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1. Introduction
Biological membrane is a main building block in living organism, where it plays a crucial role
in encompassing and defining cells and biological tissue. Membranes form a natural
hydrophobic barrier that separates the cytosol from the extracellular environment. However,
these complex mesoscopic assemblies posses functions, which are far more elaborate than a
simple permeability barrier accommodating proteins. Instead, biomembranes are highly
functional dynamic machines that are central to a host of biological processes, including the
transport of materials, cell defense, recognition, adhesion, and signaling. In general, the
different organelle membranes serve the different function, and consequently have different
structural characteristics. Indeed, as structure is often tightly coupled to function, the myriad
specific functions occurring in these membranes is reflected in the lipidome’s size and
diversity [van Meer et al., 2008]. For example, the thermodynamic phase of multicomponent
lipid mixtures plays a starring role in determining the membrane’s physicochemical
properties.
Biological membranes consist mainly of lipids and proteins, where it is widely
accepted that the membrane’s underlying structure is imparted by the lipid bilayer. The
double-layered structure of membrane was first proposed by [Gorter & Grendel, 1925] who
demonstrated that lipids extracted from red blood cells occupied approximately twice the
cell’s surface area. Subsequent characterization of this structure as permeability barrier
[Danielli & Davson, 1935] and observation of the existence of thermotropic phase transitions
[Chapman et al., 1966] contributed to the creation of the fluid mosaic model [Singer &
Nicolson, 1972]. This model then became a dominant theme in our understanding of
biological membrane structure. Nevertheless, the tremendous effort in studying lipid bilayer
structure and dynamics, in hopes of understanding the functional mechanisms taking place at
membrane interfaces, has been expanded further over the years. An image of nanometer-size
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raft made of lipids that floats inside a living cell membrane, affecting its biophysical
environment in ways that may be useful or detrimental, is the most up to date model of a
crowded plasma membrane [Simons & Ikonen, 1997]. A structure-function relation present in
biological membranes is then obviously of a huge interest to various pharmaceutical
applications hoping to facilitate cell-to-cell communication, direct proteins to their ultimate
destinations, regulate the uptake and transport of cholesterol, or genetic material by individual
cells, as well as control docking sites for opportunistic viruses such as human
immunodeficiency virus (HIV) to bind with and infect individual cells.
Due to the compositional complexity of biological membranes, the physical properties
and functional roles of individual lipid species are exceedingly difficult to determine. In order
to gain insight into the roles of individual components, it is necessary to study model
membrane systems that contain the lipid species of interest. For example, in eukaryotic cells
the

predominant

phosphatidylcholine

lipid

species

are

glycerol-based

(PC),

phosphatidylethanolamine

(PE),

phospholipids,

including

phosphatidylserine

(PS),

phosphatidylglycerol (PG), phosphatidylinositol (PI), and cardiolipin (CL), while major
phospholipids observed in prokaryotic membranes constitute PE, PG, and CL [Cullis & Hope,
1985]. Under neutral pH conditions, PC and PE headgroups are electrically neutral, while
those of PS, PG, and PI present a net negative charge. A given mixture of neutral and anionic
lipids in membrane then confers a surface charge density that not only influences the
membrane’s permeability to ions and charged molecules, but can also affect the function of
membrane proteins. For example, bacteria are known to adjust their PE/PG ratio upon
exposure to toxic organic solvents, a scenario which presumably alters their surface charge
density to minimize permeability to the toxin, while preserving bilayer integrity [Weber & de
Bont, 1996]. In the case of membrane’s thermodynamic phase, this is primarily determined by
the chemical composition of lipids hydrocarbon chains and polar headgroups, and their
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capacity to attract water. In PE bilayers that inherently interact with fewer water molecules,
the main gel-to-liquid disordered phase transition temperature increases by as much as 30 oC,
compared to counterpart PC bilayers [Marsh, 2013]. Another important parameter is the
molecular geometry, where for example a relatively small headgroup of PE species imposes a
membrane curvature that may be necessary for accommodating certain proteins, and which
may in turn modulate their function [Marsh, 2007]. Most likely, a mechanism of modifying
membrane surface area by changing the PC/PE ratios appears to be associated with liver
disease [Li et al., 2006] and heart myocytes [Post et al., 1995] in mammalian cells.
Furthermore to the headgroup diversity, each lipid species exhibits although characteristic yet
fairly diverse fatty acid composition. The mishap in maintaining the fine balance of
membrane unsaturation can again result in disorder and malfunction, as has been recognized
recently in gestational diabetes mellitus [Weijers, 2012]. Therefore, in order to better
understand the assembly we call the cell membrane, there is a clear need for careful and
precise characterization of its individual components.
The cell membrane is a first line of defense against invading species, and is key to
understanding various diseases and pharmaceutical treatments. Small molecules, such as
cholesterol, antimicrobial peptides, melatonin, vitamin E, and many others, incorporate into
the lipid matrix altering the membrane’s structure and physical properties. These changes to
the membrane in turn affect its functionality and its interactions with biomolecules, while the
mechanism of action is often elusive. Vitamin E for example, is the only essential vitamin for
which it is not known why it is essential. Its presumptive antioxidant function has been
recently related to its location within the membrane as inferred from small angle neutron
diffraction (SAND), nuclear magnetic resonance (NMR), and ultra-violet (UV) spectroscopy
experiments [Marquardt et al., 2013]. Another examples of recent progress have uncovered a
possible insertion pathway of pro-apoptotic protein Bax into mitochondria-like model
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membrane utilizing fluorescent fluctuation methods and small angle neutron scattering
(SANS) [Satsoura et al., 2012], and a channel-forming ability of antimicrobial peptide (AMP)
alamethicin utilizing X-ray diffuse scattering and molecular dynamics (MD) simulations [Pan
et al., 2009a]. Recently suggested similarities between AMPs and Amyloid-β (Aβ) peptides
whose plaque formation is linked to a devastating neurodegenerative Alzheimer’s disease
(AD) has also received a lot of interest. Results of a combined use of atomic force microscopy
(AFM), Langmuir-Blodgett (L-B) monolayer technique, MD simulations, and SAND suggest
melatonin as a possible agent that may alleviate the cholesterol effects in the model
membrane [Drolle et al., 2013; Choi et al., 2014].
Interestingly, the common experimental technique of scattering (neutron and/or X-ray)
listed in the above examples should be pointed out with regards to the structural biology.
Scattering techniques, especially those of X-rays, have traditionally been used to determine
the structure of 3D crystals on atomic levels. However, advances achieved over past decades
developed to an extent that scattering approaches can successfully characterize the physical
properties of disordered materials such as biomimetic membranes. The X-ray and neutron
scattering methods are now applied to elucidate the material properties previously thought to
be the domain of other techniques, and even provide possibilities not present in any other
methods.
There are a number of experimental techniques that are suitable for the study of
biomembranes at the microscopic level. For example, microscopic techniques provide direct
information on phases and local structures ranging from the micron to the nanometer length
scale. On the other hand, samples that need to be studied in situ under biologically relevant
conditions can be investigated, for the most part, at the expense of spatial resolution (e.g.,
various optical microscopies), or by probing the sample’s surface (e.g., AFM) [Harroun et al.,
2009]. In contrast, scattering techniques allow for the in situ manipulation of samples while
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providing quantitative data on the global distribution of structural features, size, shape, and
correlation lengths. Among the often used spectrometric techniques (e.g., electron
paramagnetic resonance, NMR, fluorescence) and calorimetry, the scattering of X-rays and
neutrons have over the years proven to be two of the most widely used techniques in
structural biology, biophysics and materials science [Fitter, Gutberlet & Katsaras, 2006].
Many water soluble proteins have been crystallized and studied with atomic detail. On the
other hand, due to the intrinsic disorder present in biomimetic samples - a disorder possibly
important for the proper function of biology systems - many membrane samples are far from
being perfect crystals. In such cases, less than atomic resolution structures are best described
by broad statistical distributions, rather than sharp delta functions typical of perfect crystals.
This is especially true for the structure of non-crystalline biomaterials with a focus on the
most important “soft” matter studied, namely the lipid membrane.
Neutron and X-ray scattering are similar in that both techniques are capable of
providing dynamical and structural information [Katsaras et al., 2008]. However, the principal
differences between the two techniques are in their interactions with matter. As X-rays are
electromagnetic waves that primarily interact with electrons, the amplitude of X-ray scattering
increases in a simple way with atomic number. On the other hand, neutrons are elementary
particles that interact with atomic nuclei, and neutron scattering amplitudes depend in a
complex manner on the mass, spin, and energy levels of nuclei. Additionally, differences in
the interaction of neutrons with the various isotopes of the same element allow for the
powerful and commonly used method of contrast variation. This technique, in which
hydrogen atoms that are ubiquitous in biologically relevant samples are substituted with
deuterium atoms, is commonly used in neutron scattering studies.
Structural biophysics has successfully applied crystallographic methods to the study of
planar membrane arrays, a system analogous to a one-dimensional (1D) crystal. This
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approach of small angle diffraction (SAD) works well with either gel phase lipid bilayers or
partially dehydrated liquid crystalline (Lα) bilayers. Discrete Bragg reflections collected in
inverse space correspond in real space to the 1D bilayer scattering density profile (SDP),
which is routinely obtained by either simple Fourier reconstruction of the data, or by
successive fits of the data to a model [Tristram-Nagle et al., 2002]. In addition, neutron
diffraction can determine the distribution of water or individual components through
deuterium labeling. The ability to isolate individual molecular groups at atomic level of detail
is unique among biophysical techniques, as it does not require model fitting or other
interpretation of the data. Furthermore, discovery of the center of mass distribution of a
chemical group is information directly comparable to molecular model simulations without
the need for additional computations [Harroun et al., 2009].
Small-angle scattering (SAS) is another popular technique for the study of biological
materials as it provides information on the size, shape and conformation of molecular
assemblies in solution. Through the unique ability of neutrons to distinguish between
hydrogen and its isotopes, the scattering can be accentuated or nullified from individual parts
of a macromolecular complex. For example, by specific deuterium-labeling, it is possible to
measure bilayer conformational changes and organization in both the perpendicular and
lateral directions [Fahsel et al., 2002; Pencer et al., 2005]. Fom a biological perspective, the
most appealing model of a cell membrane is a unilamellar vesicle (ULV), a hollow sphere
with a single lipid bilayer demarcating the inside and outside aqueous environments. Because
of their cell-like topology and biologically derived composition, ULVs are considered to be a
promising material suitable for the engineering of biocompatible medical systems. They are
used to study the effects that different physiological conditions and additives have on the
membrane and its associated proteins [Karlovská et al., 2006].
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Additional structural details can be obtained through the use of aligned, solidsupported bilayers, which are well suited to interface sensitive scattering techniques such as
reflectometry [Vacklin et al., 2005]. The geometry of these samples allows for the
unambiguous determination of in-plane and out-of-plane contributions. However, a question
regarding the sample preparation is the role of the substrate, whose specific interaction
modifies the behavior of surfactant adsorption [Penfold et al., 2004]. To address this concern,
a number of membrane support systems have been fabricated which are “decoupled” from the
substrate [Valincius et al., 2006; Fragneto et al., 2012] thus allowing the membrane to
undergo unrestricted motion, and for water to penetrate all the way to the substrate [Delajon et
al., 2005; Deme & Marchal, 2005], providing more biologically realistic conditions. Neutron
and X-ray reflectometry have emerged as powerful surface/interface probes, extensively used
to characterize the structures of materials on solid and fluid planar surfaces. The most
common approach is that of specular reflectivity, which measures the scattering density
profile perpendicular to the adsorbed surface. However, compared to X-ray reflectometry,
neutron reflectometry possesses again several advantages, such as the fact that neutrons are
highly penetrating thus enabling to probe samples in complex sample environments [Harroun
et al., 2005]. Neutrons are also capable of locating low atomic number atoms among heavy
atoms, and through judicious substitution of 2H for 1H provide a powerful method for
selectively tuning the “contrast” of a given macromolecule. The recent advances in X-ray and
neutron scattering methods in general, are increasingly providing us with a unique access to
the much touted structure-function relationship in biomembranes that is universally sought out
in biology and pharmacology.
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2. Aims of the Dissertation
This dissertation was formed by my investigations in the rapidly growing field of membrane
biophysics. In particular, I have focused on studying the structure and function of lipid
bilayer. The precise knowledge about its structural properties can change our understanding of
lipid-peptide interactions, and consequently the protein function, as its orientation may
depend on the hydrophobic thickness of bilayer. On the other hand, the spread in the literature
results for even one of the most studied lipid bilayer (dipalmitoylphosphatidylcholine, DPPC)
- sometimes said to be the hydrogen atom of lipids - emphasizes the difficulty of obtaining
structural results for fully hydrated, fluid phase bilayers [Nagle & Tristram-Nagle, 2000]. I
have therefore devoted a significant effort to the methodology of scattering experiments and
their data evaluation (section 3.1). The increasingly more detailed SDP models brought me to
the need of combining contrast varied neutron scattering experiments with those of X-ray
scattering (section 3.1.3). Importantly however, my approach allows me to obtain very robust
results when it comes to determining the bilayer structural parameters, as I have published for
many various PC (section 3.2), PG (section 3.3), and PE (section 3.4) lipids.
The aim of this dissertation is focused on the models of biological membrane and its
inner structure, and also on the lateral organization of clusters and inhomogeneities in the
membrane. It aspires tocollect a wide range of information about the effect of cholesterol on
lipid bilayers (section 4.1), the effect of lipids on the location of cholesterol (section 4.2), but
also about the role cholesterol and lipids themselves play in the formation of lipid structural
domains called rafts (section 4.3). The dissertation attempts to draw intriguing links between
the structural results I have obtained from the biophysical perspective and the various
functions we know biomembranes have in living organism. Amongst other small molecules, it
looks closer at the addition of melatonin to model membrane and its abilities in reverting the
cholesterol’s effects regarding the formation of membrane plaques (section 4.4).
8

3. Model Membranes Comprising Single Lipids
The thickness of biological membranes is known to vary, most likely to stimulate the
functions associated with the various membrane proteins. It is known that the activity of
integral membrane proteins, as well as the insertion and orientation of polypeptides, critically
depends, among other things, on bilayer thickness [Lee, 2004]. On the other hand, because of
the structural flexibility exhibited by lipid hydrocarbon chains, a membrane can adjust its
thickness in order to minimize unfavourable thermodynamic interactions between water and
hydrophobic protein surfaces, a process commonly known as hydrophobic matching [Harroun
et al., 1999]. An example of this is sarcoplasmic reticulum Ca2+-transporting ATPase
reconstituted into bilayers made up of monounsaturated phospholipids and a biological
detergent [Karlovská et al., 2006]. In this case, enzymatic activity is maximal in bilayers
composed of medium length (18 carbons) lipids, and decreases as much as four times, in both
short- (14 carbons) and long-chain (22 carbons) lipid bilayers. It is thus evident that
knowledge of bilayer thickness is very important when it comes to understanding proteinbilayer interactions in membranes.

