+ adduct: 844.4 Da
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Figure S3. NR data for a dPC SLB containing 20 mol% h- or d-cholesterol (black and pink, 

respectively), including best fit (solid lines) to an asymmetric 4L (A) or a symmetric 3L (B) model. 

The figure includes the corresponding SLD profiles (below) for the best fit shown in the figure 

above. The bulk contrasts were D2O, H2O and cmSi (squares (top), triangles (middle) and circles 

(bottom), respectively). The contrasts have been offset on the y-scale for clarity. The best Chi2 fit 

values are 23.3, 16.2 and 9.6 for a symmetric 3L, an asymmetric 4L, and an asymmetric 5L model 

respectively. 
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A B S T R A C T

Lipoproteins play a central role in the development of atherosclerosis. High and low-density lipoproteins (HDL
and LDL), known as ‘good’ and ‘bad’ cholesterol, respectively, remove and/or deposit lipids into the artery wall.
Hence, insight into lipid exchange processes between lipoproteins and cell membranes is of particular im-
portance in understanding the onset and development of cardiovascular disease. In order to elucidate the impact
of phospholipid tail saturation and the presence of cholesterol in cell membranes on these processes, neutron
reflection was employed in the present investigation to follow lipid exchange with both HDL and LDL against
model membranes. Mirroring clinical risk factors for the development of atherosclerosis, lower exchange was
observed in the presence of cholesterol, as well as for an unsaturated phospholipid, compared to faster exchange
when using a fully saturated phospholipid. These results highlight the importance of membrane composition on
the interaction with lipoproteins, chiefly the saturation level of the lipids and presence of cholesterol, and
provide novel insight into factors of importance for build-up and reversibility of atherosclerotic plaque. In ad-
dition, the correlation between the results and well-established clinical risk factors suggests that the approach
taken can be employed also for understanding a broader set of risk factors including, e.g., effects of triglycerides
and oxidative stress, as well as local effects of drugs on atherosclerotic plaque formation.

1. Introduction

Atherosclerosis is the largest killer in the west and accounted for an
estimated 17.9 million deaths in 2016 [1]. It is a leading cause of
cardiovascular disease (CVD), which in turn originates from the build-
up of plaque on artery walls. This plaque build-up arises from the de-
position of lipoproteins, which are subsequently oxidised, in turn

initiating an active inflammatory process and taken up by macro-
phages. The macrophages develop into foam cells filled with lipids and
cholesterol, over time forming a hard plaque. If this plaque ruptures,
blood will be exposed to thrombogenic material, which can result in a
heart attack or stroke [2]. Although plaque formation is a complex
process, involving not only endothelial cells but also connective tissue,
as well as calcification and onset of oxidative and other processes [3,4],
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lipoprotein deposition nevertheless constitutes a key initial step. De-
spite this, the initial interaction of lipoprotein particles with the
membrane wall remains poorly understood, notably in relation to lipid
exchange from lipoprotein to the cell membrane and vice versa.

Lipoproteins are particle-like aggregates which consist of a core of
cholesterol esters and triglycerides, encased by a monolayer of lipids
and apolipoproteins [5]. Among the diverse family of lipoproteins [5],
high- and low-density lipoproteins (HDL and LDL) are particularly
important in atherosclerosis. HDL and LDL differ in structure, compo-
sition and their role in atherogenic processes [6]. It has been shown
clinically that LDL deposits into artery walls, aiding the development of
atherosclerosis, whilst HDL plays a preventive role by removing cho-
lesterol from the lipid-filled foam cells in a process known as reverse
cholesterol transport (RCT) [7,8]. For these reasons, HDL and LDL are
frequently referred to as ‘good’ and ‘bad’ cholesterol, respectively.

In RCT, HDL removes free cholesterol from blood vessel walls via
various pathways [9,10] and eventually transports it to the liver where
it is removed from the body. An inverse relationship has been demon-
strated between RCT efficiency and the risk of CVD [10], illustrating the
importance of this step and the role of HDL in the prevention of
atherosclerosis. However, the situation is complex as the quantity of
HDL alone does not determine suppression of the risk of CVD, and in-
creased levels of HDL have also been found to result in no effect [11] or
even in an increased risk for CVD [12]. Having said that, the ratio of
HDL to LDL is of importance [13]. This suggests that there is a delicate
equilibrium in the transport of cholesterol and other fats in both di-
rections between the lipoproteins and the endothelial membranes,
which determines the onset of atherosclerosis. There are also several
other fat components important in the development of atherosclerosis,
also transported by lipoproteins. These include triglycerides and lipids
with either saturated or unsaturated fatty acid tails.

Whilst the dietary guidelines for the prevention of CVD include the
reduction of saturated fats with preference for unsaturated fats, there
are further layers of complexity in the types of fats present in foods and
their origin in the diet. Reflecting this, there is a striking lack of con-
sensus of whether or not dietary saturated fats can be directly corre-
lated to the development of various lipoprotein types and in turn CVD
[14]. There is also little evidence that the presence of cholesterol in the
diet impacts the risk of CVD [15].

In our previous work, we developed methodologies to quantify lipid
exchange from model cell membranes by lipoproteins (Fig. 1) using
both neutron reflection [16] and small angle neutron scattering [17].
Such methodologies allow mechanistic studies of the impact of mem-
brane composition on the capacity of lipoproteins to exchange and re-
move lipids. For example, neutron reflection results have demonstrated
that increasing the content of negatively charged lipids in the mem-
brane (as in cancerous cells [18]) resulted in an increased removal of
lipids from the cell membrane bilayer in both HDL and LDL systems
[19]. This mirrors the strong interaction of LDL with negatively charged
surfaces, mediated by electrostatic interactions with the positive re-
sidues in the ApoB protein in LDL [20], and has clinical implications
related to calcium signalling in atherosclerotic development [21].
While thus showing promise as a tool for mechanistic studies of lipo-
protein-membrane exchange, these previous investigations did not ad-
dress effects of cholesterol and lipid saturation, widely important for
atherosclerotic plaque formation, but with poorly understood under-
lying mechanisms. Considering this, we hereby employ neutron re-
flection to distinguish the effects of acyl chain saturation and the pre-
sence of cholesterol on the ability of lipoproteins to exchange lipids to/
from model membranes.

2. Materials and methods

D2O (99.9% deuterated, Sigma-Aldrich) was provided by the Institut
Laue-Langevin, Grenoble, France and by the ISIS Neutron Source,
Didcot, UK. MilliQ water (18.2 Ω cm−1) was used for all cleaning

procedures and solvent preparations. Calcium chloride (CaCl2) and Tris
buffer saline tablets were from Sigma-Aldrich. Tris buffer (50 mM Tris,
150 mM NaCl, pH 7.4) was prepared by dissolving a tablet in H2O or
D2O as specified by the producer. 1,2-Dimyristoyl-d54-sn-glycero-3-
phosphocholine (dDMPC;> 99%) was from Avanti Polar Lipids
(Alabaster, AL). 1-palmitoyl, 2-oleoyl-sn-glycero-3-phosphocholine
(POPC) in perdeuterated form (dPOdPC, d77; overall purity 95%) and
tail-deuterated form (dPOhPC, d67; overall purity 95%) were both
provided by the deuteration facility at ANSTO, produced and purified
as previously described [22]. Bradford was from Sigma while infinite
triglyceride and cholesterol enzymatic assays were from ThermoFisher.

2.1. D2O-matched PC production

Selectively deuterated phosphatidylcholine (dPC) was produced as
reported previously [23]. The Escherichia coli strain AL95 (pssA::kanR

lacY::Tn9 camR), containing the plasmid pAC-PCSlp-Sp-Gm (ParaB-pcs
SpR GmR), was grown in 100% deuterated minimal medium [24] with
the incorporation of deuterated d8-glycerol, 0.2% arabinose (un-
labelled; Sigma-Aldrich) and 2 mM deuterated choline chloride (tri-
methyl-d9, 98%; Eurisotop) [23]. After incubation at 37 °C for 24 h,
cells were harvested by centrifugation (10,000g, 20 min, 4 °C). Total
lipids were extracted by the Bligh and Dyer method [25] and separated
according to phospholipid head group via chromatography on a silica-
gel column using varying ratios of chloroform and methanol [23].

Thin-layer chromatography was used to further characterise the
phospholipids by comparison to known standards [26] and quantita-
tively assessed through phosphate analysis [27]. The fatty acid com-
position of the purified dPC was determined previously to be PC 16:0/
17:0cyc (where ‘cyc’ refers to the cyclic unsaturation, also known as
propyl unsaturation), PC 16:0/15:0cyc and PC 16:0/18:1 in order of
abundance [28].

2.2. Deuterated cholesterol production

Perdeuterated cholesterol was produced and purified as reported
previously [29]. The Pichia pastoris strain CBS7435 Δhis4Δku70
Δerg5::pPpGAP-ZeocinTM-[DHCR7] Δerg6::pGAP-G418[DHCR24] was
grown in 100% deuterated basal salts medium in the presence of d8-
glycerol (Eurisotop). After 7 days in a fermenter at 28 °C, the batch
phase was complete and the fed-batch phase was initiated by constant
feeding of d8-glycerol for a further 12 days. The cells were harvested
and then isolated using an organic solvent extraction method followed
by HPLC to obtain pure cholesterol, verified by GCMS.

The production of dPC and deuterated cholesterol made full use of
the Deuteration Laboratory (D-lab) within ILL's Life Sciences Group
[30]; this facility is widely used for in vitro production of biomolecules
in the interests of biological neutron scattering [31–37].

2.3. Model membrane preparation

Lipid films were prepared from chloroform stocks of the different PC
lipids and cholesterol to obtain the desired compositions. Chloroform
was evaporated under a stream of nitrogen and the resulting films
placed under vacuum overnight.

Prior to use, the lipid films were hydrated to a concentration of
0.2 mg mL−1 in MilliQ water and bath sonicated for 1 h. The lipids
were then tip sonicated for 5 min (20% power, 5 s on, 5 s off) im-
mediately before use. To optimise vesicle fusion, lipids were deposited
at a concentration of 0.1 mg mL−1 in the presence of 2 mM CaCl2
[38,39]; freshly tip-sonicated lipids were mixed with an equal volume
of 4 mM CaCl2 solution [16,28], and immediately introduced into the
solid-liquid flow cell (pre-equilibrated at 37 °C) by syringe injection.
The lipids were incubated for 20 min before rinsing with water, fol-
lowed by 50 mM Tris saline buffer, pH 7.4. This process leads to a
supported lipid bilayer or ‘model membrane’.
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2.4. Lipoprotein preparation

Lipoprotein particle preparation was carried out as described before
[40]. Human plasma from three healthy males was purified by se-
quential ultracentrifugation resulting in isolated LDL and HDL at den-
sities of 1.019 and 1.065 g mL−1, respectively. These purified samples
were then pooled and stored in 50% sucrose, 150 mM NaCl, 24 mM
EDTA, pH 7.4 at −80 °C, and further fractionated via size exclusion
chromatography at 25 °C (Superose 6 Increase 10/300 GL column, GE
Healthcare) before use in 25 mM Tris, 150 mM NaCl at pH 7.4. Samples
were stored at 4 °C, in an inert atmosphere away from light, ready to be
used within one week. The Bradford assay was used to determine
protein concentration, which in turn was used to calculate lipoprotein
concentration. Triglyceride and total cholesterol assays were used as
described by the manufacturer. Three different pooled preparations
were used for various neutron experiments and the protein, trigly-
ceride, and cholesterol concentrations were used to calculate the total
composition in mass ratio (Supporting Information, Table S1). Prior to
injection, the lipoprotein solution was diluted to a protein concentra-
tion of 0.1 mg mL−1 for LDL and 0.132 mg mL−1 for HDL in 50 mM Tris
saline buffer, pH 7.4. These values were chosen to ensure constant li-
poprotein particle concentration giving the same number of HDL and
LDL particles incubating with each bilayer. The same values were also
used in previous studies, enabling direct comparison [16,19]. Samples
were injected into the solid liquid flow cells at 1 mL min−1 by a syringe
pump via an injection port. The experiments were carried out at 37 °C
to resemble the physiological environment and to ensure the fluidity of
lipids in the model biomembrane as well as in the core in low density
lipoprotein, the latter being solid below 20 °C [40].