3.1. Application of Neutron and X-ray Scattering
Advances in colloid and interface science have stimulated a renewed interest in the study of
lipid–water systems. At the same time, much progress has been made in the analysis of smallangle X-ray and neutron scattering data. The popularity of small-angle scattering for the study
of biologically relevant materials stems from the fact that it provides detailed information on
the size, shape and conformation of molecular assemblies in solution. Additionally, neutron
scattering has the capability to accentuate, or nullify, the scattering from individual parts of a
macromolecular complex with its unique ability to distinguish between hydrogen and its
isotope deuterium. As a result, structural biophysics has taken advantage of recent
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developments in small-angle scattering to accurately determine the structure of lipid bilayers
in both the transverse and lateral directions. An example is the joint refinement of X-ray and
neutron scattering data which has been used to improve the values of lipid areas which are
commonly used in MD simulations. A comprehensive overview of the scattering approaches
including my various model designes for studying biomembranes has been recently compiled
in the book chapter [Kučerka et al., 2010c] whose parts are reproduced below.
In a scattering experiment, a planar wave with a well-defined direction of incidence
k 0 interacts with the object’s electron or nucleus that itself becomes a source of spherical

wave [Als-Nielsen & McMorrow, 2001]. The experimentally observed scattered intensity
then describes the constructive interference between the waves scattered by atoms as a
function of angle that is defined by the direction k . Defining the scattering vector as a change

  
in the momentum transfer ( q  k  k 0 ) then maps out all scattering into reciprocal space. The



magnitude of q can be derived to be q  4  sin( 2) , where λ and θ are wavelength of the
incident wave and the scattering angle, respectively. Finally, the ability of the atom to scatter
is expressed in terms of a scattering length (corresponding to the neutron scattering length in
the case of neutrons or the number of electrons in the case of X-ray scattering) or their density


function  (r ) in the case of continuous objects, which then allows us to express scattering
form factors based on the Born approximation as


  
F (q )  4   (r ) exp(iq  r )dr ,

(1)


 2
where the scattered intensity is simply expressed as I (q )  F (q ) . Further assumptions can

then be applied to simplify the interpretation of small-angle scattering data, of which some of
the most important examples will be discussed in greater detail.
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3.1.1.

Simple Bilayer Models in Neutron Scattering

SANS data are most often evaluated using an oversimplified single slab model (“top-hat”)
which describes the neutron scattering length density (NSLD) with a constant function.
Although this model can reliably capture the relative changes to the bilayer’s overall
thickness, it neglects its internal structural details. At a minimum, a lipid bilayer consists of
three distinct slabs, one for the hydrocarbon region and two for the polar head groups, which
also include water molecules. I have thus developed various three-slab models for a more
realistic representation of the lipid bilayer [Kučerka et al., 2004].
An important consideration when analyzing the small-angle scattering data from
ULVs is their polydispersity. The distribution of their sizes (i.e. radii R) generally follows a
statistical function that is best represented either by a Gaussian [Komura et al., 1982] or a
Schulz distribution function [Gradzielski & Hoffmann, 1992], while polydisperse ULV
systems are better described by the asymmetric Schulz distribution
 t 1 

f ( R)  
 Rmean 

t 1

 t 1

 exp 
(t  1)
 Rmean
Rt


r ;


2

R

t   mean   1 ,
  

(2)

where Rmean is a mean radius and σ represents the variance of ULV radii from which
polydispersity is expressed in terms of a relative variance (σ/Rmean). The calculated intensity
scattered from a single ULV is then convoluted with the polydispersity distribution function
in order to obtain the total intensity scattered from the entire system of ULVs as

I (q)   f ( R)  I (q, R)  dR ,

(3)

and where the scattered intensity from a single ULV can be written in a Rayleigh-Gans-Debye
form [Feigin & Svergun, 1987] as follows:
2

Rd 2
sin(qr ) 
I (q, R)    4r 2 (  (r )  W )
dr  .
qr
 R d 2
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(4)

In general, the analytical solution of eq. 3 is not possible in an exact form, and even
numerical solutions are limited to simple models of NSLD profiles (e.g. step functions). On
the other hand, it is possible to separate bilayer and vesicle form factors when the bilayer
thickness, d, is much less than the ULV radius R (i.e. R+d ≈ R), what holds true for most
cases. This then results in the separated form factors (SFF) approximation [Kiselev et al.,
2002], where the total intensity is calculated as a product of two integrals instead of the
convoluted integral given above. An advantage of the SFF calculation is that much more
complex functions can be utilized in modeling the NSLD profile across the lipid bilayer.
Further simplification of eq. 3 is achieved by the application of the Laplace transform
method to the SFF approximation for Schulz-distributed ULVs [Pencer et al., 2006]. The
analytical form of total scattering intensity consists of the Fourier transform of the water
subtracted bilayer NSLD profile (i.e. Δρ(z)=ρ(z)-ρW) and the function that includes the ULV’s
“sphericity” and polydispersity
t 3
2



 d /2
 8 2 (t  1)(t  2)   4q 2  2

I (q)     ( z ) cos(qz )dz 
cos[(t  3) arctan( 2q s)] (5)
1  1  2 
2 2
s q
s 
d / 2

 




Compared to a numerical computation typically used in eq. 3, the analytic form (eq. 5) allows
for the much faster computation of the scattered intensity. More importantly, a simple
integration of the first part enables one to express Δρ(z) in terms of much more complex
functions than those discussed previously. Figure 1 shows an example in which I describe the
bilayer NSLD profile by the single-slab model where the bilayer-water interface is described
by an error function [Kučerka et al., 2010c]
 ( z ) 

 B  W 
2

 z  zi
erf 

  2 i


 z  zi
  erf 

 2
i



12




 ,

(6)

where ρW and ρB are NSLDs of the water and the bilayer respectively, and zi and σi correspond
to the central position and width of the interface. The first part of scattered intensity (eq. 5)
that corresponds to the scattering from a single bilayer is then expressed as:
2

2

(q ) 2 
I B (q)   (  B  W ) sin(qz ) exp( 
)  .
2 

 q

(7)

This approach can be further expanded, through the use of several error functions, as has been
recently proposed for the analysis of high resolution neutron reflectometry data [Shekhar et
al., 2011].
Figure 1: A single-slab step model of a lipid
bilayer, where the bilayer-water interface is
described by an error function. The top panel
compares the neutron scattering length
density (NSLD) profile obtained from fitting
a model to MD generated data (bottom
panel). The bottom panel shows the MD data
and the fit to the data using a model in reciprocal space.
The scattered intensity falls on a curve that features two regimes corresponding to two
different length scales. In the case of low polydispersity ULVs high frequency oscillations are
observed at length scales corresponding to q<0.03 Å-1. These oscillations originate from
scattering taking place over the entire vesicle and are inversely proportional to the ULV’s
radius, R, as can be surmised from the second part of eq. 5. However this feature decays
quickly with increasing q [Kučerka et al., 2008a]. Scattering information from q>0.03 Å-1 is
then mostly attributed to the bilayer itself. According to the relation between real space and
reciprocal space (D=2π/q), it is evident that detailed bilayer information can be extracted

13

from high q data. Nevertheless, because of the main feature of the NSLD is the contrast
between water and the lipid, neutron scattering is a well-suited technique at describing a lipid
bilayer’s gross morphology, where by the time the scattered intensity reaches values of q~0.20.3 Å-1 it is indistinguishable from the background.

3.1.2.

Advanced Bilayer Models in X-ray Scattering

The situation is very different in the case of X-ray scattering, the result of the interaction
between X-rays and the bilayer’s electrons. A typical bilayer ED profile contains two distinct
peaks corresponding to the electron dense phosphate groups and the terminal methyl groups
found in the bilayer’s centre. Consequently, it is often possible to obtain meaningful data up
to q=0.6 Å-1 in the case of unoriented ULV samples [Kučerka et al., 2007c], and up to q=0.8
Å-1 in the case of oriented multilayers [Kučerka et al., 2005a]. It is evident that X-ray
scattering is well-suited at determining the bilayer’s finer structural details.
For a given q range [Pabst et al., 2000] utilized three Gaussians each representing the
polar headgroup (one in each leaflet) and the methyl terminus. Eq. 6 can thus be rewritten as:

 z2
 (z  zH )2 
 (z  zH )2  

 



 ( z )  (  H  W ) exp  

exp


(



)
exp
C
W
2

2 H2 
2 H2  


 2 C



 ,


(8)

where ρW, ρH and ρC are the EDs of water, the headgroup and the hydrocarbon tails,
respectively, and zH, σH and σC are the position and widths of their corresponding Gaussians;
note that zC=0. The scattering intensity that corresponds to such a bilayer is then expressed as:
2

 (q C ) 2 
 (q H ) 2 
 .
 cos(qz H )  H (  C  W ) exp  
I B (q)  2 2 H (  H  W ) exp  
2
2







(9)

This is most likely the simplest model of a lipid bilayer ED profile that captures its overall
form. On the other hand, it also neglects features that might be important for some studies.
[Wiener et al., 1989] demonstrated that the essential feature of an ED model is its
ability to accommodate an asymmetric headgroup by describing it with two Gaussians. In
14

doing so, values of some data previously obtained from low angle X-ray scattering studies
(e.g. distance between the headgroups, DHH), was improved. In other cases, however, either
poor experimental resolution and/or the inherent disorder present in liquid crystalline bilayers
precluded getting at a bilayer’s detailed features. What was found to be important to most of
the cases, however, was the plateau region between the headgroups and terminal methyls.
This corresponds to the region of methylene-like groups (i.e., CH2 and CH) whose ED is, in
general, different from that of water. The inclusion of all of the above mentioned features in
to one description resulted in the advanced hybrid models of a lipid bilayer.
A variety of structural models have been applied to describe the X-ray scattering data
from lipid bilayers. One of the more successful models was developed by Nagle and coworkers [Wiener et al., 1989]. This hybrid model addressed the issues of the previous two,
consisting both of Gaussians and step functions. However, the baseline created by the step
functions proved to be an awkward aspect of this model, because the ED in the superposition
region is not only the result of water molecules and hydrocarbon groups, but also contains
parts of the phosphatidylcholine headgroup. A better model would represent the various
groups by separate functions. [Klauda et al., 2006] demonstrated such a model through the use
of three Gaussians (two for the headgroups and one for the terminal methyls) and two error
functions for the water and the hydrocarbon chain regions. The mathematical description for
such a model is then a combination of equations 6 and 8, and 7 and 9.
With the development of more advanced models that utilize an increased number of
free parameters, there is an increased demand for more experimental data. Low-angle diffuse
X-ray scattering from unoriented multilamellar vesicles (MLVs) provided data up to 0.5 Å-1
[Pabst et al., 2000], while fully hydrated aligned multilamellar samples resulted in continuous
form factors up to 0.8 Å-1 [Lyatskaya et al., 2001; Liu & Nagle, 2004]. However, in contrast
to the usual crystallographic measurement of peak intensities or diffuse scattering from
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MLVs, these methods did not adequately address the low q data. Later on, I have introduced a
global analysis that combined data from ULVs and aligned samples [Kučerka et al., 2005a],
thus making good use of the data over the entire q region of scattering (Figure 2).

Figure 2: X-ray diffuse scattering from aligned multibilayers (A) and isotropic ULVs (B) in
the fluid phase. (C) Global analysis combining the diffuse scattering data from aligned
multibilayers (squares) and ULVs (circles). The solid line is the fit to the data using the hybrid
model of electron density distribution across the bilayer. Inset to the figure (D) shows the onedimensional electron density of this model (solid line) and its decomposition into various submolecular components (ED for half of the bilayer).
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3.1.3.

Joint Refinement of Neutron and X-ray Scattering

The ED and NSLD models described above emphasize different but complementary features
of the bilayer (e.g. compare Figure 3A and Figure 3B). It thus follows, that a combined
approach should describe the structural features accentuated by each technique, but in a
manner that they are addressed simultaneously. This is illustrated in the way lipid area, A is
determined. For both X-ray and neutron scattering A is calculated using the bilayer’s
thickness and volumetric information. However, it should be stressed that the two techniques
are sensitive to different bilayer thicknesses. The thickness best resolved by X-rays is the
distance between the lipid headgroup phosphates, DHH, while in the case of neutron scattering
the high contrast between the protonated lipid and deuterated water accurately defines the
total bilayer thickness, DB. Even though they are the two most robust experimentally
determined parameters, DHH and DB are not directly comparable, and neither on its own
provides all of the desired bilayers structural information. Instead, models are used to
determine the remaining structural parameters, where better parameter determination should
ensue when more data are included. The simultaneous analysis of X-ray and neutron
scattering data then better determines parameters that describe key bilayer features.
The joint refinement of X-ray and neutron diffraction data to obtain bilayer structural
information was first reported by [Wiener & White, 1991a]. However, even though the
authors used highly ordered, partially dehydrated multibilayers, those experiments illustrated
the challenges faced by the diffraction method. Recently, I have introduced a similar approach
for calculating scattering density profiles (SDPs) [Kučerka et al., 2008a], where the
simultaneously analyzed X-ray and neutron small-angle scattering data allows for the need of
fewer parameters (by nearly 50%) to fit the data compared to the original composition-space
model [Wiener & White, 1991b]. This analysis utilizes the continuous X-ray diffuse
scattering from aligned multibilayers, observed at mid-to-high scattering vectors q (i.e., 0.2 Å17

1

< q < 0.8 Å-1), and the diffuse scattering from isotropic ULVs, effectively extending the q

range down to ~ 0.05 Å-1, together with the contrast varied neutron scattering data from ULVs
(Figure 3D and Figure 3E, respectively).

Figure 3: Illustration of lipid bilayer structure determination through the joint refinement of
X-ray and neutron scattering data. The scattering density profile (SDP) model representation
of a bilayer in real space is shown on the left, where the top panels show electron densities
(ED) (A) and neutron scattering length densities (NSLD) (B) of the various lipid component
distributions, including the total scattering density (thick lines). Panel (C) shows volume
probability distributions, where the total probability is equal to 1 at each point across the
bilayer, and the point where the shaded areas are equal defines the Gibb’s dividing surface
between the lipid bilayer and the water phase (effectively DB). Graphs on the right show the
experimentally determined X-ray (D) and contrast varied neutron (E) scattering form factors
(points) together with the best fits to the data (solid lines).
The biggest challenge in designing a model is to ensure that it ultimately describes the
main structural features of a bilayer. Although a model that represents each individual atom is
certainly accurate, it would require the use of too many parameters for the available data. As
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such, in order to reduce the number of parameters, bringing it in line with the available data,
the grouping of atoms into component groups is necessary. In the case of X-rays the features
with the most contrast are the electron-dense headgroups and the terminal methyl groups
found in the bilayer center (Figure 3A). In the case of neutrons, the greatest contrast is
between the fully protonated lipids and the deuterated water (Figure 3B). It is imperative that
all of these features be included in a model that aims to simultaneously describe both NSLD
and ED profiles.
Although the SDP model is designed to obtain structure from X-ray and neutron
scattering data, the primary description is not in terms of the ED or NSLD profile. Instead, it
is described by volume probability distributions, Pi(z) (Figure 3C), which satisfy the spatial
conservation principle, where volume is conserved. Compared to previous models based on
global spatial conservation [Nagle & Wiener, 1989], the novel feature of my SDP model is
that it imposes spatial conservation locally. This is accomplished through the water
distribution (denoted by W) not being defined by any particular function, but rather calculated
based on the ‘‘complementarity’’ requirement, whereby all of the probabilities add up to 1

PW ( z)  1  PCG ( z)  PPCN ( z)  PCholCH3 ( z)  PHC ( z) .

(10)

In this way the model satisfies the spatial conservation principle while capturing all of the
features presented by the different SDPs [Kučerka et al., 2008a] that are calculated as

 ( z )   ( i  W )Pi ( z ) ,

(11)

where ρi represent the EDs or NSLDs of various components (e.g., CG, PCN, CholCH3, CH,
CH2, CH3).
In this case where data from different sample preparations (i.e. aligned multilayers and
ULVs) and probes (i.e., X-rays and neutrons) are combined, the scattering is more
appropriately described by form factors as opposed to intensities. The form factors for the
SDP model are then obtained from the Fourier transform
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F (q)  2

D2

0

 ( z ) cos(qz )dz ,

(12)

where the integration extends from the bilayer centre (z=0) to a point D/2 beyond which
Δρ(z)=0. The solid lines in Figure 3D and Figure 3E show X-ray and neutron scattering form
factors, respectively, obtained through the use of my SDP model [Kučerka et al., 2009a].

3.1.4.

Lipid Area

The main purpose of models is to obtain structural information, among which the area per
lipid, A is one of the most important parameters that is needed to accurately describe bilayer
structure, and lipid-lipid and lipid-protein interactions in biomembranes. However, A is not
easily determined and is only obtainable if additional information is provided to constrain the
many parameters that are required in any realistic model of a bilayer. It should be emphasized,
however, that this is not a criticism for the use of models. On the contrary, the unique
advantage of models is that information from other experiments can be used to refine them
[Klauda et al., 2006]. For example, total lipid volume, VL, one of the most accurately known
parameters can be included to reduce the total number of variables [Nagle & Wilkinson, 1978;
Koenig & Gawrisch, 2005; Uhríková et al., 2007]. Even though the experimentally obtained
scattering contains information about the bilayer’s structure in the z direction (i.e. along the
bilayer normal), the addition of VL allows for the evaluation of structure in the lateral
direction, namely A.
In the case of X-rays one of the most pronounced features in an ED profile are the
electron-dense headgroups, providing the head-head spacing DHH (see Figure 3A) and from
which the hydrocarbon chain region thickness, DC can be estimated, using certain
assumptions [McIntosh & Simon, 1986]. One assumption that one makes is that the distance
between the headgroup phosphate and the hydrocarbon region (i.e. DH1=DHH-DC) does not
change for different lipids or as a function of temperature. It then follows that
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A  (VL  VHL ) DC  (VL  VHL ) ( DHH  DH 1 ) ,

(13)

where VHL corresponds to the volume of lipid headgroup.
In the case of neutrons, the greatest contrast is between the fully protonated lipids and
the deuterated water, resulting in the water distribution function - effectively the Gibbs
dividing surface for the water region. The position of the Gibbs dividing surface is defined by
the equality of the integrated water probabilities to its left and the integrated deficit of water
probabilities to its right (Figure 3C, shaded areas). In other words, it is the position that would
correspond to the edge of the distribution if it was represented by a simple box model, making
it equivalent to Luzzati’s division of two component systems consisting of water and lipid
[Kučerka et al., 2009a]. This criterion then directly yields [Kučerka et al., 2008a] a simple
equation for calculating lipid area

A  2VL DB .

(14)

It should be emphasized that through the introduction of eq. 14, I have made neutron
scattering a more appropriate technique for determining overall bilayer parameters such as A,
while high resolution X-ray scattering reveals more detailed intra-bilayer structural
information. By simultaneously analyzing the two different data sets, I can better determine
the precise structure of fully hydrated, liquid crystalline bilayers. Importantly, the new
analysis indicated that areas for some lipids have been overestimated by as much as 10%
when only X-ray scattering was used to determine A.
The inconsistencies in lipid areas found in the literature have also been highlighted by
the disparate results arising from MD simulations that use different force fields. For example,
MD simulations based on CHARMM potentials are performed at nonzero surface tension in
order that they may better agree with X-ray scattering data [Klauda et al., 2006], whereas
simulations using a combination of GROMOS and OPLS potentials do not seem to require
this additional ‘‘tweaking’’ [Anezo et al., 2003]. It is noteworthy to emphasize that in addition
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to comparing modeling results, MD simulations should be directly compared to scattering
data [Sachs et al., 2003; Benz et al., 2005; Klauda et al., 2006; Pandit et al., 2008; Kučerka et
al., 2010a]. Since MD force fields are considered to be ‘‘well tuned’’ only if they are able to
reproduce experimental data, much more work needs to be done to reconcile simulation and
experiment, even in the simplest case of single-component membranes.

3.1.5.

Comparing Membrane Simulations to Scattering Experiments

It is well recognized that atomic level simulations can provide quantitative detail that
surpasses any known experimental data. It is also recognized that simulations may produce
invalid results due to incorrect force fields or insufficient equilibration times. Based on this, it
is therefore imperative to compare simulation with experiment. The NMR SCD order
parameter has long been used as one such appropriate test, although it only focuses on the
lipid’s hydrocarbon chains. Moreover, experimental NMR SCD data are subject to interpretive
ambiguity when perdeuterated chains are employed, even for saturated chains, and the
problem is more severe for unsaturated hydrocarbon chains for which SCD data are usually
lacking. More recently, however, simulations have been tested using X-ray scattering data
[Sachs et al., 2003; Benz et al., 2005; Klauda et al., 2006; Pandit et al., 2008; Kučerka et al.,
2010a] while I have started such validations using both X-ray and neutron scattering data
[Kučerka et al., 2008a; Jämbeck & Lyubartsev, 2012a; Braun et al., 2013; Nagle, 2013; Lee et
al., 2014] utilizing SIMtoEXP software [Kučerka et al., 2010a]. Because X-ray and neutron
scattering data yield complementary information along the z direction (i.e., normal to the
bilayer plane), my SIMtoEXP software facilitates comparisons with both kinds of data.
Two quantities intrinsic to the SIMtoEXP software are the commonly used electron
density (ED) profile, ε(z), and the neutron scattering length density (NSLD) profile, ν(z).
Experimental papers often report ε(z) and ν(z), and simulators often compare their results to
these one-dimensional profiles. However, ε(z) and ν(z) are not direct experimental data, but
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are constructed using a number of assumptions. A better comparison is to compare
simulations to the primary experimental scattering data. In the case of X-rays and neutrons
these are the form factors Fε(qz) and Fν(qz), respectively.
All atom simulations provide complete probability distributions for the various atoms,
and can thus be used to calculate ε(z) and ν(z) without any prior assumptions. SDPs are then
easily transformed into q-space (i.e. reciprocal space) via the continuous Fourier transform
[Kučerka et al., 2010a] as follows:
D/2

Fs (q z ) 



f (q )n ( z )  
  

z

s

D / 2


(cos( zqz )dz  i sin( zqz ))dz ,


(15)

where nα(z) are the atomic number distributions obtained from simulation and ρS is the
scattering density of the solvent, which is equal either to the solvent’s (i.e. water) number of
electrons (in the case of X-rays) or its neutron scattering length (in the case of neutrons)
divided by its volume. In the case of neutron scattering, fα(qz) corresponds to the neutron
scattering length bα and does not depend on the scattering vector qz as nuclei are effectively
point sources for neutrons with wavelengths of the order of inter-atomic distances, while in
the case of X-ray scattering, fα(qz) is the atomic form factor which is given by the Fourier
transform of the atomic electron density (see [Kučerka et al., 2010a] for more details).
Calculated scattering form factors are then readily available for comparison with
unadulterated experimental data.
While form factors calculated from simulations, |Fs(q)|, are on an absolute scale,
experimental data are commonly only obtained on a relative scale. However, the scaling
factor, ke, for each independent set of experimental form factors, |Fe(q)|, is readily calculated
from [Kučerka et al., 2008b]
Nq

ke  
i 1

Fs (qi ) Fe (qi )
(Fe (qi )) 2

Nq

Fe (qi )

2

 (F (q ))
i 1

e

2

,

i
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(16)

where the summation goes through all of the experimental data (Nq), and where ΔFe(q) is the
experimental uncertainty of each datum. The overall agreement/disagreement between the
simulation and the experimental data can be seen in the plots (Figure 4), and/or it can be
quantified via a reduced χ2 calculated by the SIMtoEXP program [Kučerka et al., 2010a].

Figure 4: X-ray (top) and different neutron contrast (bottom) scattering form factors
calculated from MD simulation data (solid lines), and compared to experimental data (points)
scaled according to equation.
The FT of simulated ε(z) and ν(z) is very accurate and does not involve any assumptions,
in contrast to what is required to produce ε(z) and ν(z) from experiment. However, physical
insight is often more easily obtained in real space, so SIMtoEXP allows the user to compare
simulated and experimentally derived ε(z) and ν(z) profiles in real z space, in addition to the
more direct comparison in reciprocal qz space. Other physical quantities that SIMtoEXP
calculates from simulations are component volumes Vi for the various parts of lipids and other
molecules. Component volumes are very useful quantities when one uses models to obtain
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ε(z) and ν(z) from experimental Fε(qz) and Fν(qz) data. This utility is an example of the
synergy between simulation and experiment.