2.5. Neutron reflectometry

Neutron reflection data were collected on FIGARO [41,42], a time-
of-flight reflectometer, at the Institut Laue-Langevin (Grenoble,
France), and at INTER [43] and OFFSPEC [44], both at the ISIS Neutron
Facility (Didcot, UK). In specular conditions, an incident neutron beam
with wavelength, λ, is directed towards the solid/liquid interface at an
incident angle, θ. The reflectivity as a function of the momentum
transfer, q = 4πsin(ϴ)/λ, is measured and corresponds to the ratio of
incident and reflected intensities. The resulting R(q) profile is linked to
a plane-averaged scattering length density (SLD) profile perpendicular
to the surface. SLD profiles describe the structure and composition in
the direction perpendicular to the surface plane and can be modelled by
a series of layers normal to the substrate characterised by a thickness,
roughness and SLD.

Momentum transfer ranges of 0.01 > q > 0.3 Å−1 were measured
using wavelengths 2 < λ < 20 Å and two incident angles, 0.8° and
2.3° on FIGARO, 1.5 < λ < 16 Å and 0.7° and 2.3° on INTER, and
1.0 < λ < 14 Å and 0.55° and 1.8° on OFFSPEC, with a spatial re-
solution (Δq/q) of 7% at the ILL and 3% at ISIS. The area exposed to the
neutron beam was 30 × 60 mm2. The experiments were carried out in
reflection-up mode to ensure that any aggregated particles settled at the
bottom of the cell, away from the surface being measured.

The experiments were carried out using bespoke solid-liquid flow
cells at 37 °C. The alternative experimental design of performing the
experiments at a fixed temperature difference above the melting tran-
sition (e.g., Tm + 10 °C) of the respective lipid system was not deemed
suitable for the present investigation due to the vastly different tran-
sition temperatures in the systems investigated. Thus, DMPC has
Tm = 24 °C and hence the experimental temperature used here is not
too far off Tm + 10 °C. However, Tm = −2 °C for POPC and thus
Tm + 10 °C = 8 °C. At 8 °C, lipoproteins would behave entirely

Fig. 1. Schematic illustration of the incubation of lipoprotein particles with the model membranes (not-to-scale: LDL is two to three times larger in diameter than
HDL). Deuterated lipids in the model membrane can be exchanged by hydrogenated lipids from the lipoproteins and also removed via uptake by lipoproteins.
Neutron reflection can distinguish between deuterated and hydrogenated lipids in the bilayer, and allows quantification of these processes (Cholesterol has not been
included in the schematic illustration for clarity, since some systems contain cholesterol and others do not).
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differently with, for example, the fluidity of the LDL core depending on
temperature which for healthy individuals has a Tm ≈ 30 °C [40]. Thus,
at 8 °C the core in LDL is effectively a gel, dramatically skewing ex-
change kinetics.

The silicon (111) blocks were cleaned in Piranha solution (H2SO4/
H2O2, 7:3 in volume) for 10 min at 80 °C before being thoroughly rinsed
with MilliQ water. The polyether ether ketone (PEEK) and O-ring
components of the cells were intensively cleaned in 2% (v/v)
Hellmanex solution twice and MilliQ water via bath sonication, with
MilliQ rinsing between each sonication. Buffer contrasts were changed
via HPLC pump. Contrasts used were 50 mM Tris saline buffers pre-
pared in D2O, H2O, and a mixture of 38:62 D2O:H2O in volume to
contrast match the SLD of the silicon block (cmSi). The use of the
deuterium isotope increases the SLD of components and can be used to
highlight specific parts of the molecule, while the buffer contrasts allow
differences to be seen.

Experimental data for the bilayers in the three isotropic contrasts
were fitted simultaneously using the MOTOFIT software [45], while the
genetic Monte Carlo minimisation algorithm within the software was
used to determine error estimation of the fits. Error bars are calculated
from the error of the fit and correspond to a single measurement. In-
itially the silicon surfaces were characterised to ensure they were clean
and to determine the thickness and roughness of the oxide layer; these
were then fixed alongside the three solvent contrasts for fitting the
model membranes. This resulted in a five-layer model consisting of a
silicon oxide layer in contact with the silicon block, a small solvent
layer, followed by the bilayer. The bilayer itself is split into 3 layers: an
inner headgroup (closest to the silicon block), a tail region, and an outer
headgroup exposed to the solvent. The three contrasts were fitted si-
multaneously in order to constrain the fit. The bilayer was fitted to be
symmetrical, i.e., the thickness, SLD, and coverage of the inner and
outer headgroups were constrained to be equal to each other during the
fitting process, whilst the roughness was constrained to be the same
across the whole bilayer. These initial parameters were then used as the
starting point to fit the characterisations of the membranes after the
incubation with the lipoprotein particles. Upon lipoprotein interaction,
the silicon oxide layer was kept constant, while the parameters of the
other layers were allowed to vary to accommodate the changes (details
in Supporting Information; Tables S3 and S4). In order to obtain an
acceptable fit and in agreement with our previous work [16], mem-
branes incubated with HDL required one extra layer while the mem-
branes incubated with LDL required two extra layers, likely due to the
larger size of LDL over HDL. The size of the extra HDL layer and the first
LDL layer were found to be similar (ca. 60 Å), however, the second
layer required for the LDL fit was slightly thicker (ca. 120 Å). All
neutron reflectivity results summarized in the figures in the main
manuscript are also given in Supporting Information Tables S3 and S4
to enable the reader to enjoy the specific details so that own calcula-
tions can be made. All figures on neutron reflectometry results in the
paper are based on the data in these tables.

3. Results

In this work, neutron reflection was used to monitor HDL and LDL
lipid exchange with model membranes consisting of either saturated or
unsaturated phospholipids, both in the absence and presence of cho-
lesterol. Neutron reflection can differentiate between deuterium-la-
belled and hydrogen-rich lipids as shown schematically in Fig. 1, al-
lowing quantification of both lipid exchange and lipid removal from the
model membranes by lipoproteins. Neutrons can thus differentiate be-
tween lipid exchanged by another lipid, and lipid replaced by solvent,
by following the SLD change and the solvent content of the lipid tail
region, respectively. The use of tail-deuterated lipids in a non-deuter-
ated solvent (i.e., H2O buffer) provides the best contrast to follow these
phenomena by neutron reflection. The neutron reflection profiles were
analysed via a layer model as described in the Materials and methods

section. During the fitting process, the model was constrained to de-
scribe the three isotropic contrasts measured simultaneously (the bulk
solution was exchanged from H2O buffer, to a mixture of H2O and D2O
buffer (38% D2O), to pure D2O buffer). This increases sensitivity of the
method and allows decoupling of lipids exchanged (deuterated mem-
brane lipids being replaced by hydrogenated lipoprotein lipids) from
those removed (deuterated lipids removed and replaced by solvent). All
pristine bilayers prior to incubation were found to have a surface
coverage of 95% or more. Any minor defects below this were found not
to influence resulting trends in lipoprotein interactions. The neutron
reflection data, best fits, and layer models used to analyse the model
membrane neutron reflectometry profiles can be found as Supporting
Information (Tables S3 and S4, Figs. S1 and S2).

3.1. Effect of phospholipid unsaturation

Using the approach and model described above, saturated and un-
saturated model membranes were found to behave very differently in
terms of lipid exchange. First, we compared the interaction of HDL with
saturated and unsaturated phospholipid model membranes. The results
show a vast difference in the relative quantity of lipids exchanged and
removed depending on phospholipid fatty acid saturation (Fig. 2). As
different pooled lipoprotein samples varied slightly in composition
(Supporting Information Fig. S1), Fig. 2 shows data for each model
membrane relative to the incubation with the dDMPC membrane for
the same lipoprotein sample. Corresponding absolute values are found
in Supporting Information Table S4.

Overall, the quantities of lipids exchanged and removed were lower
for the unsaturated phospholipids compared to the saturated phos-
pholipids, regardless of lipoprotein type. For HDL, the amount of lipids
exchanged with the unsaturated dPC membrane was ca. 80% lower
than for saturated dDMPC. Analogously, the quantity of lipids removed
(and replaced by solvent), for the unsaturated dPC membrane was
significantly reduced compared to dDMPC (ca. 90%). For LDL, in-
cubation with unsaturated dPC membranes led to a similar reduction in
lipids exchanged as for HDL (ca. 80%). However, a smaller difference
(ca. 60%) was observed between the saturated and unsaturated phos-
pholipids removed. The absolute quantities of lipids exchanged and
removed for dDMPC were also lower for LDL than for HDL (Supporting
Information, Table S4). Both types of lipoproteins display preferential
uptake of saturated lipids as compared to unsaturated ones, although
HDL has a greater affinity for these than LDL. This is in agreement with
previous results, showing HDL to have a higher affinity than LDL for
exchanging and removing saturated lipids [16].

3.2. Effect of cholesterol in model membranes

Endothelial cellular membranes contain between 10 and 20 mol% of
cholesterol [46]. Consequently, we investigated the effect of 10 or
20 mol% cholesterol on the capacity of lipoproteins to exchange lipids
from model membranes (Fig. 2). The presence of cholesterol reduces
the quantity of lipids exchanged and removed by HDL. For cholesterol-
containing saturated membranes, there was an inverse relationship
between the quantity of lipids exchanged and the amount of cholesterol
in the model membrane. The presence of cholesterol also reduced the
amount of lipids removed compared to dDMPC alone. In contrast, the
presence of cholesterol in unsaturated dPC membranes did not affect
the extent of lipids exchanged, while the amount removed was slightly
increased.

A slightly different trend was observed in the presence of LDL. For
saturated dDMPC membranes, exchange in the presence of 20 mol%
cholesterol was comparable to that for dDMPC alone, while the quan-
tity of lipids removed decreased with increased levels of cholesterol in
the membranes. For unsaturated dPC containing 20 mol% cholesterol,
there was little effect on the level of lipids exchanged as compared to
the unsaturated dPC membrane alone. However, the amount of lipids
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removed by LDL decreased when including 20 mol% cholesterol in
unsaturated phospholipid membranes.

3.3. Effect of lipid exchange by LDL as a function of LDL composition

Fig. 3 compares absolute values of lipid exchange according to li-
poprotein particle content (the fat and protein content in the HDL and
LDL fractions hereby used are given in Supporting Information Table
S1). As seen, an increase in lipid exchange was found with increasing
protein content in LDL, paralleled by a decreasing total fat content
(cholesterol and triglyceride). In contrast, no pronounced dependency
on lipoprotein composition was seen for phospholipid removal from the
membrane (Supporting Information Table S4). For HDL, in turn, lipo-
protein composition had only minor effects on lipids both exchanged
and removed (Supporting Information Table S4).