3.2. Phosphatidylcholine Lipids
In the recently developed hybrid experimental/computational technique (reviewed by
[Heberle et al., 2012]) for determining the bilayer’s SDP, I have addressed some of the
difficulties associated with obtaining the area per lipid, along with other structural
information, from disordered membranes [Kučerka et al., 2008a]. The initial step in SDP
analysis is the parsing of the lipid molecule into components whose volume probability
distributions follow simple analytical functional forms. It should be emphasized that, while
the design of the model is based on a simulation, in the analysis of real data the critical
parameters, such as area, thickness, and width of the probability distributions, are free to fit
the experimental data. In other words, the model only assumes the functional forms of the
probability distributions, which are obtained from simulations and do not vary much with the
detailed simulation. The analysis does not assume numerical values of parameters that can
and should be different for different lipids. The studies in which I applied the SDP analysis to
the commonly used phosphatidylcholines (PC) [Kučerka et al., 2008a; Kučerka et al., 2009a;
Kučerka et al., 2011] are summarized below.

3.2.1.

SDP Model of PC Bilayers

In order for the model to fit the scattering data, it must faithfully represent the total SDP of the
bilayer. While a model that represents each individual atom can certainly be faithful, it would
require too many parameters for the available data. As such, parameter parsimony requires the
grouping of atoms into component groups. The grouping choice for PC lipids is ruled by their
SDP’s most distinct features. In the case of x-rays, the features with the most contrast are the
electron dense headgroups, providing the head-head spacing DHH, as well as the terminal
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methyl groups in the bilayer center [Wiener et al., 1989; Wiener & White, 1992; Klauda et al.,
2006]. In the case of neutrons, the greatest contrast is between the fully protonated lipids and
deuterated water, resulting in the water distribution function and the overall bilayer thickness
DB. Neutrons are also made sensitive to the various bilayer features by selective deuteration of
the lipid and by varying the ratio of D2O and H2O in the solvent [Buldt et al., 1978]. The
challenge to successful modeling is to address all of these features simultaneously.
Figure 5 shows NSLD and ED distributions for a DOPC bilayer obtained from MD
simulations. The left side of the figure shows the spatial distributions of the various moieties
making up the lipid molecule (e.g. choline, phosphate, etc.). In the case of the NSLD profile,
there are two additional distributions reflecting a specific choline analogue (i.e. d9 and d13
choline). Each distribution shown was calculated by summing the scattering distributions of
particular atoms, rather than summing atomic number densities and then multiplying them by
the overall scattering density of each component. This way of calculating distributions
becomes especially important when there is an anisotropic distribution of atoms with different
scattering lengths (e.g. choline), which in the case of neutrons, is further amplified by the
negative NSLD contribution from hydrogen. For example, the ED distributions in Figure 5 are
nearly symmetric Gaussian functions for localized component groups, consistent with an
almost symmetric distribution of electrons. However, NSLD profiles of the fully protonated
choline reveal an asymmetric function resulting from the (CH3)3 groups in the choline. This
distribution then consists of two Gaussian functions, neither of which has the same position as
that of the choline’s ED. On the other hand, the two deuterated (i.e. DPPC_d9 and
DPPC_d13) choline analogues exhibit almost symmetric distributions - the result of
eliminating the negative NSLD contributions from hydrogens.
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Figure 5: Neutron scattering length density (NSLD) and electron density (ED) profiles of a
simulated DOPC bilayer. The left side shows the individual lipid moieties (e.g., phosphate,
choline, glycerol, etc.), while the right hand panel shows the partially combined components,
thus reducing the total number of parameters needed for the SDP model. The combined
component groups are as follows; carbonyl+glycerol (CG), phosphate+CH2CH2N (PCN), and
the three CH3 choline groups (CholCH3). Broken curves represent the partially (d9) and fully
(d13) deuterated head group components (i.e. CD2CD2N and CholCD3). The choice of this
combination is driven by the fact that each of the component groups has nearly the same
functional form for all of the different contrast conditions (e.g. ED of CholCH3, and NSLD of
CholCH3 and CholCD3). Broken vertical lines mark the positions of the different groups.
Previous models have divided the lipid bilayer into 4 or 5 structural components
consisting of the terminal methyl groups, methylene groups (with an occasional separation of
a double bond), the combined carbonyl/glycerol and phosphate/choline groups [Wiener et al.,
1989; Kučerka et al., 2004; Klauda et al., 2006]. However, as described, such models are only
valid for fitting x-ray data, or neutron data from lipid bilayers with deuterated cholines. For
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my SDP model I proposed a different combination of the lipidic atoms that should apply
equally well to all of the experimental data. I have found that the most parsimonious, but still
adequate model, has three structural components describing the lipid head group region,
specifically, carbonyl and glycerol (CG), phosphate and CH2CH2N (PCN), and the three CH3
groups in the choline (CholCH3). Three additional groups are included in my SDP model to
describe the hydrocarbon chain region, i.e. CH2, CH and CH3 groups. Although it was not
necessary to have separate distributions for the CH and CH2 groups for x-ray models [Wiener
et al., 1989; Klauda et al., 2006], because the ED of the double bonded component group is
similar to the ED of methylene groups, this is not the case for NSLDs. On the other hand, the
terminal methyl “trough” is well resolved in ED profiles, while it is negligible in NSLD
profiles. Therefore, all of these features must be included in a model that aims to
simultaneously describe both NSLD and ED profiles.
Constraints
There are six different terms (i.e. five Gaussians and one error function) making up the SDP
model. Although each function is defined by three parameters, the height of the hydrocarbon
chain error function is fixed to one by imposing spatial conservation, while the mean position
of the methyls is constrained by symmetry arguments to zCH3 = 0. Another constraint is the
total lipid volume VL, which is accurately known from experiment [Nagle & Tristram-Nagle,
2000] and from simulations [Petrache et al., 1997]. I also constrain the headgroup volume VHL
(including the glycerol and carbonyl groups) that has been reported to be between 319 and
331 Å3 for gel phase phosphatidylcholine bilayers [Tristram-Nagle et al., 2002], and which
range is assumed also to apply to fluid phase bilayers as the headgroup in both phases is
solvated. Furthermore, the gel phase headgroup volumes are consistent with the value of 319
Å3 that we obtained from the present fluid phase MD simulations following the method of
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[Petrache et al., 1997] using the component groups of our SDP model. The results of this
volumetric analysis provided the basis for the following additional constraints.
I define four additional volumetric parameters that control volume allocation. Two of
these are found in the head group region
RCG 

VCG
VHL

and

RPCN 

VPCN
,
VHL

(17)

and the other two in the hydrocarbon region
r

VCH 3
VCH 2

and

r12 

VCH
.
VCH 2

(18)

In my fitting program we constrained the volumetric parameters in Equations 17 and
18, and also subsequent constraints, using “soft” Bayesian constraints which allow the values
to deviate by ~5% from a target value through the addition of quadratic penalty terms to the
goodness of fit criterion (minimal sum of the weighted squares of the differences between the
fit and data). These constraints increase the stability and robustness of my non-linear least
squares fitting program, especially when applied to incomplete and noisy experimental data.
All partial volumes can be merged into one relation for total lipid volume

VL  VCG  VPCN  VCholCH3  nCH 2VCH 2  nCHVCH  nCH 3VCH 3

(19)

 VHL  (nCH 2  nCH r12  nCH 3 r )VCH 2 ,
where ni are the number of type i components. Equations 17-19 then determine all the
component volumes from soft constraints RCG, RPCN, r and r12, and the volumes VL and VHL.
The component volumes in turn constrain the height of Gaussians (with A being area/lipid)
ci  niVi / A i .

3.2.2.

(20)

Structural Results

First, I fit the SDP model with only one set of parameters simultaneously to the nine sets of
DPPC data obtained under different contrast conditions. Besides x-ray and neutron data from
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protonated bilayers, these include partially (DPPC_d9) and fully (DPPC_d13) deuterated
choline head groups, and chain perdeuterated lipid molecules (DPPC_d62). In addition to
using specifically deuterated DPPC molecules, neutron scattering experiments were also
performed with bilayers dispersed in 50 and 100 % D2O solutions. Due to the unavailablility
of deuterated analogues of DOPC, the neutron data include only two external contrast
conditions at 100% and 50% D2O for this lipid. An additional soft constraint, not applicable
for DPPC, was required for the width σCH of the double bond distribution in DOPC (Table 1).
Table 1: Structural results obtained from fitting the SDP model to DPPC experimental data
measured at 50 oC and DOPC at 30 oC. The second column shows results obtained using
internal and external contrast variation (CV) data, while the other two columns used only
external CV neutron scattering data. Hard constrained parameters are designated by ** and
soft constrained parameters by *, with target values given in column 1. The units for all
numbers carry the appropriate power of Å.
DPPC at 50 oC

DPPC at 50 oC

DOPC at 30 oC

int/externalCV

externalCV

externalCV

VL

1229**

1229**

1303**

VHL

331**

331**

331**

RCG (0.48)

0.41*

0.41*

0.42*

RPCN (0.27)

0.29*

0.28*

0.26*

r (1.93)

1.94*

1.93*

1.96*

r12 (0.81)

--

--

0.79*

DB

39.1

39.0

38.7

DHH

38.0

38.0

36.7

2DC

28.6

28.4

28.8

DH1

4.7

4.7

3.9

A

62.8

63.1

67.4
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Table 1 lists the values of parameters that were determined by the fits to all the DPPC
data in column 2 and by the fit that used only the external contrast data in column 3. Both fits
gave similar values for DC and DB, and therefore for A (calculated using Equations 13 and 14,
respectively). Both fits also gave similar values for DHH, in good agreement with the earlier
reported DHH = 37.8 Å [Kučerka et al., 2006], obtained using x-ray data only. Finally,
although the areas for the benchmark DPPC lipid at 50 oC have varied quite widely [Nagle &
Tristram-Nagle, 2000], the present value near 63 Å2 is not very different from some reported
previously: A=62.9 Å2 [Nagle et al., 1996], A=64.0 Å2 [Nagle & Tristram-Nagle, 2000],
A=64.2 Å2 [Kučerka et al., 2006], and A=62.0 Å2 [Nagle, 1993].
Table 1 shows that many quantities have similar values for DPPC at 50 oC and DOPC
at 30 oC. The first set of parameters corresponds to volumetric information. VL was obtained
from experimentally determined values [Koenig & Gawrisch, 2005; Greenwood et al., 2006;
Uhríková et al., 2007], with VHL fixed to 331 Å3 [Tristram-Nagle et al., 2002]. Additional
partial volumes were estimated from the MD simulation and the ratios in Equations 17 and 18
were restricted to the estimated values with a soft constraint. Methylene volumes calculated
from the results are slightly smaller for DOPC (27.7 Å3) than for DPPC (28.1 Å3), which can
be attributed to the lower temperature of DOPC bilayers. The thicknesses, DB and 2DC, have
similar values, but that is accidental. Because DOPC has a larger volume, a similar thickness
means that the area/molecule A is larger. Therefore, the hydrocarbon region is more
disordered, and that is consistent with the larger width σCH3 of the terminal methyls. On the
other hand, the σ widths of the other distributions have similar values, as might be expected.
The most striking difference between the SDP results for DPPC and DOPC is the smaller
value of DH1 for DOPC; this requires different molecular packing in the interfacial headgroup
region for these two lipids.
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It was previously emphasized that DH1 is a key parameter that cannot be obtained
robustly from x-ray data alone [Klauda et al., 2006]. Previously, the gel phase value of
DH1=4.95 Å for DMPC [Satsoura et al., 2012] was assumed to be the same for all PCs in both
the fluid and gel phases [Nagle & Tristram-Nagle, 2000]. However, through my result that
DH1=3.9 Å for DOPC, together with DH1=4.7 Å obtained for DPPC bilayers, I question the
assumption that the value of DH1 is independent of the particular lipid bilayer.
The smaller value of DH1 for DOPC induces a larger DC and, by Equation 13, a
smaller area A=67.4 Å2 than the A=72.4 Å2 previously reported from fitting the H2 model to
the same x-ray data [Kučerka et al., 2005b]. When A was fixed to the value of 72.4 Å2 in the
SDP analysis, DH1=5.02 Å became close the value assumed in [Kučerka et al., 2005b]. Since
x-ray scattering is most sensitive to the electron dense headgroup peaks and therefore to DHH,
the adjustment of DH1 parameter allows for comparably good fits for the two different areas.
In contrast, when A was fixed to the value of 72.4 Å2, the fit to the DOPC neutron data was
considerably poorer between 0.10 and 0.14 Å-1. Neutron scattering, especially from fully
protonated lipid in D2O, is most sensitive to the thickness DB which, by Equation 14, directly
obtains A using only the highly accurate volume VL. Therefore, when neutron scattering data
are included, prior knowledge of DH1 is not necessary.

3.2.3.

Double Bond Effect

Further, I report on the effect of acyl chain length and double bond position on the structure of
fully hydrated, fluid phosphatidylcholine bilayers containing one double bond per acyl chain
(diCn:1PC, where n=14, 16, 18, 20, 22 and 24 is the number of acyl chain carbons). Under
biologically relevant conditions, these lipids form highly disordered structures that closely
mimic biological membranes. The bilayer description is based on the SDP model dscribed
above, and which provides several different bilayer thicknesses. In conjunction with
volumetric information, these thicknesses are then used to determine the lateral area per lipid,
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A. The experimental trends observed are reproduced with MARTINI coarse-grained (CG)
simulations [Marrink et al., 2007] revealing changes to bilayer properties through a subtle
interplay between acyl chain length and position of the double bond.
The SDP model with only one set of parameters was used to simultaneously fit up to
four data sets obtained under different contrast conditions. Besides X-ray and neutron data
from protonated bilayers dispersed in 100% D2O, the other contrast conditions include
neutron scattering experiments performed with bilayers dispersed in 70 and 50 % D2O
solutions in the case of diC14:1PC, diC18:1PC and diC22:1PC bilayers. Figure 6 shows all of
the experimental data together with the best-fit results.
The X-ray data shown in Figure 6 contains at least three distinct scattering lobes over
the measured q range, while the data from diC24:1PC bilayers reveal an interesting feature.
The minima in between the lobes do not decay to zero intensity as they do for the other
bilayers. I have previously observed something similar while studying charged lipid systems
[Kučerka et al., 2007c], and conclude that this “lift off” of the scattering minima indicates an
asymmetric bilayer, most likely caused by bilayer curvature. We have also conclusively
shown that similarly sized neutral, single species lipid ULV bilayers are not affected by
curvature. Nevertheless, it is possible that bilayers are more susceptible to this effect as their
thickness increases. As a result, we have carefully analyzed the X-ray data shown in Figure 6
(diC24:1PC) with a modified SDP model allowing for the possibility of an asymmetric
bilayer. Although one might fret over the manner by which the background was subtracted,
the best fits to the data strongly suggest that it was robustly done. The use of the asymmetric
model improved the best fit considerably (see Figure 6), and the calculated ED profile reveals
a substantial deviation from a symmetric bilayer.
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Figure 6: The solid red lines are unconstrained area fits to X-ray (bottom left graphs) and
neutron (top right graphs) scattering form factors F(q) of the various diCn:1PC bilayers at
30oC using the SDP model, while blue dashed lines show results using areas from [Lewis &
Engelman, 1983]. The graph for the diC24:1PC X-ray data shows the results of the two
different fits corresponding to symmetric and asymmetric (green) profiles of ED distributions.
Bilayer asymmetry mainly affects distributions in the polar headgroup - i.e. the region
of high electron density. As a result, X-ray scattering form factors are quite sensitive to this
structural feature. On the other hand, as was discussed, neutron scattering is mostly sensitive
to the distribution of water and is rather insensitive to intrabilayer structure. As expected, the
fitting analysis allowing for asymmetric bilayers did not change the neutron result. Since the
overall bilayer parameters (A and DB) are not affected by bilayer asymmetry, we will evaluate
A and DB for diC24:1PC bilayers.
The pioneering work of [Lewis & Engelman, 1983] studied three of the present lipids
(i.e. n=18, 22, and 24) using SAXS and pauci-lamellar vesicles. Compared to the Lewis and
Engelman data (last column of Table 2), we find our DB values to be ~2 Å larger (though they
follow a similar trend), wheras our lipid areas are smaller by as much as 6 Å2. A recent X-ray
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study [Kučerka et al., 2005b] supported the Lewis and Engelman results for n=18 and 22
bilayers, while recent neutron scattering data have suggested much smaller areas [Kučerka et
al., 2007b; Gallová et al., 2008]. This inconsistency between SANS and SAXS data was
thought to be the result of the rudimentary models used to analyze SANS data. Recently I
realized however [Kučerka et al., 2008a], that SAXS is more suitably applied in determining
the internal structure of lipid bilayers, but that it can underestimate DB and A by as much as
10%, a task better suited to SANS measurements. Consistent with previous findings, Figure 6
shows that form factors calculated using reported areas [Lewis & Engelman, 1983] agree well
when compared to X-ray scattering data, but not so well when compared to neutron scattering
data. Importantly, by combining both techniques into one analysis, I can more accurately
determine the various bilayer parameters.
Table 2: Head-to-head distance DHH, hydrocarbon thickness DC, bilayer thickness DB and
lateral area A for the monounsaturated diacylphosphatidylcholines studied at 30 oC. Area
uncertainty was estimated to ±1 Å2 leading to a thickness uncertainty of ~ 2%. ALE are the
temperature corrected results from [Lewis & Engelman, 1983].
DHH

DC

DB

A

ALE

[Å]

[Å]

[Å]

[Å2]

[Å2]

diC14:1PC

29.6

11.7

33.7

64.2

diC16:1PC

32.1

13.1

36.2

65.8

diC18:1PC

36.8

14.5

38.9

66.9

diC20:1PC

38.9

16.3

42.5

66.6

diC22:1PC

45.5

18.2

46.4

65.7

70.1±2.0

diC24:1PC

47.9

20.8

52.2

62.7

66.0±1.9
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73.0±2.7

Figure 7 shows the dependency of the bilayer’s structural parameters as a function of
hydrocarbon chain length n. Both, the hydrocarbon chain thickness DC and the overall bilayer
thickness DB increase with n, exhibiting a small, but not negligible deviation from linear
behavior. Perhaps a more surprising result is how lipid area changes as a function of n (Figure
7 bottom). It increases first, and then it decreases with a maximum near n=18. Although
surprising at first, this behavior is consistent with the accepted notion that the volume of the
individual lipid components is independent of the number and the position of double bonds,
and the length of the acyl chains, resulting in the linear dependency of the total volume as a
function of n [Koenig & Gawrisch, 2005; Uhríková et al., 2007]. As lipid volume is the
product of lipid area and bilayer thickness, it follows that if the thickness increases
nonlinearly, the changes in area will also be nonlinear.
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Figure 7: Bilayer structural parameters
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The nonlinear behavior of bilayer thickness and lipid area can be explained in terms of
double bond position. For n=14 to 18 bilayers the double bond is at the 9-cis position, while
for n=20, 22 and 24 bilayers the double bond is at the 11-cis, 13-cis and 15-cis positions,
respectively. As was discussed by [Karlovská et al., 2006], increasing the hydrocarbon chain
length results in increased van der Waals attraction, which in turn leads to an ordering of the
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hydrocarbon chains, effectively reducing the area per lipid. However, lipid chain disorder also
depends on double bond position, presumably having the most effect when the double bond is
located in the middle of the hydrocarbon chain [Martinez-Seara et al., 2007]. Importantly, this
indicates that lipid area, the result of a fine balance between intrabilayer forces, is a good
indicator of the lateral interactions within the bilayer.
I compare our experimental results to those obtained from MD simulations. Bilayer
simulations based on the MARTINI model [Marrink et al., 2007] reproduced the nonmonotonic trend of area dependence, and qualitatively predicted the same effect of double
bond position on lipid area. The black solid circles in Figure 8 are the results for six lipids
similar to those used in the experiment. However, due to the coarse grained nature of the
MARTINI model, the mapping between total number of carbons is somewhat arbitrary (i.e. an
n=20 hydrocarbon chain can also be an n=18 hydrocarbon chain). As a result, we focused on
the relative changes caused by the position of the double bond. It is clear that A increases with
increasing chain length when the double bond’s distance from the lipid headgroup remains
constant (e.g., n=12 to 20 in Figure 8), and in good agreement with our experimental results.
For long chain lipids (n=20 to 28 in Figure 8) the distance of the double bond with respect to
the bilayer center was fixed, resulting in a decrease in lipid area as a function of increasing
hydrocarbon chain length. Although this effect is not as pronounced as what was observed
experimentally, this softened behavior is most likely due to an underestimation of the
enthalpic attraction between the tails in the coarse-grained simulations. Nevertheless, these
data are overall in support of our experimental findings.
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Roughly,

results

displayed with black solid dots correspond to systems of diC12:1PC, diC16:1PC, diC20:1PC,
diC24:1PC, and diC28:1PC. The green plus signs represent lipids with the double bond
position fixed at the third bead from headgroup, while cyan crosses show simulation results
for the double bond being fixed with respect to the methyl terminus (6 position). Dashed
arrows point out the results where double bonds were shifted away from the lipid headgroup
region. All points are labeled with the double bond position.
Additional simulations were performed to directly confirm the influence of the double
bond’s position, which was experimentally shown to be an important parameter [Huang,
2001]. In simulations of n=20, 24, and 28 bilayers the double bond was shifted away from the
lipid headgroup (dashed arrows in Figure 8). This movement of the double bond resulted in a
smaller area per lipid due to less disorder within the hydrocarbon chain region. It is obvious
that changes in area follow a non-monotonic behavior, which levels off as the double bond
gets closer to the head group. Qualitatively, the same results were observed by [MartinezSeara et al., 2007; Martinez-Seara et al., 2008a]. Further, keeping the double bond position at
a fixed distance from the headgroup (9-cis), the simulations showed an increase in area over
the entire n=12-28 range (green plus signs in Figure 8). On the other hand, lipid area
decreased over the range of n=16-28 when the double bond position was fixed with respect to
the methyl terminus, at the 6 position (cyan crosses in Figure 8). Tthrough the non-unique
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response of lipid area to the changes of acyl chain length, I confirm the importance of the
double bond’s position. This then, can be used to better understand membrane-protein
interactions that are known to depend on bilayer thickness and area per lipid.

3.2.4.

Temperature Effect

The transport of molecules and the chemical signaling processes taking place across the
biological membrane are, for the most part, mediated by membrane proteins, while their
function (i.e. proteins) is determined by the lipid bilayer’s structural properties. It is now
generally accepted that the function, insertion, orientation, and subcellular localization of
integral membrane proteins are all affected by the membrane’s physical properties [Lee,
2004]. Since the thermodynamic phase of lipid bilayers plays a starring role in determining
these properties, it is essential to evaluate the bilayer structure as a function of temperature.
I measured X-ray scattering form factors for the different lipid bilayers studied in
H2O, while neutron scattering form factors at three different contrast conditions (i.e. 100, 70
and 50% D2O). These bilayers were measured at four different temperatures (i.e. 20, 30, 50
and 60oC), which in the case of some lipids covered both gel and liquid-crystalline phases. As
a function of increasing temperature, the bilayer structural parameters, which depend on the
interplay between increasing lipid volume [volume thermal expansivity: V  (1 V )(V T )  ,
where