In these experiments, the protein concentration was kept constant.

This implies that the increase in protein content across the particles
corresponds to a decrease in particle size, assuming a constant number
of proteins per particle [47]. Thus, smaller LDL particles seem to have
an improved ability to exchange lipids. This is well in line with clinical
observations, in which smaller sized LDL sub-fractions were reported to
display higher atherosclerotic effects, which can more easily penetrate
artery walls and become a source of fat and cholesterol for the devel-
opment of plaque [48,49].

3.4. Effect of headgroup deuteration on lipid exchange and removal by HDL

Since deuteration is a pre-requisite for performing these studies, we
investigated the effect that the degree of headgroup deuteration have
on lipid exchange by HDL. Fig. 4 gives the percentage of lipids ex-
changed or removed by HDL in model membranes consisting of either
dPC (composed of a mixture of unsaturated PC and cyclopropane-con-
taining PC), perdeuterated POPC (dPOdPC) or tail-deuterated POPC

Fig. 2. Relative lipid exchange and removal for HDL or LDL particles interacting with membranes formed with saturated (dDMPC) and unsaturated (dPC) phos-
pholipids with and without cholesterol. Results are shown for HDL (A, B) and LDL (C, D) regarding exchange (A, C) and removal (B, D).

Fig. 3. Exchange of dDMPC by LDL as a function of the protein and total fat
content of the latter.

Fig. 4. HDL-induced lipid exchange and removal, for unsaturated dPOdPC, dPC
and dPOhPC.
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(dPOhPC). These deuterated phospholipids have different levels of
deuteration in their phosphatidylcholine groups: 100%, 78%, and 0% in
dPOdPC, dPC, and dPOhPC, respectively. Since the experimental tem-
perature ensured full fluidity in all model membranes, the interaction
data highlight the difference in the exchange and removal induced by
deuteration of the headgroup of the model membranes. We found that
the higher level of deuteration in the headgroup correlated to a stronger
capacity of HDL to exchange lipids. However, phospholipid removal
from the membrane (i.e., lipids being replaced by solvent) is not sig-
nificantly influenced by headgroup deuteration, all samples showing
0.5–2.5% phospholipid removal from the model membranes. Hence,
headgroup deuteration does have an effect on this type of exchange
study in terms of absolute values of lipids exchanged. This can be ex-
plained by deuteration affecting bond vibrations, molecular motions
and hydrogen bonding. Thus, we hypothesise that specific protein-lipid
interactions are directly involved in the recognition of lipids within the
model membrane by lipoproteins [50,51]. In particular, the minor ef-
fects observed for dPC as compared to dPOhPC could be correlated with
this lipid having deuteration only on the amine methyl groups of the
phosphatidylcholine headgroup [23], these amine group is not involved
on hydrogen bonding. Even though deuteration in the headgroups
could impact lipid-protein interactions, deuteration in the lipid tails can
be used with no influence on the exchange data since these are not
involved on specific interactions with apolipoproteins in LDL or HDL.

4. Discussion

Summarising the lipid exchange data for dDMPC with HDL and LDL
(Table S4), and comparing these with previously reported data [19], we
note that the absolute quantities are similar for most preparations and
thus there is good reproducibility despite small variability in the lipo-
protein composition. For HDL, the absolute quantities of lipids removed
and exchanged are within error to those reported by Browning et al.
[19]. For LDL, on the other hand, we observe a dependency of lipid
exchange with the lipoprotein composition for denser LDL (Fig. 3).
Therefore, our results suggest that lipoproteins have similar capacities
to exchange and remove lipids, except for LDL with total protein con-
tent lower than 30%. This implies that the pooled LDL samples (pre-
senting higher lipid exchange capacity) could be enriched in the more
atherogenic [52], smaller and denser type of LDL, even though the
individuals were considered to be healthy. Thus, our data may reflect
the properties of different LDL sub-types to exchange fats [14]. This is
the first time that differences in lipid exchange capacity have been
reported for LDL fractions presenting distinctive compositions.

Our data clearly show that the saturation level of the phospholipids
present in the bilayers strongly affects the ability of lipoproteins to
exchange and further remove lipids from model membranes (Fig. 2).
This is seen most prominently with HDL. The difference in the ease of
lipid removal may be attributed to protein-lipid binding affinity of HDL
and LDL particles with the model membranes. Indeed, the conformation
of the protein present in reconstituted HDL particles greatly impacts
lipoprotein binding affinity for unsaturated phospholipids [53]. The
lipoprotein particle composition may impose conformational restric-
tions on apolipoproteins, which could translate as modified binding to
lipid molecules present in the model membranes. It may also be noted
here that HDL therapy, based on the re-modelling of the plaque by fat-
poor HDL, results in a decrease of both saturated fats and cholesterol in
atherosclerotic plaque [54,55], although studies suggest that the total
amount of HDL alone does not suppress the risk for atherosclerosis [11].
This highlights the need to understand which molecular properties of
HDL contribute to its lipid exchange capacity.

The different affinity for saturated and unsaturated phospholipids
may be related to their different mobility. A recent inelastic neutron
scattering study showed that saturated phospholipids have greater
mobility both in the fluid and gel phases compared to unsaturated
phospholipids [56]. Our data show that saturated lipids are more easily

taken up by lipoproteins compared to unsaturated fats. Thus, lipids with
greater mobility seem to be more accessible to lipoprotein binding, in
turn facilitating lipid exchange. Earlier studies for lipid exchange be-
tween lipid aggregates (bicelles versus vesicles) showed that lipid ex-
change strongly depended on the length of the acyl chain as well as the
type and size of the lipid aggregate [57]. However, these experiments
were performed at 10 °C at which strong van der Waals interactions are
expected. Moreover, in these experiments the molecular identity of the
lipid aggregates did not change over time (bicelles exchange lipids with
bicelles of the same composition or vesicles exchange lipids with ve-
sicles of the same composition). This is clearly not the case for our
experiments where lipids from the lipoproteins (presenting a very
complex lipid type and acyl chain composition as measured by lipi-
domics [17]), replace the model membrane lipids, and vice versa. Thus,
the findings from the present study on increased exchange and removal
of saturated lipids add important new insight into lipid exchange be-
tween lipoprotein and lipid membranes.

The presence of cholesterol in the model membranes impacts the
quantity of lipids exchanged and further removed. As with the level of
saturation, this is most noticeable in the presence of HDL (Fig. 2). The
normal cholesterol content in plasma membranes is 10–20 mol% [46].
Even though cholesterol is known to increase the order and hydro-
phobicity of membranes [46,58], differential scanning calorimetry
(DSC) data of the model membranes hereby used (Supporting In-
formation, Fig. S3) indicate that these membranes are fluid at 37 °C, in
agreement with literature [59]. It is possible, however, that the cho-
lesterol suppresses the mobility of saturated phospholipids to form li-
quid ordered bilayers, as previously demonstrated from in-plane dif-
fusion studies [60]. At the same time, however, cholesterol may induce
complex local ordering and other effects as well [61], which may in-
fluence lipoprotein-membrane lipid exchange. Experimentally, we did
not observe any systematic trends for either lipoproteins due to cho-
lesterol (Fig. 2), thus, it is unlikely that the effects observed are related
alone to decreased mobility in the model membrane by increased
cholesterol content. Furthermore, cholesterol molecules were reported
to interact preferentially with saturated phospholipids [62,63]. Ad-
ditionally, LDL was shown to bind preferentially to raft domains, rich in
saturated fats and cholesterol [64], and to modify the cell membrane
area covered by rafts [65]. Therefore, it seems likely that specific in-
teractions between the apolipoproteins in the lipoproteins and the li-
pids in the model membrane determine the exchange of fats observed.
We observed different lipid exchange by denser LDL (Fig. 3), suggesting
that the properties of ApoB-100 (the main apolipoprotein in LDL) may
be influenced by LDL density. Indeed, it was reported that small and
medium-sized LDLs have altered epitopes between ApoB-100 residues
4342 and 4536, as compared with VLDLs, IDLs, and large LDL [47]. The
altered expression of these epitopes in small and medium dense LDL
coincides with altered accessibility of protease-sensitive sites elsewhere
in the ApoB structure [66]. These findings suggest a major change in
the configuration of the ApoB on the LDL surface due to increased
density. Moreover, the sequence region that includes these epitopes is
believed to form alpha helices which are the motives found in the ex-
changeable apolipoproteins (mainly A, C, E) that are known to bind
lipids [67]. Indeed, we showed recently that lipoprotein binding to the
model membrane is an important step for lipid exchange, since the
exchange via solution or via simple collision is limited [17]. Such direct
contact might favour protein-lipid interactions. However, further stu-
dies with reconstituted lipoproteins using specific apolipoproteins are
needed to clarify this point.

Although debated, it has been shown that whilst dietary cholesterol
intake does not in itself increase the risk of CVD [68], the intake of
dietary saturated fats increases the risk of CVD [69]. Conversely, the
replacement of saturated fats with mono- and polyunsaturated ones has
been found to decrease the risk of CVD [70]. Such replacement has
further been shown to lower total cholesterol, LDL cholesterol, and
triglyceride levels in blood [70,71]: known markers for CVD risk
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[49,72,73]. Furthermore, a diet with increased fat content has been
shown to induce HDL production and also result in an increase in the
total liver cholesterol content [74]. Mirroring this, our data show effi-
cient lipid removal of unsaturated phospholipids also in the presence of
cholesterol. Therefore, cholesterol intake together with a fatty diet
based on unsaturated fats may give rise to high HDL values despite high
cholesterol values in the liver. In contrast, as suggested by a pro-
nounced effect of cholesterol content in saturated membranes in the
present investigation as well as an overall large lipid exchange in the
case of saturated phospholipids, a diet rich in saturated fats and cho-
lesterol may result not only in high cholesterol values, but also affect
HDL exchange in atherosclerotic plaque remodelling.

While neutron reflectivity provides novel insight on lipid exchange
and removal on lipoprotein interactions with bilayers of different sa-
turation and cholesterol content, it should be recognized that these
findings have been observed for highly simplified models, which ob-
viously do not fully represent the full biological system. For example,
DMPC is present in endothelial membranes only in very small quan-
tities, and DPPC would have represented a physiologically more re-
levant lipid. However, the melting temperature of the latter lipid is
41 °C, and DPPC is therefore not fluid at 37 °C. To use another tem-
perature than 37 °C is unsuitable not only from a physiological re-
levance perspective, but also since other temperatures might induce
phase transition of the core in low density lipoproteins to become gel-
like [40]. Sphingomyelin, in turn, has a high melting temperature but
currently we lack known biosynthetic/organic approaches for its
deuterated form. The use of DPPC or ideally sphingomyelin in combi-
nation with POPC and cholesterol can give rise to “raft like” domains
which are of interest to study in the future due to their biological re-
levance. Furthermore, deuteration in the backbone of the phosphati-
dylcholine headgroup has some effect on lipid exchange, which also
demonstrates a limit on to how far one should draw the comparison
with the full biological system endorsing the use of mainly tail deut-
erated lipids instead. With such considerations in mind, however, it
seems clear that the experimental approach taken captures key effects
of lipid saturation and presence of cholesterol for lipoprotein-associated
lipid exchange and removal, well suited for comparison with biological
results of larger biological relevance, but for which mechanistic studies
are precluded.

5. Conclusions

In this work, we present data of lipid exchange between pooled li-
poprotein fractions extracted from human blood (of healthy donors)
and model membranes composed of either saturated or unsaturated
phospholipids, in the presence or absence of cholesterol. Despite the
simplicity of the model system, the exchange data mirror key clinical
findings since: 1) HDL was found to remove lipids to a larger extent
than LDL, 2) saturated fats were cleared to a larger extent by HDL than
by LDL, while the presence of cholesterol in the membrane significantly
reduced the ability of lipoproteins to exchange lipids, 3) lipoproteins
present low affinity for unsaturated phospholipids which explains why
HDL therapy is able to re-model plaque composition, and 4) denser LDL
(with higher protein content) deposit more lipids on model membranes
in agreement with the atherogenic characteristics of smaller and denser
LDL sub-fractions. This suggests that the approach captures key phy-
siological aspects of atherosclerotic plaque formation, while still al-
lowing the mechanisms of lipid exchange to be investigated in detail. As
such, it can likely be applied to unravel mechanistic information and to
investigate other contexts relating to atherosclerosis such as LDL frac-
tions arising from patients with a defined clinical condition such as high
cholesterol, high triglyceride, or presence of lipoprotein(A); and to
determine the capacity of these fractions to deposit and remove fats, as
well as systematic studies with reconstituted HDL fractions of known
composition both in terms of lipids and apolipoproteins.
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Table S1. HDL and LDL composition in % mass. 

HDL LDL 

Prep. 1 Prep. 2 Prep. 3 Prep. 1 Prep. 2 Prep. 3 

Protein 77.7 ± 0.6 54.8 ± 0.3 65.8 ± 0.4 30.9 ± 0.6 27.3 ± 0.6 35.6 ± 0.2 

Cholesterol 19.0 ± 0.8 42.3 ± 0.5 27.7 ± 0.7 61.8 ± 1.3 61.1 ± 0.9 54.9 ± 0.4 

Triglyceride 3.3 ± 2.8 2.9 ± 1.5 6.5 ± 2.2 7.3 ± 0.5 11.6 ± 3 9.6 ± 1.2 

Table S2. Lipid composition for each model membrane exposed to either HDL or LDL. A 
letter (superscript) identifies the lipid composition of the model membrane and the 
lipoprotein used for the neutron reflection data (Figure S1) and parameters (Table S3 
and Table S4) for best fits. 

HDL LDL 

Prep. 1 

FIGARO 

Prep. 2 

OFFSPEC 

Prep. 3 

INTER 

Prep. 1 

INTER 

Prep. 2 

FIGARO 

Prep. 3 

INTER 

dDMPC1.A 

(INTER) 

dDMPCE dPOdPCG dDMPC1.I dDMPCJ dDMPCM 

dDMPC 

10%dcholB

dDMPC 

20%cholF

dPOhPCH dDMPC 

10%dcholK

dPCN 

dPCC dDMPC 

20%dcholL

dPC 

20%cholO

dPC 

10%dcholD

1. Browning KL, Lind TK, Maric S, Barker RD, Cárdenas M, Malmsten M. Effect of bilayer
charge on lipoprotein lipid exchange. Colloids Surfaces B Biointerfaces. 2018;168:117-125.
doi:10.1016/j.colsurfb.2018.01.043

All NR data, best fits and SLD profiles are given below for each substrate before and after 
exposure to lipoproteins following the nomenclature in Table S2. The parameters used 
for the best fits are given in Table S3 and S4 prior and after 8H of lipoprotein incubation, 
respectively. The range of errors for the values is given at the top unless otherwise 
stated. The roughness across all the bilayers were between 4-6 Å. Values were allowed 
to vary unless otherwise stated.  



Table S3.  Parameters for pristine SLBs. 

Bilayer Layer Thickness (Å) 
E± 0.1-1 

SLD (*10-6 Å-2) 
E± 0.01-0.3 

Solvent (%) 
E± 0.5-5 

A1 
Inner Head 9.3* 1.89* 42* 

Tail 26.4* 6.58* 0* 
Outer Head 9.3* 1.89* 42* 

B 
Inner Head 9 1.89* 49 

Tail 30 6.75 8 
Outer Head 9 1.89* 49 

C** Bilayer 43.5 6.1 7.2 

D** Bilayer 43.8 6.18 4.9 

E 
Inner Head 8 1.89* 23.4 

Tail 26 6.7 2 
Outer Head 8 1.89* 23.4 

F 
Inner Head 10 1.89* 37 

Tail 29.4 6.78 1.3 
Outer Head 10 1.89* 24 

G 
Inner Head 8.2 6.1* 17.4 

Tail 24.5 6.29 4.8 
Outer Head 8.2 6.1* 17.4 

H 
Inner Head 6.7 1.89* 25.8 

Tail 29.2 6.3 0.8 
Outer Head 6.7 1.89* 25.8 

I1 
Inner Head 9.1* 1.84* 42* 

Tail 27.5* 6.58* 0* 
Outer Head 9.1* 1.84* 42* 

J 
Inner Head 6.9 1.89* 20.1 

Tail 26.6 6.7 1.3 
Outer Head 6.9 1.89* 20.1 

K 
Inner Head 7.1 1.89* 7.7 

Tail 28 6.8 1.8 
Outer Head 7.1 1.89* 7.7 

L 
Inner Head 6.9 1.89* 19 

Tail 32.7 7 2.9 
Outer Head 6.9 1.89* 19 



M 
Inner Head 7.1 1.89* 8 

Tail 24.4 6.7 0.8 
Outer Head 7.1 1.89* 8 

N 
Inner Head 7.2 6.1* 14 

Tail 27.3 6.1* 3.2 
Outer Head 7.2 6.1* 14 

O Inner Head 8.2 6.2* 20.6 
Tail 30.8 6.2* 4.5 

Outer Head 8.2 6.2* 20.6 
*Values fixed during fitting process (or previously reported – Bilayers A and I, ref 1)

** For dPC and dPC with 10 mol% cholesterol, the SLD is constant for heads and tails 
and equally good fits are obtained for a three layer or a one layer model. 

Table S4.  Parameters for SLBs after 8H incubation with lipoproteins and absolute 
exchange and removal values. SLBs were exposed to HDL/LDL preparations as given in 
Table S2. Note that total deuterated lipid removal is the sum of both the exchanged and 
the further removal (i.e., replaced with solvent) while the deposited hydrogenated lipids 
equals the exchanged. 

Bilayer Layer Thickness 
(Å) 

E± 0.1-1 

SLD (*10-

6 Å-2) 
E± 0.1-0.3 

Solvent 
(%) 

E± 0.5-6 

% Lipids 
Exchanged 

% Lipids 
Removed 

A1
Inner Head 8.8* 1.84* 62* 

31 ± 1 8 ± 2 Tail 28.6* 4.47* 9* 
Outer Head 17.3* 1.84* 63* 

HDL 87.5* 2.02* 97* 

B 
Inner Head 10 1.89* 50 

21 ± 1 15 ± 3 Tail 28 5.3 23 
Outer Head 12 1.89* 39 ± 8 

HDL 52 ± 2 2.02* 94 

C** Bilayer 43.3 5.76 9.6 5 ± 0.2 2.4 ± 0.2 

D** Bilayer 43.6 5.85 11.7 5 ± 0.2 6.8 ± 0.2 

E 
Inner Head 8 1.89* 38 

33 ± 1 42 ± 8 Tail 31 4.43 44 
Outer Head 8 1.89* 38 

HDL 60 ± 8 2.02* 97 

F 
Inner Head 9.1 1.89* 60 

19 ± 1 25 ± 8 Tail 31.3 5.4 26 
Outer Head 8.7 1.89* 40 

HDL 50 ± 5 2.02* 98 



G  
Inner Head 6.8 6.1* 8 

12.55 ± 
0.07 

3 ± 1 Tail 26.8 5.5 4.8 
Outer Head 6.8 6.1* 8 

HDL 155 ± 5 2* 97 

H 
Inner Head 6.6 1.89* 23 

3.2 ± 0.01 1 ± 0.7 Tail 28.6 6.1 1.6 
Outer Head 6.6 1.89* 23 

HDL 146 ± 8 2* 98.9 

I1 
Inner Head 9.1* 1.84* 64* 

30 ± 1* 0 ± 2* Tail 27.5* 4.51* 0* 
Outer Head 17.3* 1.84* 65* 

LDL 75* 2.12* 96* 
LDL 80* 2.12* 98* 

J 
Inner Head 9 1.89* 19 

16.29 ± 
0.06 

18.5 ± 0.3 Tail 29.8 5.6 19.7 
Outer Head 9.2 1.89* 21 ± 14 

LDL 73 ± 4 2* 93 
LDL 117 ± 4 2* 95.2 

K 
Inner Head 7.4 1.89* 27 

22.7 ± 0.3 11 ± 1 Tail 31.4 5.2 12 
Outer Head 11.2 1.89* 37 

LDL 73 ± 4 2* 89.2 
LDL 131 ± 6 2* 95.3 

L 
Inner Head 12.1 1.89* 25 

16.9 ± 0.2 7.5 ± 0.7 Tail 35.1 5.8 10.3 
Outer Head 9.2 1.89* 32 ± 7 

LDL 71 ± 3 2* 94 
LDL 106 ± 5 2* 95.3 

M 
Inner Head 7.3 1.89* 25.1 

33.7 ± 0.4 8 ± 2 Tail 28.8 4.3 9.1 
Outer Head 9.6 1.89* 24 ± 9 

LDL 69 ± 5 2* 94 
LDL 141 ± 7 2* 97.4 

N 
Inner Head 7.7 5.5 12 

5.6 ± 0.1 3 ± 2 Tail 26.8 5.7 7 
Outer Head 7.7 5.9 15 

LDL 75 ± 4 2* 94.7 
LDL 155 ± 5 2* 96.5 

O Inner Head 5.5 6.0 5 
Tail 28.2 5.9 5.1 4.8 ± 0.1 0.6 ± 0.2 

Outer Head 5.5 6.0 5 



LDL 66 ± 4 2* 98.9 
LDL 107 ± 7 2* 98.7 

*Values fixed during fitting process (or previously reported – Bilayers A and I, ref 1)

** For dPC and dPC with 10 mol% cholesterol, the SLD is constant for heads and tails 
and equally good fits are obtained for a three layer or a one layer model. 

Example of the quality of fitted data for one bilayer (M), before and after incubation with 
lipoprotein with SLD insets, figures S1 and S2 respectively. 

Figure S1. Pristine bilayer M pre-incubation with LDL. Data points, best fits and SLD 
curves for contrasts D2O, H2O and cmSi shown in yellow, green and blue respectively. 
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Figure S2. Bilayer M post incubation with LDL. Data points, best fits and SLD curves for 
contrasts D2O, H2O and cmSi shown in orange, green and blue respectively.  