Π

suggests

a

constant

pressure],

increasing

lipid

area

[area

thermal

expansivity:  A  (1 A)(A T )  ], and decreasing bilayer thickness [thickness thermal
contractivity:  D  (1 D)(D T )  ], changed linearly. Thermal coefficients are determined
from the slopes of the linear functions used to fit the various temperature dependent data.
1,2-dilauroyl-sn-glycero-3-phosphatidylcholine (diC12:0PC, DLPC)
The thickness and lipid area of DLPC bilayers as a function of temperature are given in
Figure 9. They were obtained through the simultaneous analysis of X-ray and neutron ULV
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data. In the case of 30oC bilayers, ULV neutron and X-ray scattering form factors were
refined using X-ray data previously obtained from stacks of oriented (ORI) bilayers [Kučerka
et al., 2005a]. In doing so, we are able to further evaluate the robustness of our method. While
ULV data provide the strongest scattering signal at the low and mid q range, ORI samples
allow us to extend the form factors up to q=0.82 Å-1, thus increasing the resolution of our real
space reconstruction. Bilayer profiles obtained from these two approaches show that the
largest differences are observed in the widths of the terminal methyl groups. However, it is
obvious from Figure 9 that the inclusion of the ORI data in our analysis did not alter area/lipid
or the thickness of DLPC bilayers at 30oC.
The gel-to-fluid transition temperature of DLPC at ~ -1oC [Cevc & Marsh, 1987;
Harroun et al., 2009; Shekhar et al., 2011] is well below the range of temperatures examined
in this study, placing all of our DLPC bilayers (i.e. 20, 30, 50 and 60oC) well into the fluid
phase. All the scattering form factors are consistent with fluid phase bilayers and show only
small variations with changing temperature. These variations correspond to the linear changes
taking place due to increasing lipid volume and area/lipid as a function of increasing
temperature, and the concomitant decrease in bilayer thickness. From the slopes of the
structural data plotted as a function of temperature (Figure 9), the corresponding thermal
coefficients are determined.
1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine (diC14:0PC, DMPC)
The thickness and lipid area of DMPC bilayers as a function of temperature are given in
Figure 9. Similar to what was done with DLPC bilayers, the ULV neutron and X-ray
scattering form factors were reanalyzed using X-ray data previously obtained from ORI stacks
of DMPC bilayers at 30oC [Kučerka et al., 2005a]. Although the scattering statistics are again
improved in the high q region, the resulting bilayer parameters differ negligibly whether or
not the ORI data are used (Figure 9).
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The gel-to-fluid transition temperature for DMPC bilayers is reported to be between
~23 and ~24oC [Cevc & Marsh, 1987; Schalke et al., 2000; Harroun et al., 2009; Shekhar et
al., 2011]. As a result, we only have three liquid crystalline DMPC bilayer data sets. The
thermal thickness contractivity and area expansivity are evaluated from the slopes of the
linear fits to the data (Figure 9).
1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (diC16:0PC, DPPC) and
1,2-distearoyl-sn-glycero-3-phosphatidylcholine (diC18:0PC, DSPC)
DPPC and DSPC have main transition temperatures of ~41-42oC and ~54-55oC, respectively
[Cevc & Marsh, 1987; Schalke et al., 2000; Harroun et al., 2009; Shekhar et al., 2011; Avanti
Polar Lipids, 2011]. Thus we only collected two sets of liquid crystalline data of DPPC
bilayers and one set of DSPC bilayers. In the case of DPPC, previously obtained X-ray ORI
data from liquid crystalline bilayers at 50oC [Kučerka et al., 2008a] are analyzed for
comparison – similar to what was done for DLPC and DMPC bilayers. Although the inclusion
of the ORI data affects the scattering form factors in the higher q region, the differences in
real space data are again negligible (Figure 9).
The bilayer thicknesses and lipid areas for liquid crystalline DPPC and DSPC bilayers,
as a function of temperature, are shown in Figure 9. The thermal thickness contractivity and
area expansivity are evaluated from the slopes of the linear fits to the DPPC data, only.
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (C16:0-18:1PC, POPC)
POPC bilayers undergo a gel-to-liquid crystalline phase transition around -2oC [Avanti Polar
Lipids, 2011]. As such, all of the data shown in Figure 9 are of liquid crystalline POPC
bilayers. It is interesting to note the decreased number of lobes observed in the X-ray
scattering form factors at 30oC. Although the ORI data are available up to q=0.8 Å-1, they are
essentially of zero amplitude beyond q=0.6 Å-1 – the result of a rather smooth scattering
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density profile with no discernable real space features smaller than 10 Å. In many ways this
result justifies the use of only analyzing ULV data, which cover the entire range of useful
scattering. Not surprisingly, there are virtually no differences between the two results (i.e.
ULV data vs. combined ULV and ORI data) shown in Figure 9.
I had some difficulty in fitting the 20oC POPC X-ray scattering form factors, but the
fits to the remaining data were excellent. Moreover, the temperature dependence data of
POPC bilayer structural features, shown in Figure 9, are consistent with the data obtained
from the other bilayers studied.
1-stearoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (C18:0-18:1PC, SOPC)
Compared to POPC bilayers, SOPC bilayers have a slightly higher main transition
temperature i.e. ~ 6oC [Avanti Polar Lipids, 2011]. Liquid crystalline SOPC bilayers were
studied at four different temperatures and the structural data resulting from the SDP analysis
are shown in Figure 9. Similar to the data already presented, DB and DC decrease linearly as a
function of temperature, while values for A increase.
Similar to the POPC data, 20 oC SOPC X-ray scattering form factors show a small
“lift off” in the two low-q minima. The observation of non-zero minima is indicative of an
asymmetric bilayer scattering profile [Kučerka et al., 2009c]. Although single lipid bilayers
are expected to be symmetric in the fluid phase, it is possible that lipids with longer and stiffer
hydrocarbon chains are more prone to forming asymmetric bilayers when close to their
melting temperature. Overall, this asymmetry is minor, and is only seen in the X-ray and not
the neutron scattering form factors.
1,2-diphytanoyl-sn-glycero-3-phosphatidylcholine (di4MEC16:0PC, DPhyPC)
DPhyPC is a lipid with branched hydrocarbon chains (3,7,11,15-tetramethylhexadecanoic).
Compared to unsaturated hydrocarbon chain lipids, DPhyPC’s saturated chains are less
susceptible to photo-oxidation and degradation, yet it readily forms biologically relevant fluid
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phase bilayers [Wilkins et al., 1971]. DPhyPC’s gel-to-fluid phase transition temperature is
thought to be around -120oC [Lindsey et al., 1979], thus all of our measurements were
conducted using liquid crystalline bilayers (Figure 9).
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Figure 9: Temperature dependence of bilayer thickness (black circles represent DB, and green
triangles represent 2DC) and lipid area (blue squares). For the most part, the data shown are
from the analysis of ULVs, while values denoted by the gray X symbols (30oC) are from the
joint refinement of ULV and ORI samples.
DPhyPC experimental data were easily fit using the SDP model. Similar to the other
results presented here, data were obtained using ULVs, while previous X-ray data from ORI
samples [Tristram-Nagle et al., 2010] were included in the case of 30oC – as was done for
some of the other bilayers. The inclusion of ORI data is in excellent agreement with structure
data obtained from ULVs only (Figure 9). The most pronounced differences between ULV
data and ULV data combined with ORI data are observed in the high q region, where an extra
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lobe is seen in the scattering form factors that include the higher resolution ORI data. In real
space, this affects structural parameters that X-rays are especially sensitive to (i.e. DHH), or
those that correspond to finer bilayer details, where increased spatial resolution is required.
Not surprisingly, therefore, the exclusion of ORI data yields real space structural data of
lower spatial resolution and/or decreased sensitivity to bilayer features especially discernable
by X-ray scattering. An example of this is the small value of DH1 (the distance from the
phosphate to the interface of the hydrocarbon region; i.e. 2DH1=DHH-2DC) at 20oC. We
believe this value is most likely the result of an artifact of the analysis in that, it is rather
insensitive to the intrabilayer parameters when high resolution ORI data are not taken into
account. On the other hand, the neutron scattering data make the SDP analysis very robust
when it comes to determining the overall bilayer structural parameters (see Figure 9).
It is well known that the bilayer structure formed by lipid aggregates is due to the
hydrophobic effect [Tanford, 1980], whereby non-polar molecules aggregate in such a fashion
as to exclude water. Lipid bilayers thus form spontaneously and the area/lipid is determined
by the balance between changes in entropy and enthalpy. As the lipid’s hydrocarbon chains
are unable to hydrogen bond with water, they disrupt the hydrogen bonding network between
water molecules – the magnitude of this disruption is directly related to the length of
hydrocarbon chains [Yeagle, Yeagle, 1992]. Similarly, van der Waals attractive forces
between the hydrocarbon tails that contribute to decreasing lipid area depend directly on lipid
chain length. On the other hand, increase in lipid area is caused by the increased probability of
trans-gauche isomerization that happens to increase with chain length [Cevc & Marsh, 1987]
and temperature. As a result, the equilibrium area/lipid at the bilayer-water interface is
dictated by the fine balance of the forces that minimize the system’s total free energy. It is
thus not surprising that lipids with different length hydrocarbon chains and degree of
unsaturation form bilayers with different thicknesses and lipid areas – it is worth noting that
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rotational isomerization depends on the absolute temperature rather than a reduced lipid
temperature, which has no effect on the lipid’s first order main transition [Nagle & TristramNagle, 2000]. Importantly then, is that key membrane parameters used to describe lipid-lipid
and lipid-protein interactions are compared at the same absolute temperature.
Not surprising, the bilayer structural parameters A, DB, DC differ among the various
lipids and also vary as a function of temperature. It is however reasonable to expect that these
parameters vary with temperature in a similar fashion for all of the different lipids. The reason
for this is that trans-gauche rotational isomerization has, among the other intrabilayer
interactions, the strongest thermal dependence and affects, to a great extent, the thermal
behavior of the various bilayer parameters. For example, the values for area thermal
T
expansivity (  TA ), bilayer thickness thermal contractivity (  DB
) and hydrophobic thickness
T
thermal contractivity (  DC
) for the different lipids show only a small temperature

dependence, a result of our analysis having being performed well away from each lipid’s gel
phase (i.e. deep into the fluid phase). Near the phase transition temperature, however, there
are significant subcritical bilayer fluctuations taking place (e.g. [Mason et al., 2001; Pabst et
al., 2004; Chu et al., 2005]) that can evoke more substantial temperature dependencies.
The experimental uncertainties were evaluated by considering two contributions, that
of the expressed structural parameter itself, as well as the linear function’s slope uncertainty
that was used to fit that particular parameter (see Figure 9). As a result, the fits to data with
the fewest number of experimental points (e.g. temperature dependence of DPPC) contain the
largest uncertainties. Despite some large uncertainties, however, the temperature
dependencies of the evaluated structural parameters suggest some interesting behavior. It
seems that in terms of increased lipid area due to increased temperature (i.e. kA in Figure 9),
disaturated chain lipids (i.e. DLPC, DMPC, DPPC, and DSPC) behave similarly, while the
addition of methyl groups (i.e. DPhyPC) to hydrocarbon chains alter their behavior
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noticeably. However, an even larger effect is caused by the addition of a double bond (i.e.
POPC and SOPC). This observed decreased temperature dependence of a bilayer’s area/lipid
can be attributed to the existing disorder caused by multiple methyl groups or a double bond
contributing significantly to an enhancement of thermal fluctuations with increasing
temperature. Similar behavior has been observed by coarse-grained MD simulations. For
example, the inclusion of one double bond decreased the kA=ΔA/ΔT slope by almost 30%
[Stevens, 2004], a value in good agreement with our ~26% change.
In comparing the present results with previously published NMR data of saturated
chain lipids [Petrache et al., 2000] and X-ray results obtained from the di-monounsaturated
DOPC lipid [Pan et al., 2008b], previous data suggest that temperature has a much more
pronounced effect on lipid area than observed in here. This discrepancy between the different
studies can, in part, be attributed to differences in the absolute values of A, which seem to
generally be larger when determined from standalone X-ray scattering experiments [Kučerka
et al., 2008a]. Nevertheless, the molecular area expansivity values kA vary between 0.14
Å2/deg for mixed chain lipids and 0.19 Å2/deg for saturated lipids, in disagreement with the
0.21 Å2/deg value reported for DOPC by [Pan et al., 2008b] and the ~0.27 Å2/deg value
reported for saturated lipids by [Petrache et al., 2000]. Similarly, larger lipid area expansivity
for fluid DMPC bilayers was obtained by [Needham & Evans, 1988] using giant ULVs and
micropipette aspiration. However, Needham and Evans noted that their technique was
sensitive to the apparent area of the vesicles and not the actual membrane area. Because of
local membrane undulations present in stress-free giant ULVs, the apparent and true local
areas may be very different. Moreover, such undulations are affected by temperature and may
be much more pronounced near the chain melting temperature [Mason et al., 2001; Pabst et
al., 2004; Chu et al., 2005]. On the other hand, our results are in good agreement with the X-
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ray measurements by [Costigan et al., 2000], where they determined kA=0.21 Å2/deg and

 TA =0.0032 deg-1 for DMPC bilayers.
3.2.5.

Hydrocarbon Chain Effect

Unlike the case where temperature only profoundly affects the probability of trans-gauche
isomerization, changes to a lipid’s hydrocarbon chain length can affect all of the abovediscussed intrabilayer interactions (i.e. hydrophobic effect, van der Waals interactions, and
trans-gauche isomerization). The equilibrium lipid area is then the result of the fine balance
between all of these interactions. Interestingly, our results suggest that there are differences
between the chain length dependencies for saturated and mixed chain lipids. For example, at a
given temperature a decrease in lipid area as a function of increased saturated fatty acid chain
length is observed (Figure 10a). This implies a smaller increase of the entropic contribution
resulting from rotational isomerization (i.e. chain disorder), compared to the hydrophobic and
van der Waals interactions in saturated chain lipids. In agreement with NMR [Petrache et al.,
2000] and simulations [Stevens, 2004], our data imply that longer saturated hydrocarbon
chains have an increasingly larger chain-chain van der Waals attractive energy, resulting in
smaller lateral areas.
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Figure 10: The effect of hydrocarbon chain length on lipid area (a), bilayer thickness (b) and
hydrocarbon chain thickness (c) for saturated fatty acid chain lipids (solid symbols) and
mixed chain lipids (open symbols) at four different temperatures. Data from saturated chain
and mixed chain lipids have been offset (y-axis) for clarity of presentation.
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The situation, however, is dramatically different for lipids that contain one
monounsaturated (oleoyl) fatty acid chain in the sn-2 position. Area/lipid increases upon the
addition of two CH2 groups for all temperatures studied (Figure 10a). It is worth noting that
this increase is about 3 times larger than the decrease we observed with saturated chain lipids,
clearly demonstrating the importance that chain disorder has on area/lipid. In addition,
compared to fully saturated chain lipid bilayers, bilayers formed by lipids with one
monounsaturated chain (as well as those having two monounsaturated chains; [Kučerka et al.,
2009a]) exhibit larger areas/lipid at each of the given temperatures (Figure 10a). The bilayer
thicknesses, on the other hand (Figure 10b and c), are comparable to bilayers made of medium
length saturated hydrocarbon chains, such as DPPC. This may be explained in terms of the
cis-double bond perturbing the hydrocarbon chain packing. This is known to have a greater
effect in lowering the main transition temperature than, for example, decreasing the length of
the fatty acid chains [Lewis & McElhaney, 1992]. Importantly, the extent of bilayer
perturbation is known to depend on the double bond’s position along the hydrocarbon chain,
and is most pronounced when placed in the middle of the hydrocarbon chain [Lewis &
McElhaney, 1992; Kučerka et al., 2009a].
An effect similar to the addition of a cis-double bond on bilayer transition temperature
and bilayer structural properties (i.e. increased chain disorder and area per lipid) can be
achieved by methyl substitution - also depends on where along the fatty acid chain the methyl
group is placed [Lewis & McElhaney, 1992]. In the case of DPhyPC that contains four methyl
groups along each of its hydrocarbon chains, we observe an approximate 20 Å2 increase in
area per lipid (see Figure 11). Also, for a given temperature DPhyPC’s chains are between 3
and 4 Å shorter than DPPC’s. These intrinsic properties of DPhyPC bilayers have previously
raised the question regarding its suitability in biophysical studies [Tristram-Nagle et al.,
2010]. We extend this discussion by reporting on DPhyPC’s thermal coefficients. Although

48

the area expansivity  TA is the smallest of all of the lipids studied here, this can be attributed
to the much larger area/lipid rather than the weaker temperature dependence. A comparison of
molecular area expansivities kA suggests that the thermal dependence for trans-gauche
isomerization experienced by DPhyPC bilayers is in-between bilayers made of saturated chain
lipids and those comprised of mixed chain lipids (see Figure 10). The data presented here may
thus aid in clarifying DPhyPC’s suitability for biomimetic studies.