 

 

 

Figure S3. Differential scanning calorimetry data for the lipids used showing at 37 °C all 
lipids are in the fluid phase.  
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Abstract 

Apolipoprotein E (ApoE) plays a large role in diseases such as atherosclerosis and 
Alzheimer’s. The allele variants (ApoE3 and ApoE4), differ only slightly in composition, 
varying in only one amino acid. However, this difference has drastic consequences in the 
roles they play in physiological processes. In this paper, the interaction of lipid-free ApoE 
variants with model membranes is studied as a function of saturation in the bilayer; the 
structural characterisation of reconstituted HDL-like particles is also reported; along with 
the interaction of said particles with model membranes in the presence and absence of 
cholesterol. The protein alleles interact differently with the model membranes, adopting 
different protein conformations, with ApoE3 varying depending on saturation of the 
bilayer also. The ApoE based lipid particles form elliptical disc like structures, similar to 
nascent or discoidal HDL. The ApoE based particles when interacting with model 
membranes do not remove cholesterol but rather exchange saturated lipids, as seen in the 
brain, whereas ApoA1 based particles remove and exchange lipids to a greater extent as 
seen elsewhere in the body.  
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1. Introduction 

Disorders in lipid metabolism are related to a range of diseases, among them 
atherosclerosis and Alzheimer’s disease (AD). In atherosclerosis, the leading cause of 
death in western society, high levels of high density lipoproteins (HDL) are thought to 
have counter-atherosclerotic properties1. However, the presence of HDL has more 
recently been shown to play a neutral2 or even negative3 role in aiding the prevention of 
this disease. While HDL has been used to help combat the onset of atherosclerosis (via 
HDL therapy or plaque remodelling therapy)4,5, some recent medical trials have proved 
to be disappointing due to lack of effectiveness against atherosclerosis6,7.  

In general, HDL consist of a core of triglycerides and cholesterol esters, encased in a 
monolayer of lipids and cholesterol surrounded by protein. There are many different 
subclasses of HDL each with slightly varying size and composition8: in particular, the lipid 
poor, nascent HDL (also known as Pre-HDL) is thought to be discoidal in shape and it 
transforms into a spherical, mature HDL particle upon esterification of cholesterol and 
transfer, into its lipid core. While ApolipoproteinA1 (ApoA1) constitutes around 70% of 
total protein content in human serum, there are various other proteins which are also key 
to the structure and function of HDL particles8. One of these is ApolipoproteinE (ApoE)9 
which is found on most HDL particles but mainly on the largest, most buoyant mature 
particles (HDL2) that contain triglycerides and are lipid rich10. ApoE is also the most 
commonly found apolipoprotein in cerebrospinal fluid11. It plays a large role in 
cholesterol transport while maintaining a local homeostasis of cholesterol within the 
brain12. 

ApoE has three alleles: E2, E3 and E4 varying at only two amino acid residues, 112 and 
158 (E2: 112Cys, 158 Cys; E3: 112Cys, 158Arg; E4: 112Arg, 158Arg)13. These differences 
largely contribute the proteins’ structure and function and therefore can determine 
specific contributions to their behaviour in the body14,15. These differences are most 
notably apparent in the roles they play in certain diseases such as atherosclerosis and AD. 
The presence of ApoE2 is associated with very low risk of AD16,17 and generally thought 
to be protective against atherosclerosis, however is also linked to type III 
hyperlipoproteinemia and in such cases leads to reduced binding to the LDL receptor in 
turn impairing the ability to clear triglyceride rich VLDL remnants from plasma and giving 
rise to increased atherosclerotic risk. On the other hand, ApoE3 is neutral and ApoE4 is 
indicative of both atherosclerotic advancement and the onset of AD15. Understanding 
their differences in interaction with membranes is key to understanding the specific roles 
they play in these developments.  

The roles of lipoproteins in the development of atherosclerosis and (most likely) in AD, 
heavily involves lipid exchange. Indeed, cholesterol and other lipids were found to coexist 
in amyloid plaques in the brain18. The type of lipid exchange occurring – namely 
deposition or removal – highly depends on the lipoprotein type present19. Previously HDL 
was shown to remove lipids from the cell membrane which gave rise to the idea behind 
HDL therapy. Reconstituted HDL, comparable to discoidal pre-HDL, exhibits similar lipid 
transfer properties to that of mature HDL20. To mimic this, discoidal nanoparticles of 
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phospholipids solubilised by encircling ApoA1 are used as artificial HDL, also known as 
reconstituted HDL (rHDL), and are used as one of the strategies in HDL therapy4,5. Another 
approach is the use of ApoA1-like peptides to replicate the function of the rHDL21,22. While 
less is known about the lipid exchange properties of ApoE, some promising results have 
shown ApoE-based rHDL to be a potential route to explore for athereosclerosis treatment 
upon further testing23. 

In this paper, the interaction of ApoE3 and ApoE4 with saturated or unsaturated 
supported lipid bilayers (SLBs) is first explored using neutron reflectometry (NR). ApoE 
shares a similar structure to ApoA1 but is larger (34 kDa compared to 28 kDa)24. ApoE is 
able to solubilise lipids in a similar way but the rHDL structure is less characterised in the 
literature as for ApoA1. Here, the formation and structural characterisation of ApoE based 
rHDL is followed with small angle neutron scattering (SANS), and their subsequent 
interaction with SLBs is explored by NR. As ApoE is the main apolipoprotein in the brain 
and there is a local homeostasis of cholesterol, the bilayers in question are in the absence 
and presence of cholesterol to determine the potential differences between these 
interactions. Comparisons are done to ApoA1 based rHDL and mature HDL pooled from 
three healthy male volunteers25.  

 

2. Materials and Methods 

Materials 

MilliQ water (18.2 Ω cm-1) was used for all experiments, solvent preparations and cleaning 
procedures. D2O (99.9% deuterated, Sigma-Aldrich) was provided by the Institut Laue-
Langevin (ILL), Grenoble, France. Bradford, calcium chloride (CaCl2) and Tris buffer saline 
tablets were from Sigma-Aldrich. Tris buffer (50 mM Tris, 150 mM NaCl, pH 7.4) was 
prepared by dissolving a tablet in H2O or D2O as specified by the producer. 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (hDMPC; >99%), 1,2-dimyristoyl-d54-sn-
glycero-3-phosphocholine (dDMPC; >99%) and cholesterol (h-cholesterol; >98%) were 
from Avanti Polar Lipids (Alabaster, AL). 1-palmitoyl, 2-oleoyl-sn-glycero-3-
phosphocholine (POPC) in tail-deuterated form (dPOhPC, d67; overall tail deuteration 
95%) were provided by the deuteration facility at ANSTO, produced and purified as 
previously described26. 

 

Protein Expression and Purification 

Plasmids containing ApoE3 and ApoE4 were transferred into BL21DE3 Escherichia coli 
cells with ampicillin resistance. Cells were cultivated in Terrific Broth (TB) medium 
(12 g L-1 tryptone, 24 g L-1 yeast extract, 4 mL L-1 glycerol, dipotassium phosphate 9.4 g L-

1 and potassium dihydrogen phosphate 2.2 g L-1) at 37 °C. When cultures reached an 
OD600 nm of 0.6-0.8, protein expression was induced with 1mM isopropyl-beta-
thiogalactopyranoside (IPTG) and incubated for a further 90 min. The cells were then 
harvested by centrifugation (19000 rpm, JLA 9.1000 rotor 20 min, 4 °C) after which the 
cell pellets were resuspended in TBS buffer and sonicated on ice for 10 min (50% power, 
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30 sec on, 30 sec off). DMPC suspended in water was added to the protein at a 
concentration of 100 mg per 1 L culture and dialysed against TBS at room temperature 
overnight. The DMPC is added to protect the hinge region of ApoE when cleaving with 
thrombin. After dialysis, thrombin was added in excess for 6 h at 24 °C. The sample was 
verified by SDS-PAGE to ensure all fusion protein had been cleaved. Potassium bromide 
was added to the ApoE-DMPC mixture to a density of ~1.21 g mL-1. Ultra-clear tubes 
(Beckman) are filled two-thirds with a ~1.12 g mL-1 density solution (16% w/v potassium 
bromide solution dissolved in 20 mM Tris pH 7.4 and 0.05% w/v sodium azide) and 
underlayed with the lysate solution. Samples were spun for 16 hours at 38000 rpm in a 
SW41 rotor (Beckman) at 15 °C with the break off to preserve the gradient. The resulting 
‘floating pellet’ was recovered and dialysed against TBS to remove the potassium bromide 
salts. The ApoE-DMPC complexes were lyophilised and can be frozen at this point. When 
fresh protein is required the pellets are delipidated against methanol and resuspended in 
6 M Guanadine Hydrochloride (GuHCl) 50 mM Tris pH 8 and 0.5% beta-mercaptoethanol 
(BME), dialysed against 4 M GuHCl, 10 mM Tris pH 7.5, 1 mM EDTA and 0.1% BME; further 
against 0.1 M ammonium bicarbonate; and finally into TBS. The protein is then purified 
via gel-permeation column chromatography on 2 S200 columns in series and ready to use.  

 

Protein-Lipid Particle Production and Purification 

To form the ApoE-DMPC particles equal volumes of fresh protein are mixed with freshly 
extruded hDMPC vesicles at a final molar ratio of 1:100 ApoE:DMPC. The hDMPC vesicles 
were extruded 41 times using an Avanti extruder and a filter of 100 nm pore size 
(Millipore). The solution is left at 24 °C for 12 hours or overnight. Verification of the 
particle formation is carried out via dynamic light scattering (DLS) due to a slight 
reduction in the peak intensity for the 100 nm vesicles and the presence of a small peak 
at roughly 10-15 nm. The rHDL particles are purified via gel-permeation column 
chromatography using a Superose 6 10/300 column. 

 

Deuterated Cholesterol Production 

The production of tailor deuterated cholesterol made use of the Deuteration Laboratory 
within the Life Sciences Group27 at the ILL. Matchout-deuterated cholesterol (mo-
cholesterol) was produced and purified as reported previously28. The Pichia pastoris 
strain CBS7435 Δhis4Δku70 Δerg5::pPpGAP-ZeocinTM-[DHCR7] Δerg6::pGAP-
G418[DHCR24] was grown in 100% deuterated basal salts medium in the presence of 
non-deuterated glycerol as the sole carbon source. The batch phase was complete after 7 
days in a fermenter at 28 °C; the fed-batch phase was initiated by constant feeding of 
glycerol for a further 12 days. The cells were harvested and then isolated using an organic 
solvent extraction method followed by HPLC to obtain pure cholesterol, verified by GCMS.  
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Model Membrane Preparation 

Lipid films were prepared from chloroform stocks of DMPC, POPC, h- and mo-cholesterol. 
The films were dried under a stream of nitrogen and placed under vacuum overnight. 
Before use, the lipid films were hydrated in MilliQ water and bath sonicated for 1 h. 
Immediately prior to injection the lipids were tip sonicated for 5 min (20% power, 5 sec 
on, 5 sec off), mixed with an equal volume of 4 mM CaCl2 and injected into the pre-
equilibrated NR solid-liquid flow cells by syringe port19,28. The presence of 2 mM CaCl2 
and concentration of 0.1 mg mL-1 of lipids were used to optimise vesicle fusion29,30. The 
lipids were incubated for 20 min before rinsing with water, followed by 50 mM Tris saline 
buffer, pH 7.4.  This process leads to a supported lipid bilayer or ‘model membrane’. 

 

Scattering 

SANS and NR data were collected, where scattered intensity and reflectivity, respectively, 
as a function of momentum transfer, q=4πsin(ϴ)/λ, were measured, where ϴ and λ are the 
incidence angle and neutron radiation wavelength respectively. 

 

Neutron Reflectometry 

Neutron reflectometry data were collected on FIGARO31,32, a time-of-flight reflectometer, 
at the ILL (Grenoble, France). Momentum transfer ranges of 0.01 > q > 0.3 Å-1 were 
measured using wavelengths 2 < λ < 20 Å and two incident angles, 0.8° and 2.3°, with a 
spatial resolution (∆q/q) of 7%. The area exposed to the neutron beam was 30 x 60 mm2. 
Specular reflection was used to obtain a scattering length density (SLD) profile 
perpendicular to the surface. The experiments were carried out in reflection-up mode to 
ensure no aggregated particles could settle on the surface being measured. 

The silicon (111) blocks were treated with Piranha solution (H2SO4:H2O2, 7:3) for 10 min 
at 80 °C before extensive rinsing with MilliQ water. The polyether ether ketone (PEEK) 
and O-ring components of the cells were thoroughly cleaned in Hellmanex 2% (v/v) 
solution and MilliQ water twice via bath sonication, with rinsing of MilliQ water between 
each sonication. Solvent contrasts were changed in situ via HPLC pump. Three contrasts 
were used: 100% h-Tris (Tris made using H2O), 100% d-Tris (Tris made using D2O) and 
38% d-Tris or cmSi (Tris made using 38% D2O) to contrast-match the silicon block.  

The MOTOFIT programme33 was used to fit the experimental data and the Monte Carlo 
minimisation algorithm within the software was used to determine the error of the fits. 
The three contrasts were fitted simultaneously to constrain the fit. The clean silicon 
surfaces were characterised initially to determine the thickness and roughness of the 
oxide layer and were then used alongside the three buffer contrasts to fit the model 
membranes. This resulted in either a four- or five-layer model for the membranes, where 
some samples required an extra solvent layer between the silicon oxide and the bilayer. 
The bilayer itself was fitted to be symmetrical and was split into three layers: an inner 
headgroup (closest to the silicon surface), a tail region and an outer headgroup (exposed 
to the buffer contrast). The symmetry of the bilayer allowed the thickness, coverage and 
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SLD of the headgroups to be the same for both, and the roughness was constrained across 
all regions of the bilayer.  

After the bilayers were characterised, the ApoE protein or protein-lipid particles were 
introduced into the solid-liquid flow cells via syringe pump at a rate of 1 mL min-1. The 
concentrations of the protein and protein-lipid particles were 0.075 mg mL-1 and 
0.132 mg mL-1 respectively. After either 6 or 8 h of incubation, the bilayers were rinsed 
with buffer and re-characterised in all buffer contrasts. 

When fitting the bilayers post-interaction, the initial parameters were used as a starting 
point and the silicon oxide layer was kept constant. For some bilayers, the thickness of the 
head and tail regions also remained constant allowing only the solvent and SLD values to 
vary. However, this approach gave no suitable fits for some other bilayers forcing the use 
of the thickness of these regions as an additional fitting parameter. An extra layer on top 
of the bilayer was necessary in all cases corresponding to either the protein or rHDL 
particles still attached to the bilayer.   

 

Small Angle Neutron Scattering  

Small angle neutron scattering data were collected on the D11 instrument at the ILL. The 
experiments were carried out at 25 °C with a momentum transfer range of 0.002 < q < 
0.3 Å-1 by using detector distances of 1.5, 8 and 39 m.  

The protein-lipid particles were measured in three contrasts: 100% h-Tris, 100% d-Tris 
and 42% d-Tris to contrast-match the protein. The data were corrected for the empty cell, 
background and used in absolute scale compared to the direct beam measurement. The 
cells were 1 mm thick quart glass Helma SANS cuvettes and the data reduction was carried 
out using BerSANS. The SasView programme was used to fit the experimental data. The 
three contrasts were fitted simultaneously to constrain the fit.  

 

3. Results 

This work follows three main parts: the use of NR to study the interaction of 
apolipoproteins with model membranes; the use of SANS to study the structure of 
protein-lipid complexes; and the use of NR to study the interaction of said complexes with 
model membranes.  

NR and SANS are techniques that can distinguish between deuterated and non-deuterated 
components. Therefore, the use of deuteration in samples allows highlighting of certain 
components and the buffer contrasts enable differences to be seen. In both interaction NR 
studies, the model membranes are made up of tail-deuterated lipids and, in some 
membranes, the presence of non-deuterated or matchout-deuterated cholesterol. The 
injected protein or protein-lipid particles are fully non-deuterated. The differences 
between the components allows the level of interaction to be determined. The change in 
the SLD of the tail region gives information on the level of protein incorporation or lipid 
exchange, while the change in the solvent quantity in the tail region gives information on 
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the amount of lipids that were removed and replaced by protein or solvent. During the 
interaction process, the samples were measured in non-deuterated buffer as this gives the 
best contrast against the deuterated membrane layer, while full characterisations of the 
bilayers before and after interactions were measured in three contrasts (100% h-Tris, 
100% d-Tris and 38% d-Tris) to increase the sensitivity of the information obtained. The 
layer models describing the model membranes are determined from simultaneous fitting 
of the isotropic contrasts and allow for the analysis of the membrane composition and the 
decoupling of the information regarding protein incorporation/lipid exchange and lipid 
removal as described in the methods section. Figure 1 gives pictorial representations of 
the protein and nanodisc interactions with the bilayers. Representative structural 
parameters for the pristine SLBs are summarised in Table 1 and are in agreement with 
the literature19. 

The samples measured by SANS were non-deuterated and were measured in three 
contrasts: 100% h-Tris, 100% d-Tris and 42% d-Tris. The different buffers used give 
varying levels of contrast for example the 42% d-Tris and 100% h-Tris highlights the 
lipids and the proteins respectively, whereas the 100% d-Tris buffer gives the largest 
contrast against the sample. Using all three contrasts simultaneously allows for higher 
sensitivity in the model determination.  

 

 
Figure 1. Pictorial representation of the protein incorporation into the phospholipid 
bilayer (above) and the lipid exchange between the rHDL and the phospholipid bilayer 
(below). The light grey colour represents deuterated lipids while the black colours 
represent non-deuterated lipids.  
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Table 1. Representative structural parameters for the SLB used. Corresponding NR 
profiles and best fits are given in the SI. 

 Head group 
thickness 
/Å 

Tail 
thickness 
/Å 

Headgroup 
coverage 
/% 

Tail 
coverage 
/% 

Mean 
molecular 
area/Å^2 

dDMPC 8.98 ± 0.02 27.2 ± 0.2 62 ± 1 96 ± 1 59 ± 2 

dPOPC 8.8 ± 0.2 28.6 ± 0.4 54 ± 2 86 ± 1 73 ± 3 

dDMPC-mo 
cholesterol 

8.5 ± 0.2 32.1 ± 0.2 71 ± 1 98 ± 1 52 ± 4 

dDMPC-h 
cholesterol 

7.7 ± 0.4 30.7 ± 0.5 85 ± 5 94 ± 1 51 ± 4 

 

3.1 Protein interaction with model membranes 

The binding of ApoE3 or ApoE4 to SLBs made of saturated or unsaturated phospholipids 
was followed by NR to determine if the mode or rate of interaction differed between the 
protein alleles or was affected by the saturation level in the bilayer. In general, ApoE4 has 
a slightly stronger interaction in terms of lipid removal and exchange by protein 
adsorption (reflected by the SLD change in the SLB core) than ApoE3 for saturated lipids 
but the opposite seems to be true for unsaturated lipids (Figure 2A,B). With unsaturated 
lipids, for both ApoE alleles most of the interaction happens mainly within the first three 
hours of incubation after which steady-state is reached. For saturated lipids, a slightly 
different behaviour is observed among the ApoE alleles: on one hand, ApoE3 shows a 
similar initial pattern to that of unsaturated lipids but this is followed by a slower increase 
change, possibly suggesting a gradual and slower removal of saturated lipids over longer 
time periods. On the other hand, ApoE4 follows a more linear increase with time, with 
only a slight slowing down towards the end of the incubation time (6 hours). This implies 
a difference in the mode of interaction of the proteins when interacting with saturated 
bilayers as compared to unsaturated ones, which is allele dependant.  

After the incubation period was over, NR data was collected on three isotropic contrasts 
to enable quantifying the extent of lipid removal (calculated from change in solvent 
penetration) and protein adsorption both in the SLB core and as an additional layer on 
top. This additional 28 Å layer represents most of the compact protein in a lipid-free state, 
allowing for some part to rearrange and integrate itself into the bilayer34. The main lipid-
binding region is the C-terminal35 so it is possible the protein would rearrange itself to 
allow maximum binding of lipids to this area. For membranes incubated with ApoE3, few 
changes were required from the pristine bilayer structure: the lipid head and tail 
thicknesses remained constant, while there were some changes in the lipid tail SLD and 
both head and tail solvation. On the other hand, interaction with ApoE4 also required 
changes in the head and tail thicknesses to obtain better fits to the NR data. The increased 
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modifications to the bilayers for the ApoE4 than ApoE3 follow the trend seen in the 
increased levels of embedded protein. When looking at the net lipid removal (or increase 
in solvation) and protein adsorption (due to changes in SLD of the SLB core) upon 
incubation with ApoE, both alleles remove more saturated than unsaturated lipids (Figure 
2C). Lipids are removed and replaced by protein adsorption in the bilayer core (Figure 
2D) with more protein adsorbing to unsaturated than saturated membranes. The latter in 
turn indicates that the protein is more prone to remain bound to the unsaturated 
membrane without actually removing lipids. Additionally, a further protein layer is 
formed on top of the SLB (Figure 2E). This layer has a greater coverage for ApoE3 than 
for ApoE4 regardless of membrane type. This indicates that ApoE3 preferentially 
interacts with the lipid headgroups compared to ApoE4.  Interestingly, and regardless of 
membrane type, the protein fraction that binds to the lipid core is larger for ApoE4 than 
ApoE3: 70 and 76% of the ApoE4 protein is colocalised within the core for saturated vs. 
unsaturated SLBs, while these fractions decrease to 54 and 62% when ApoE3 is used 
instead respectively. The NR data highlight a difference between the proteins that while 
interaction is preferred with the unsaturated bilayers by both ApoE alleles, the ApoE4 
isoform binds to a larger extent to the lipid core than the ApoE3 isoform and the 
conformation it takes (the fraction colocalised within the lipid core) is less sensitive to the 
type of lipid in the SLB.  
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Figure 2. ApoE interaction with saturated (DMPC) or unsaturated (POPC) SLBs: kinetics 
of lipid replacement in terms of the relevant change in SLD of the lipid core, taking into 
account solvent change also, are given for ApoE3 (A) and ApoE4 (B). Relative solvent 
changes within the bilayers (C) and protein adsorption within (D) or on top of (E) the 
SLBs upon 6 hours of incubation and rinsing with Tris buffer. The NR profiles and best fits 
are shown in the SI. 

 

3.2 ApoE-based nascent-like HDL particle structure  

rHDL made of ApoE and DMPC were prepared using the vesicle solubilisation approach 
and purified by size exclusion chromatography (Fig. 3A). The discs were structurally 
characterised by SAXS and SANS in three isotropic contrasts to highlight different parts of 
the “discs” and increase the accuracy of the fit as already mentioned (Fig 3B).  

The model adopted was that of a ‘nanodisc’ like structure consisting of an elliptical bilayer 
encased by protein and is depicted in the inset of Figure 3A, with values both fitted and 
calculated found in Table 2. These discs aim to model nascent HDL, mainly present in 
cerebrospinal fluids but also important as ApoE containing lipoproteins are responsible 
for the clearance of lipids in the liver via binding to ApoE receptors36. 
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Figure 3A. Size exclusion chromatograms for ApoE3 and ApoE4 rHDL with inset of model 
used for fitting and B. SANS data in 3 contrasts for the ApoE3 and C. ApoE4 rHDL.  

 

Table 2. Fitted and calculated parameters for the protein-DMPC particles. *Fitted 
values. ** Calculated values. *** Fixed value. 