3.2.6.

Lipid Area in Fluid PC Bilayers

I summarize areas/lipid for the various fluid bilayers at 30 oC in Figure 11. Note that the data
points for lipids with higher transition temperatures (i.e. DPPC and DSPC) were extrapolated
from fluid phase values using the appropriate thermal coefficients for area expansion. This
method of analysis reiterates the notion that such comparisons should be carried out at the
same absolute temperature. Importantly, the evidence for an extended linear dependence of
areas as a function of chain length corroborates our previous statement that, in the case of
saturated fatty acid liquid crystalline PC bilayers, van der Waals forces are the determining
factor of lateral lipid area.
The data depicted in Figure 11 also reveals the effect that fatty acid unsaturation has
on lipid area. As discussed, the presence of a cis-double bond perturbs the packing of the
hydrocarbon chains, which results in increased chain disorder and a concomitant increase in
lipid lateral area. Interestingly, the addition of two methylene groups to mixed chain lipids
results in an increased area/lipid (blue symbols in Figure 11), in contrast to the decrease
experienced by saturated hydrocarbon chain lipids (black symbols in Figure 11). This again
suggests that rotational isomerization has a much more pronounced effect on lipid areas of
mixed chain lipid bilayers than attractive van der Waals interactions. However, this behavior
changes with the position of the double bond along the fatty acid chain. Previously published
data by [Kučerka et al., 2009a] showed both increasing and decreasing lipid lateral areas in di49

monounsaturated PCs (green symbols in Figure 11). This non linear behavior was explained
in terms of double bond position. Lipids with double bonds fixed relative to the methyl
terminus (i.e. ω10) can be fitted with a negative slope linear function - similar to that for
saturated lipids. On the other hand, lipids with the double bonds fixed with respect to the PC
headgroup (i.e. 9-cis) are fitted with a positive slope linear function - similar to the mixed
chain lipids (with 9-cis double bond) reported here. From this I can conclude that bilayer
thermodynamics for unsaturated lipids are determined by the double bond’s position.
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of one and two monounsaturated fatty acid

chains, respectively. The area/lipid for the branched fatty acid DPhyPC lipid is indicated by
the gray square. All areas denoted by solid symbols (i.e. squares and circles) are obtained
using 30oC data, while areas indicated by open squares are calculated from fluid phase data
using the determined thermal area expansivities. Squares (both open and solid) correspond to
current data, while solid circles are from previously published lipid areas that were
determined using the SDP analysis [Kučerka et al., 2009a]. Xs represent lipid areas from
literature (see the text for references). When needed, the averaged molecular area expansion
kA=0.167 Å2/deg was used to extrapolate the literature data to 30oC.
Comparing our current results of saturated and mixed chain lipids with previously
reported areas for di-monounsaturated lipids [Kučerka et al., 2009a], one can easily appreciate
the profound effect that the first double bond has on lipid area. For example, of the increased
50

area/lipid experienced by the substitution of two monounsaturated (e.g. DOPC) for two
saturated (e.g. DSPC) fatty acid chains of same length, the addition of the first
monounsaturated chain (e.g. POPC) accounts for between 70% and 80%. This result is in
good agreement with my previous X-ray study that reported a 68% increase in area/lipid after
the introduction of the first monounsaturated fatty acid chain [Kučerka et al., 2005b].
I also compare our area/lipid values to previously published results. Lipid areas found
in the literature vary considerably and depend, to a great extent, on the experimental
technique used to obtain them. Substantial differences have been noted when utilizing
standalone neutron and X-ray scattering data, compared to when they are jointly refined
[Kučerka et al., 2008a]. For example, DOPC’s lipid area had been overestimated by about
10% when standalone X-ray data was used to determine its value. This can be seen in Figure
11 whereby our present lipid areas are compared with some of the earlier results for dimonousaturated chain lipid bilayers [Pan et al., 2008b; Shekhar et al., 2011], mixed chain
lipid bilayers [Koenig et al., 1997; Pencer & Hallett, 2000; Kučerka et al., 2005b], and fully
saturated chain lipid bilayers [Shekhar et al., 2011]. As mentioned, the discrepancies are, for
the most part, due to the utilization of limited data sets. It should also be pointed out that data
for saturated lipid bilayers obtained from standalone X-ray scattering experiments [Nagle et
al., 1996; Petrache et al., 1998] and/or NMR experiments [Koenig et al., 1997; Petrache et al.,
2000] show much better agreement with our present results. Although the absolute areas/lipid
are better obtained using our joint refinement method, perhaps a more important message is
that the relative changes in lipid areas observed in the different bilayers (Figure 11) seem to
be consistent irrespective of the technique used to obtain them.
Area/lipid is often used as the key parameter when assessing the validity of MD
simulations. Not unlike the disparate experimental results for lipid areas, published MD
simulations (though not as numerous), have also resulted in a wide range of areas/lipid [Poger
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& Mark, 2009]. Consequently, many simulations have opted to fixing the area/lipid in order to
achieve better agreement with experiment. Our present results can then enable this approach
of simulating membrane structure and dynamics by providing them with the appropriate lipid
area values [Pencer et al., 2005], which have in turn been obtained utilizing models guided by
simulation results. It is obvious, then, that this way of experimentally obtained lipid areas are
also model dependent – as is the case here. It has been proposed that a good test for the
validity of MD simulations is to compare them to experimentally obtained scattering density
profiles [Poger & Mark, 2009]. However, these are calculated based on some assumptions. A
better assessment of simulations is to compare them to “raw” experimental data (e.g. in form
of scattering form factors), as I have suggested recently [Kučerka et al., 2010a]. Our
experimentally obtained scattering form factors provide a basis for the synergy between
experiment and simulation, whereby the simulation results guide the development of more
realistic models, and experimental data aid in the development of more accurate MD force
fields.
To conclude, I have determined a number of structural parameters pertaining to fluid
phase bilayers of three different classes of PC bilayers, at a series of temperatures. Structural
parameters such as area/lipid, bilayer thickness and hydrocarbon chain thickness were
determined through the simultaneous analysis of small angle neutron and X-ray scattering
data. Having determined accurate areas/lipid, I was then enabled to evaluate the lipid chain
thermodynamics. Temperature was found to have the most profound effect with regard to
rotational isomerizations for all lipids studied, while changes in hydrocarbon chain length
affected bilayer dynamics differently for different lipids. Although chain disorder due to
rotational isomerization still dominates in some of the unsaturated lipids, its influence is very
much dependent on the double bond’s position along the hydrocarbon chain. Finally, in the
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case of saturated hydrocarbon chain lipids, I show the attractive van der Waals chain-chain
interactions being determinant for the area/lipid as a function of chain length.

3.3. Phosphatidylglycerol Lipids
Under neutral pH conditions, phospholipids that make up the biological membranes include
electrically neutral (i.e., choline or ethanolamine) and negatively charged (i.e., serine, inositol,
or glycerol) headgroups. Among the charged headgroup moieties, glycerol possesses unique
structural properties that mimic water, conferring an increased solvation and hydrogen
bonding capacity [Zhang et al., 1997]. Phosphatidylglycerols (PGs) may therefore have
specialized structural and functional properties in membranes beyond those that can be
attributed to their inherent net negative charge. The binding free energy, for example, of
Lactoferricin B to mammalian-like membranes (i.e. neutral membranes, e.g. 1-palmitoyl-2oleoyl-sn-glycero-3-phosphatidylcholine, POPC) and bacterial-like membranes (i.e. net
negative charge membranes, e.g. 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylglycerol,
POPG) has been predicted from molecular dynamics (MD) simulations [Vivcharuk et al.,
2008]. Recent studies suggest that certain peptides are capable of compromising certain
bacterial membranes, and may therefore have the potential to either replace or augment
traditionally used antibiotics [Zasloff, 2002]. The design of new and more effective peptides,
however, requires a deeper understanding of when and how specificity occurs. The following
text outlines the studies [Kučerka et al., 2012; Pan et al., 2012b; Pan et al., 2014b] devoted to
characterizing the PG bilayer structures.

3.3.1.

SDP Model of PG Bilayers

I combined MD simulations and experiment, both small-angle neutron (SANS) and smallangle X-ray scattering (SAXS), to determine the precise structure of bilayers comprised of 1palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylglycerol (POPG), a lipid common in bacterial
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membranes. Experiment and simulation are used to develop a one-dimensional scattering
density profile (SDP) model suitable for the analysis of experimental data [Kučerka et al.,
2012]. MD simulations were first performed at the fixed area per lipid of 62.9 Å2, a value
estimated based on literature data for similar lipids. A smaller area per lipid of 60.6 Å2 was
obtained in our initial simulation whereby the x-y lateral plane was not constrained (i.e. NpT
ensemble). However, it has been pointed out that such approaches result in a dramatic lateral
contraction and in overly ordered lipid acyl chains [Feller & Pastor, 1999; Benz et al., 2005;
Sonne et al., 2007]. Of note is that we do not use the simulation to provide accurate lipid
areas, but as a way to guide the design of the SDP model. Therefore, although the design of
the SDP model is based on a simulation, when it comes to the fitting of experimental data,
critical parameters such as lipid area, bilayer thickness, and the width of the probability
distributions are not constrained. In other words, the model only assumes the functional forms
of the probability distributions, which are obtained from simulations and do not vary to any
great extent with the detailed simulation. My analysis, therefore, does not assume numerical
values for those critical parameters that may be different for different lipid bilayers.
It has previously been shown that the SDP model of unsaturated hydrocarbon chains is
best divided into terminal methyl (CH3), methine (CH) and methylene (CH2) groups [Wiener
et al., 1989; Wiener & White, 1991b; Kučerka et al., 2008a] a parsing scheme that I have
adopted for the POPG model. However, the differences between PC and PG require reevaluating the parsing of the headgroup. An obvious choice is to combine the carbonyl and
glycerol atoms into one component (CG) – as was the case for my PC SDP model [Kučerka et
al., 2008a]. However, the arrangement of atoms in the PG headgroup suggests separate
components for the phosphate (PG1) and glycerol (PG2) groups (Figure 12).
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Figure 12: Schematic showing the SDP model parsing of POPG. Lipid chains are divided
into terminal methyl (CH3), methine (CH) and methylene (CH2) groups, while the PG
headgroup consists of carbonyl-glycerol (CG), phosphate (PG1) and glycerol (PG2) moieties.
I have also shown [Kučerka et al., 2008a] that the combination of two Gaussians (one
for CH3 and one for CH components) along with the classical error function is suitable for
describing the probabilities and scattering densities (i.e. ED and NSLD) of lipid hydrocarbon
chains in the SDP model. However, unlike the case of the PC headgroup, where a nonintuitive parsing had to be implemented in order to accommodate the negative NSLD of the
choline, the choline-free PG headgroup has positive Gaussians for both PG1 and PG2
components, further making the case for the above-mentioned parsing scheme. Moreover, our
MD simulation results suggest the overlap of these two components (i.e. PG1 and PG2), thus
providing the option to simplify our model by combining the two Gaussians (i.e. PG1 and
PG2) into one (i.e. PG). Nevertheless, I include both headgroup parsing scenarios in the
analysis, and propose that the use of a single PG Guassian is appropriate when the
experimental data is not of high enough statistical quality, a situation that benefits through the
use of a reduced number of model parameters. The data with regard to the PG1-PG2 vector,
which in our case implies an orientation parallel to the bilayer surface, may prove important
in providing a more detailed description of PG headgroup structure.
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Exchangebale Hydrogens
The terminal glycerol of phosphatidylglycerol (PG) lipids contains two OH groups, which are
capable of fast hydrogen exchange with the surrounding solvent, as demonstrated by nuclear
magnetic resonance (NMR) studies [Weinberg & Zimmerman, 1955]. Importantly, exchange
of hydrogen for deuterium has a profound effect on the NSLD of PG bilayers, which we
illustrate in Figure 13. In the case of 0% D2O, two hydrogens are attached to the hydroxyl
oxygens of the POPG headgroup (Figure 13A, blue spheres). Increasing the D2O
concentration to 100% replaces both hydrogens with two deuteriums (Figure 13A, yellow
spheres). It is clear that hydrogen exchange with D2O water not only increases the NSLD in
the headgroup region, but also shifts the maximum NSLD away from the bilayer center (see
Figure 13B). Failing to account for hydrogen exchange in the SDP analysis can affect the
obtained structural parameters, overestimating PG lipid areas by ~ 2 Å2.
Figure 13: The effect of hydrogen exchange on
the NSLD of POPG. (A) A schematic of
hydrogen exchange for the two hydroxyls on the
PG headgroup. At 0% D2O, two hydrogens (blue
spheres) are associated with the hydroxyl
oxygens. When 100% H2O is exchanged for
100% D2O, the two hydroxyl hydrogens are
replaced by two deuteriums (yellow spheres).
(B) NSLD of a POPG bilayer (water not
included). The yellow solid line corresponds to a bilayer with deuterated hydroxyls and the
blue dashed line corresponds to a bilayer with protiated hydroxyls. The two profiles were
obtained from atom number density distributions (NPT simulations with a POPG lipid area of
62.9 Å2) after being multiplied by their corresponding neutron scattering power.
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The parsing of the PG lipid used in the SDP model strongly depends on the lipid’s
chemical composition, which ultimately affects the scattering data. We examined whether or
not the previously developed SDP model [Kučerka et al., 2012] can be used to analyze SANS
data from PG bilayers dispersed in aqueous solvent with different H2O/D2O ratios, i.e. when
hydrogen/deuterium exchange is taking place. Figure 14C compares bilayer component
NSLD profiles to their corresponding volume probability (vP) distributions, with each NSLD
scaled to its vP by the ratio of component’s volume and neutron scattering length. For
components that do not possess exchangeable hydrogens (i.e., CH3, CH2, CH, G1 and G2),
good overlap is obtained, with the exception of the backbone G1 whose NSLD and vP differ
by 0.2 Å in the direction along the bilayer normal (z direction). This is because the backbone
glycerol has three hydrogens, whereas the backbone carbonyl has none. Hydrogen’s negative
neutron scattering length shifts the maximum NSLD of G1 towards the carbonyl, which is
located closer to the bilayer center. Note that the 0.2 Å difference for G1’s NSLD and vP is
always present, whether or not hydrogen exchange is taken into account.
Figure 14: Comparing rescaled component
NSLDs