Parameters ApoE3 ApoE4 
Radius* Å 39.6 43.3 

Ellipticity ratio* 1.8 1.5 
Protein rim thickness* Å 9 9.8 

Lipid headgroup thickness* Å 7.9 7.6 
Lipid core thickness*** Å 28 28 

Short-long axis disc diameter** Å 97.2-160.6 106.2-149.5 
Disc circumference** Å 417 407 

No. amino acids** 278 272 
Area per Lipid** Å2 55.9 55.9 

No. Lipids per leaflet** 159 158 
No. Proteins per disc** 2 2 

 

ApoE3 ApoE4 

B C 

A 
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The calculated values from Table 1 are determined as follows. The equation used for 
circumference determination takes into account the ellipticity of the particles as used 
previously37: 

Circumference = 2π√([(rminor + dbelt)2 + (rmajor + dbelt)2 ]/2) 

From this the number of amino acids in contact with the bilayer can be determined. This 
was done by using an average length per amino acid of 1.5 Å. With 299 residues per 
protein this gives a maximum circumference of ~ 448 Å which is slightly larger than what 
was calculated here, however leaves room for flexibility in the protein and possible 
expansion. Previously reported data on related particles prepared with similar proteins 
have also allowed for some residues to not be in contact with the bilayer: roughly 20 
amino acids per protein were estimated not to be in direct contact with the lipid core37,38, 
in agreement with our results. The resulting area of the bilayer region gives 159 or 158 
lipids (for ApoE3 and ApoE4 respectively) per leaflet and each disc contains 2 proteins 
(one per leaflet). This number of lipids per leaflet agrees with data provided for similar 
length apolipoprotein-like proteins39. The disc diameter is larger compared to ApoA1 
discs prepared in a similar manner40, however ApoE is substantially longer than ApoA1 
resulting in larger discs. The diameter of the particles in is agreement with DLS data 
measured for both ApoE3 and ApoE4 based discs which gave values between 10 – 15 nm 
prior to SANS measurements (results not shown). Both ApoE3 and ApoE4 gave similar 
structured discs with the same number of lipids per leaflet and number of proteins as each 
other. This is not surprising due to the same protein length and very similar sequence, 
only differing in one amino acid. The main structural difference in the discs found between 
the alleles was the ellipticity, with ApoE3-rHDL being more elliptical than ApoE4-rHDL. 
Finally, allowing the lipid core thickness to vary did not significantly improve the fit 
quality. 

 

3.3 ApoE-based nascent-like HDL particle interactions with model membranes  

As ApoE alleles play different roles in the onset and development of atherosclerosis and 
AD, it is important to look at their specific influence on the exchange or removal of lipids 
when in the form of rHDL or nascent-like HDL. To this end ApoE-based rHDL particles 
were incubated with model membranes to follow their interaction by NR. dDMPC bilayers 
both in the absence and presence of cholesterol were used. Both non-deuterated and 
deuterated cholesterol was used to determine whether the ApoE particles specifically 
targeted the cholesterol molecules.  

There was little change in the surface coverage of the bilayer upon interaction with ApoE 
based r-HDL: all bilayers started with at least 95% coverage and finished with no less than 
90% coverage. Such small capacity for lipid removal cannot be compared to mature HDL 
(purified from 3 male, healthy adult donors25) at similar protein concentration, which can 
remove roughly 40% of the bilayer25. This shows that while some excess lipids were 
removed in certain cases, lipid removal is not the main role of the ApoE based nascent like 
HDL particles. Since HDL contains a large number of apolipoproteins associated to it41, we 
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also present data for ApoA1 based rHDL against a cholesterol containing saturated 
membrane (these discs were also prepared by the vesicle solubilisation method42,43). For 
ApoA1 based rHDL, significant lipid removal occurred though to a lesser extent than 
mature HDL. Although both the HDL and ApoA1-rHDL samples were incubated for 8 hours 
(as noted by the asterisk in Fig. 4A) rather than 6 hours for ApoE-rHDL against cholesterol 
containing membranes, the quantity is significantly greater for these samples indicating 
more than just the increased incubation time is at play. Indeed, kinetics of lipid exchange 
show that equilibrium was reached after 6 hours for ApoE3-rHDL (Fig 4C) and ApoA1 (SI 
figure SI 1) while continuous increase was observed for ApoE4-rHDL (Fig. 4D) regardless 
of membrane composition. 

 

 
Figure 4. Lipid removal (A) and lipid exchange (B) across model membranes for ApoE3 
and ApoE4 based particles. Included data for mature HDL and ApoA1-rHDL against the 
cholesterol containing bilayers25. The asterisk indicates an incubation time of 8 h 
compared to 6 h for those without. Kinetics of lipid exchange for rHDL containing ApoE3 
(C) and ApoE4 (D) in terms of the relative change in SLD of the solvated lipid core over 
time. HDL data is replotted from Ref 25. The NR profiles and best fits are given in the SI. 

 

Lipid exchange (Fig. 4B) is hereby defined as lipids removed from the bilayer and replaced 
with lipids from the rHDL particles and is calculated from the SLD change within the tail 
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region. In this case, a significant proportion of the lipids were exchanged by ApoE-rHDL. 
For the saturated bilayers both with and without h-cholesterol, the extent of lipid 
exchange was similar regardless of the ApoE allele present. For the DMPC bilayers, 
40.4% ± 0.5% and 37.2% ± 0.6% lipid exchange occurred for ApoE3 and ApoE4-rHDL 
respectively, while 30.0% ± 0.5% (ApoE3) and 29.1% ± 0.5% (ApoE4) lipid exchange took 
place in DMPC + h-cholesterol. Bearing in mind the difference in incubation time (ApoE3-
rHDL were incubated 2 hours longer than ApoE4-rHDL, see Figure 4C-D), this strongly 
indicates that ApoE4-rHDL has the ability to exchange more lipids than ApoE3-rHDL. This 
is indeed confirmed when observing the quantities of lipids exchanged in the DMPC + mo-
cholesterol bilayers where the samples were incubated for the same time period (6 hours) 
and the values differ more drastically: 16.7% ± 0.8% and 25% ± 1% for ApoE3 and ApoE4. 
The trend is clear that ApoE4-rHDL exchanged more lipids than the ApoE3-rHDL 
regardless of membrane composition. In Figure 4B the extent of lipid exchange for both 
ApoA1-rHDL and mature HDL upon 8 hour incubation has similar lipid exchange capacity 
to ApoE3-rHDL, while ApoE4-rHDL has much greater affinity for lipid exchange than any 
of the other samples tested.  

To be able to determine if cholesterol was being preferentially exchanged by either ApoE 
allele, both deuterated and non-deuterated cholesterol were used. If cholesterol was 
exchanged preferentially over the phospholipids, a net difference would be seen in the 
final quantity of lipids exchanged across these two membranes due to lack of contrast 
between h-cholesterol and the h-DMPC lipids in the rHDL or mature HDL samples. This is 
not the case as shown in Figure 4B, which suggests that the phospholipid molecules were 
primarily exchanged rather than the cholesterol molecules.  

Mirroring the NR data for protein incubation alone on SLBs, the bilayers exposed to 
ApoE4-rHDL required greater changes to obtain a satisfactory fit to the experimental data. 
ApoE3-rHDL incubated with saturated bilayers with and without h-cholesterol were 
fitted with head and tail region thicknesses kept constant, whereas the remaining bilayers 
including ApoE3-rHDL with DMPC + mochol and all of the bilayers incubated with ApoE4-
rHDL required changes to the head and tail thicknesses to find suitable fits. All variations 
were tested: from keeping them all the same; to only altering the head thickness; to 
varying all regions. It was found that better fits were possible when allowing greater 
variation when incubated with ApoE4-rHDL, again indicating greater level of interaction 
occurred in the presence of ApoE4 compared to ApoE3. This could in part be due to slight 
embedding of ApoE4 into the core of the SLB, although the resulting membranes were 
found to maintain, within error, a constant area per molecule within tails and head 
suggesting that the bilayer structure is retained in all cases.  

 

 

4. Discussion 

While the variance in the ApoE alleles’ structure is subtle14, clear differences can be seen 
in their resulting behaviour upon interaction with bilayers: in particular, ApoE4 binds to 
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a larger extent to the lipid bilayer core than ApoE3 (Fig 2D) although roughly the same 
amount of protein sits on top of the bilayer regardless of allele (Fig. 2E). These changes 
impact the ability of ApoE to bind lipids. In particular, ApoE4 has a greater ability to bind 
lipids due to structural differences in the helical segments of the C-terminal (CT) leading 
to a reduced ability of the protein to form tetramers, in turn giving a higher proportion of 
monomers and therefore increasing lipid binding ability, as tetramers are less capable of 
binding lipids44,45. AopoE4’s increased affinity for lipid binding is also seen where ApoE4 
preferentially binds to very low-density lipoproteins (VLDL, for which its surface is 
roughly 60% lipids) rather than HDL compared to ApoE3 which binds preferentially to 
HDL (for which its surface is roughly 80% protein). Futhermore, ApoE4 lacks flexibility in 
its CT domain leading to a preference for the lower curvature of the VLDL particles46. The 
increased affinity for VLDL leads to an increased clearance of VLDL from plasma via ApoE 
receptors in the liver. However, this in turn leads to LDL receptors being downregulated 
raising overall levels of plasma LDL and giving an increased risk for atherosclerosis47,48. 

The rate of lipid binding was explored by vesicle solubilisation showing a biexponential 
decay when solubilising DMPC vesicles at their melting temperature of 24 °C49; with 
ApoE4 having a higher rate constant than ApoE3. A two-rate kinetic process can also be 
seen here with the protein incorporation into bilayers (Fig. 2A-B) where an initial 
increase occurs rapidly followed by a slowing down of the interaction process. Another 
study showed the increased ability of ApoE4 to disrupt DMPC vesicles compared to ApoE3 
by measuring the release of fluorescent dye within50.  

Recently, our group showed that native HDL, through its apolipoproteins, present a lower 
ability to exchange and replace unsaturated lipids as compared to saturated ones25. Both 
ApoE alleles mirror this trend and remove more saturated than unsaturated lipids. 
Atherogenic and amyloid plaques are rich in saturated lipids and cholesterol18,51. In a 
recent study, a link between AD and the disruption of the metabolism of unsaturated fats 
such as omega 3 was found, which could provide an explanation for ApoE4’s affinity for 
the unsaturated membrane52. Indeed, previous reports states that supplementing mono- 
and poly-unsaturated fats in the diet reduce the risk to AD, whereas saturated fats 
increase this risk53.  

The fact that a larger fractions of ApoE4 binds the lipid core than ApooE3 and that it has 
less sensitivity to the lipid type in the membrane (Fig. 2D, E) could be linked to a 
decreased flexibility in the ApoE4 molecule: its greater rigidity forces it to maintain a 
more compact conformation around the lipid core which in turn could render it less able 
to bind to HDL. Earlier, ApoE4 was shown to disrupt the lipid membrane to a larger extent 
than ApoE315, in agreement with our results that show larger ApoE4 incorporation into 
the bilayers and greater structural changes in the SLBs required to fit the NR data after 
protein incubation. Indeed, ApoE4 could retain a more compact structure folded back on 
itself due to the Arg-61:Glu-255 salt bridge that could restrain the protein structurally 
even when associated with lipids54,55. 

Regarding the nascent HDL structure, there are some reports on the structural 
determination of ApoE-based particles mainly by electron microscopy56 and also 
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regarding size determination by SDS-PAGE55,57. These reports are in agreement with the 
size of particles reported here: 10-15 nm in diameter (Figure 3 and Table 2). Contrary to 
ApoE based rHDL, ApoA1- or membrane scaffold protein (MSP)-based nanodiscs form 
particles that are about 8-12 nm in diameter37–39,43. A variation of models have been 
presented when describing protein-lipid particles from the picket-fence model58, to the 
double superhelix59 or double belt-like structure40,60, though some of these have faced 
opposition within the nanodisc community61,62. The main structural difference in the 
nanodiscs formed by the two alleles studied is the ellipticity, with ApoE4 forming less 
elongated discs. Our data agrees well with the double belt structure since the data suggest 
that there are 2 proteins present per nanodisc, well in agreement with ApoA1-based 
nanodiscs. Previously reported data on ApoE-based nanodiscs show the presence of 2 or 
more proteins per disc55,57,63. There has been some debate as to whether ApoE3 and 
ApoE4 form nanodiscs in a different manner giving structural differences to the protein 
conformation64 and in turn their lipid exchange ability. Hypotheses suggested include 
ApoE3 forming more of an extended belt conformation around the whole perimeter of the 
disc due to increased flexibility57. The more compact structure of ApoE4 could lead to 
potentially more ApoE4 proteins per nanodisc compared to ApoE365. However, the same 
number of proteins was found to be present in both of the nanodisc variants presented 
here. The NR lipid exchange data (Fig. 4) though suggest that the proteins adapt slightly 
different conformations giving rise to their differing exchange capabilities. 

Where some reports have shown incremental size increase of nanodiscs with increasing 
protein length38,66, it is of no surprise that the ApoE-based rHDL particles reported here 
are of a slightly larger size than previously reported for ApoA1-based ones as the ApoE 
protein length is longer still. In turn, the number of lipids per nanodisc is also higher for 
ApoE than ApoA1-based nanodiscs which does not seem to have an effect on the ability of 
these nanodiscs to exchange lipids: when comparing ApoE3 and ApoE4 based rHDL of 
similar size, their functional capabilities are different depending on the ApoE allele 
present since clear differences were observed in their lipid exchange and removal affinity 
(Fig. 4 A, B). 

Moreover, the lipid exchange (Fig. 4B) was similar between ApoE3 and ApoA1-based 
nanodiscs while it was different between ApoE alleles, despite them being of similar size 
but larger than ApoA1 (sine the nanodisc concentration was constant across samples, 
smaller discs imply lower lipid concentration in the case of ApoA1). Therefore, it is clear 
that the rHDL size (area of the lipid nanodisc) does not determine the extent of lipid 
exchange; rather, specific apolipoprotein – lipid interactions must be behind the observed 
phenomena.  

ApoA1 and ApoE have similar structures comprising of amphipathic alpha-helices that 
enable them to form nascent HDL like structures by solubilising phospholipids24. 
However, neither ApoE3 nor ApoE4 remove many excess lipids from the membrane but 
ApoA1-rHDL does although to a lesser extent than mature HDL (Fig. 4A). ApoA1 is the 
main protein in the human serum and its function is to clear lipids so the results here 
suggest that indeed it removes more lipids than it exchanges. Our results suggest that the 
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function of ApoE cannot be related to mainly the lipid exchange, but rather to binding 
ApoE-receptors in the liver. In turn, the fact that ApoE4 conformation is more compact 
might affect how it binds to ApoE and other LDL receptors in the liver67. However, ApoE 
based HDL are the main lipoproteins found in the brain, being produced there and lacking 
the ability to cross the blood brain barrier36. The ApoE in the brain is the second most 
abundant place for ApoE production in the body after the liver48. ApoE plays an important 
role in maintaining the homeostasis of cholesterol concentration in the brain which 
homes the highest quantity of cholesterol in the body (roughly 20-25% of the body’s total 
cholesterol)68. Where HDL in the rest of the body undergoes cholesterol efflux thereby 
removing cholesterol from artery walls, ApoE-based HDL in the brain maintains constant 
cholesterol levels12. Indeed, the hereby reported data clearly show that lipid exchange 
was not affected by the level of deuteration in cholesterol (Fig. 4) suggesting that ApoE 
does not interact with cholesterol significantly. These results suggest that ApoE enriched 
HDL rather removes saturated lipids than cholesterol or unsaturated lipids. By regulating 
the ratio of saturated lipids in cellular membranes. ApoE-based HDL could probably 
maintain membrane elasticity, which is key for the healthy function of the cell. 
Interestingly, cholesterol crystal nucleation starts sooner in unsaturated than saturated 
containing model bile salts69, which suggests a higher saturation concentration prior to 
forming crystals in saturated than unsaturated membranes. Thus, ApoE4 can potentially 
favour an increase in membrane saturation with cholesterol by exchanging and removing 
more saturated fats than ApoE3, which could potentially lead to cholesterol crystallisation 
in the brain.  

Even though ApoE4 has a higher affinity to bind lipids than ApoE3 as demonstrated here 
and elsewhere70, the ability of ApoE alleles to efflux cholesterol has been disputed: some 
studies suggest it is not ApoE allele dependant71 while others have found that ApoE4 has 
a lesser ability to perform cholesterol efflux compared to ApoE3 especially in relation to 
neurons in the brain65,72,73. This lack of ability of ApoE4 to remove and deposit cholesterol 
in the brain efficiently has been proposed to be one of the main reasons for the onset of 
AD64,65. Our simplified model that enables controlled experimental conditions show that 
neither ApoE allele has a special affinity for taking up cholesterol and we could 
hypothesise that there is no significant difference in their capacity to efflux cholesterol.  

 

Conclusions 

Neutron reflection has been used to show that ApoE4 adopts a different conformation to 
ApoE3 at model membranes, and that this conformation differs between saturated and 
unsaturated membranes for ApoE3 only. Moreover, neither ApoE allele removes a 
significant amount of unsaturated lipids but can remove saturated lipids to similar 
extents. Small angle neutron scattering was used to demonstrate that the structure of 
nascent like HDL particles made with DMPC and either ApoE3 or ApoE4 is quite similar, 
forming elliptical disc like structures. Neutron reflection is then used to quantify the 
extent of lipid exchange and lipid removal by nacent-like rHDL particles and model 
membranes. The data show that rHDL particles made with both ApoE alleles have a low 
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ability to remove saturated lipids as compared to ApoA1-based rHDL particles or mature 
HDL. The extent of lipid exchange, on the other hand is similar between the alleles and is 
impaired by the presence of cholesterol. Finally, ApoE does not exchange or remove 
cholesterol molecules but rather saturated lipids. The results here mirror the 
physiological roles of ApoE-based HDL and ApoA1-based HDL particles in the brain and 
in serum respectively. This demonstrates that our models are suitable to study the 
function of these particles as a function of a range of experimental conditions.  
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Table S1. Pristine bilayers before incubation with either lipid-free protein or ApoE-based 

rHDL. The parentheses detail which sample was incubated on that SLB.  

Bilayer Layer Thickness (Å) 
E± 0.1-1 

SLD (*10-6 Å-2) 
E± 0.01-0.3 

Solvent (%) 
E± 0.2-5 

MMA 
(Å2) 

E±1-5 
 

dDMPC  
(E3 prot) 

Inner Head 8.98 1.89 35 56 
Tail 25.2 6.46 4.8 65 

Outer Head 8.98 1.89 35 56 
      
 

dPOPC 
(E3 prot) 

Inner Head 7.8 1.89 31 60 
Tail 28.4 6.45 16 78 

Outer Head 7.8 1.89 31 60 
      
 

dDMPC 
(E4 prot) 

Inner Head 
Tail 

Outer Head 

8.98 
27.2 
8.98 

1.89 
6.45 
1.89 

37.7 
3.5 

37.7 

58.2 
59.6 
58.2 

      
 

dPOPC 
(E4 prot) 

Inner Head 
Tail 

Outer Head 

8.8 
28.6 
8.8 

1.89 
6.25 
1.89 

46.4 
14 

46.4 

70 
76 
70 

      
 

dDMPC 
(E3 disc) 

Inner Head 
Tail 

Outer Head 

9.46 
26.2 
9.46 

1.89 
6.34 
1.89 

38 
4.4 
38 

55.6 
62.4 
55.6 

      
 

dDMPChch 
(E3 disc) 

Inner Head 
Tail 

Outer Head 

7.7 
30.7 
7.7 

1.89 
5.7 

1.89 

15 
6 

15 

50 
53 
50 

      
 

dDMPCdch 
(E3 disc) 

Inner Head 
Tail 

Outer Head 

8.5 
32.1 
8.5 

1.89 
6.58 
1.89 

29 
2 

29 

54 
48.5 
54 

      
 

dDMPC 
(E4 disc) 

Inner Head 
Tail 

Outer Head 

9.4 
26 
9.4 

1.89 
6.22 
1.89 

33 
0.5 
33 

52 
61 
52 

      
 

dDMPChch 
(E4 disc) 

Inner Head 
Tail 

Outer Head 

9.45 
31.3 
9.45 

1.89 
5.7 

1.89 

26 
5.8 
26 

46.6 
51.7 
46.6 

      
 

dDMPCdch 
(E4 disc) 

Inner Head 
Tail 

Outer Head 

8.9 
26.3 
8.9 

1.89 
6.43 
1.89 

26 
3.2 
26 

49.5 
59.9 
49.5 

      
 
 



 
dDMPCdch 
(A1 disc) 

Inner Head 
Tail 

Outer Head 

6.9 
33.6 
6.9 

1.89 
6.59 
1.89 

19 
5.4 
19 

58 
48 
58 

 

Table S2. Parameters for bilayers after incubation with either lipid-free protein or ApoE-

based rHDL.  

Bilayer Layer Thickness (Å) 
E± 0.1-1 

SLD (*10-6 Å-2) 
E± 0.01-0.3 

Solvent (%) 
E± 0.2-5 

MMA 
(Å2) 

E±1-5 
 

dDMPC  
E3 prot 

Inner Head 8.98 1.89 49.2 71 
Tail 25.2 6.08 14.7 73 

Outer Head 
Protein 

8.98 
28 

1.89 
2.99 

44.2 
94.9 

65 

      
 

dPOPC 
E3 prot 

Inner Head 7.82 1.89 35 64 
Tail 28.4 5.75 13 76 

Outer Head 
Protein 

7.82 
28 

1.89 
2.99 

42 
94.8 

71 

      
 

dDMPC 
E4 prot 

Inner Head 
Tail 

Outer Head 
Protein 

8.8 
26.8 
7.1 
28 

1.89 
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Figure S1. Kinetics of incubation of ApoA1-rHDL with dDMPC-chol SLB. 

 

 

 



  

Figure S2. NR data of dDMPC SLB before incubation (left) and after incubation (right) with 

ApoE3 protein. dTBS, cmSi and hTBS contrasts shown in purple, pink and blue 

respectively. 

 

 

  

Figure S3. NR data of dPOPC SLB before incubation (left) and after incubation (right) with 

ApoE4 protein. dTBS, cmSi and hTBS contrasts shown in purple, pink and blue 

respectively. 
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Figure S4. NR data of dDMPC+moChol SLB before incubation (left) and after incubation 

(right) with ApoE3 based rHDL. dTBS, cmSi and hTBS contrasts shown in purple, pink and 

blue respectively. 

 

 

  

Figure S5. NR data of dDMPC+hChol SLB before incubation (left) and after incubation 

(right) with ApoE3 based rHDL. dTBS, cmSi and hTBS contrasts shown in purple, pink and 

blue respectively. 
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