(yellow

solid

lines)

to

their

corresponding vPs (dark dashed lines). The
three G3 NSLDs (inset) were calculated
assuming 100% (magenta), 70% (yellow)
and 50% (green) deuteration of the two
hydroxyls. Note that G3 NSLDs for 50% and
70% OH deuteration were shifted vertically for better visualization.
The G3 component contains two hydroxyls with exchangeable hydrogens. Its NSLD
therefore depends on the solvent’s H2O/D2O ratio. For water compositions with 50, 70 and
100% D2O (conditions used to obtain SANS data for all PG lipids [Kučerka et al., 2012; Pan
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et al., 2012b]), the NSLDs of G3 are shown in the inset to Figure 14C, along with its vP. It is
clear that the G3 NSLD is well represented by its vP at all water compositions examined: the
center and width of the NSLD is independent of the H2O/D2O ratio, and identical to the vP.
This finding confirms that our previously developed SDP model [Kučerka et al., 2012] is
suitable for reevaluating the data under conditions of hydrogen/deuterium exchange.
Figure 15 shows lipid area results for three PG lipids (i.e., the di-monounsaturated
DOPG, the monounsaturated POPG and the di-saturated DLPG lipids) using SDP analysis.
The solid symbols were obtained by taking hydrogen exchange into account, while the dashed
symbols correspond to our previous analysis, which omitted hydrogen exchange [Pan et al.,
2012b]. It is evident that the previous analysis overestimated lipid area by different amounts,
depending on chain composition and temperature. In addition, the overestimation seems to be
greater for the thinnest lipid bilayer, i.e., DLPG. This is understandable, as the contribution of
the headgroup hydroxyls to the overall bilayer NSLD becomes more pronounced with
decreasing hydrocarbon chain length.
Figure 15: The effect of hydrogen exchange
on the lipid areas of DOPG, POPG and DLPG.
Solid symbols and their linear fits (solid lines)
were obtained from SDP analysis by taking
into account exchangeable hydrogens, whereas
the broken symbols and dashed lines were
obtained by omitting hydrogen exchange.

3.3.2.

Temperature Effect

In membranes, temperature is a thermodynamic parameter that manifests itself in a number of
ways, such as critical thermal fluctuations [Veatch et al., 2007], phase transitions [Mabrey &
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Sturtevant, 1976], and domain formation [Baumgart et al., 2003]. By examining the thermal
response of lipid model membranes, a better understanding of the adaptation of cells to their
external environment (e.g., through changes in membrane composition, bending rigidity,
fluidity, morphology, etc.) can be achieved. The current structural study of PG lipid bilayers
at several different temperatures allows us to accurately quantify the temperature dependence
at the molecular level. A parallel comparison of thermal responses exhibited by lipids with
varying chain length and degrees of hydrocarbon chain unsaturation enables us to assess how
biological membranes may benefit from lipid diversity. Since the biological membrane
contains many different lipid species, its overall structure depends stringently on the lipid
composition (e.g., the ratio between different lipid components). By incorporating different
lipid species in different quantities, membrane structure can be tweaked to create local
environments that fit the necessities of specific membrane functions.
Figure 16 shows our measured molecular lipid volumes VL as a function of
temperature (20 to 60 ±0.01oC), with previously published DOPC data [Tristram-Nagle et al.,
1998] shown for comparison. Compared to the PC lipid, a smaller volume is observed for the
equivalent PG lipid, due to its smaller headgroup. The PG headgroup volume was estimated
by subtracting the volume difference between a PC [Nagle & Wilkinson, 1978; Greenwood et
al., 2006] and PG lipid from the PC headgroup volume of 331 Å3 [Tristram-Nagle et al.,
2002], assuming an invariant hydrocarbon volume between the two lipid species [i.e.
VHL(PG)=VHL(PC)-(VL(PC)-VL(PG)], where the subscripts HL and L refer to headgroup and
total lipid, respectively). Using this method, the average PG headgroup volume was
determined to be 291 ± 4 Å3, a value which is in good agreement with the 289 Å3 value
obtained from our previous MD simulations of POPG [Kučerka et al., 2012].
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Figure 16: PG lipid volumes obtained by
vibrating tube
buoyancy.

densitometry and

DOPC

data

are

neutral

shown

for

comparison. For DMPG, DPPG, and DSPG
bilayers, a volume jump occurs in the vicinity
of the main gel-to-liquid crystalline. Lines are
to guide the eye only and do not indicate the
true widths of the transitions.
1,2-dilauroyl-sn-glycero-3-phosphatidylglycerol (diC12:0PG, DLPG)
It has been reported that both pH and cation concentration can affect the surface potential,
phase transition temperature and monolayer density of DLPG [Verkleij et al., 1974; Tocanne
et al., 1974; Sacre & Tocanne, 1977; Sacre et al., 1979; Lakhdar-Ghazal et al., 1983; Thuren
et al., 1984]. At 100 mM ionic strength, the main gel-to-liquid crystalline transition of DLPG
bilayers occurs near 5oC [Zhang et al., 1997], well below the lowest temperature we
investigated (20oC). Figure 17 shows the temperature dependence of the main DLPG
structural parameters (i.e., lipid area A, overall bilayer thickness DB, and hydrocarbon chain
thickness 2DC) obtained from the SDP model analysis utilizing one SAXS and three
differently contrasted SANS data sets. As expected, A increases as a function of increasing
temperature, while DB decreases. This behavior is consistent with the greater likelihood of
gauche rotamers in the acyl chains with increasing temperature - as predicted by the
Boltzmann distribution - where a trans-gauche energy difference ε is about 0.5 kcal/mole/CH2
[Nagle, 1980].
The Boltzmann distribution also implies that as temperature continues to increase,
changes in structural parameters will become smaller and eventually vanish. However,
because the temperature range investigated here is relatively narrow (20 to 60oC), the
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structural parameters can be approximated by a linear relation as a function of temperature
(i.e., Figure 17). Over this temperature range, DLPG’s area changes by about 2.0 Å2 for each
10oC increase in temperature, close to the 1.7 Å2 change observed for its neutral counterpart,
DLPC (Figure 9). Although both the overall bilayer thickness and the hydrocarbon thickness
decrease as temperature increases, the changes to DB are slightly more dramatic, suggesting a
thermal thinning of headgroup region. TA decreases slightly as temperature increases, due to
a larger area value in the denominator [i.e., TA=(∂A/∂T)Π/A]. Similarly, the two thickness
contractivities increase slightly with increasing temperature, due to their smaller associated
thicknesses [i.e., TDB=(∂DB/∂T)Π/DB and T2DC=(∂2DC/∂T)Π/(2DC)]. The overall area
expansivity and thickness contractivity of DLPG are very similar to DLPC bilayers [Kučerka
et al., 2011], indicating that the hydrocarbon chain region is most affected by increasing
temperature.
1,2-dimyristoyl-sn-glycero-3-phosphatidylglycerol (diC14:0PG, DMPG)
Compared to DLPG, DMPG has two additional methylene groups in each of its hydrocarbon
chains. It is one of the most studied anionic lipids due to its easily accessible main phase
transition temperature. Numerous studies have shown that DMPG exhibits a broad spectrum
of phase polymorphism at low temperatures, depending on pH, ionic strength, lipid
concentration, temperature, and incubation period [Marassi & Macdonald, 1991; Epand et al.,
1992; Riske et al., 1997; Lamy-Freund & Riske, 2003; Spinozzi et al., 2010; Alakoskela et al.,
2010]. Other interesting phenomena such as vesicle aggregation induced by high
concentration of monovalent cations have also been reported [Eklund et al., 1987].
The main transition of DMPG from the crystalline gel to the liquid-like fluid phase
occurs near 23oC [Boggs & Rangaraj, 1985; Epand et al., 1992; Zhang et al., 1997; Pabst et
al., 2007; McMullen et al., 2009; Epand et al., 2010], consistent with our volume
measurements and our SAXS data, which show distinguishable differences between gel phase
61

(at 20oC, data not shown) and fluid phase (at 30oC) form factors. The melting temperature of
DMPG is very similar to that of DMPC at 24oC [Nagle & Wilkinson, 1978], indicative of the
importance of DMPG’s hydrocarbon chains in the gel-to-liquid crystalline transition. The Xray electronic scattering form factor of DMPG bilayers, reveals non-zero minima for the first
three lobes at 30oC, a possible sign of bilayer asymmetry [Kučerka et al., 2007c]. Similar
form factors have also been observed in PC lipids at temperatures close to the phase transition
[Kučerka et al., 2011]. However, because my current SDP model assumes a symmetric
bilayer, a larger uncertainty should be considered to the structural parameters derived from
the 30oC data.
The structural parameters and their thermal derivatives for DMPG at 30, 50, and 60oC
are shown in Figure 17. Similarly to DLPG, lipid area increases and bilayer thickness
decreases as temperature increases. Because only three data points are available, the estimated
uncertainties are larger than for the corresponding DLPG values.
1,2-dipalmitoyl-sn-glycero-3-phosphatidylglycerol (diC16:0PG, DPPG) and
1,2-distearoyl-sn-glycero-3-phosphatidylglycerol (diC18:0PG, DSPG)
Compared to DMPG, DPPG has two additional methylene groups in each of its hydrocarbon
chains. Various thermotropic, structural, and ionic properties of DPPG bilayers have been
reported, including: a) the effect of pH on chain tilt, fluidity, transition temperature, ion
penetration, and surface water structure [Sacre & Tocanne, 1977; Watts et al., 1978; Watts et
al., 1981]; b) the effect of temperature and monovalent salt concentration (by small and wide
angle X-ray scattering) in the crystalline gel phase [Degovics et al., 2000]; c) divalent cation
induced vesicle fusion [Papahadjopoulos et al., 1976]; d) a low-temperature incubation
induced subgel phase [Wilkinson & McIntosh, 1986; Blaurock & McIntosh, 1986; Tenchov et
al., 2001], not unlike DPPC bilayers [Raghunathan & Katsaras, 1995; Katsaras et al., 1995];
e) monovalent cation dependent phase behavior [Eklund & Kinnunen, 1986; Eklund et al.,
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1989; Zubiri et al., 1999; Pabst et al., 2007]; f) tris buffer induced acyl chain interdigitation in
crystalline bilayers [Wilkinson et al., 1987]; g) phase behavior in binary mixtures with
cardiolipin [Eklund et al., 1987]; and h) hydrogen bond formation with PE lipids in mixed
Langmuir monolayers mimicking bacterial inner membranes [Wydro & Witkowska, 2009].
Simulations have also been done on DPPG monolayers with various area densities [Kaznessis
et al., 2002], and on DPPG/drug systems of different charge [Pickholz et al., 2007].
Differential scanning calorimetry measurements indicate that a sharp, highly enthalpic
gel-to-liquid crystalline transition takes place near 41oC in DPPG bilayers [Epand et al., 1992;
Zhang et al., 1997; McMullen et al., 2009], consistent with our volume and scattering data,
and similar to the melting transition temperature of DPPC. The structural parameters of DPPG
fluid phase bilayers (i.e., 50 and 60oC) obtained from the SDP model analysis are shown in
Figure 17. Because only 2 data points are available, the estimated uncertainties based on MC
simulations are much larger than those of DLPG and DMPG bilayers. Nevertheless, there is a
clear trend indicating that a higher temperature results in a larger area and a thinner bilayer.
In contrast to the three aforementioned saturated PG lipids, not much is known about
DSPG - except for two reports pertaining to bilayer interactions, surface potential, and ion
binding in the crystalline gel phase [Marra, 1986] and interdigitated bilayers [Pabst et al.,
2007]. The gel-to-fluid transition of DSPG occurs near 54oC [Boggs & Rangaraj, 1985; Zhang
et al., 1997; Pabst et al., 2007; McMullen et al., 2009]. As a consequence, only one set of
structural parameters at 60oC are available from our data analysis (Figure 17). Compared to
DPPG at the same temperature, DSPG has a smaller lipid area and a larger bilayer thickness.
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylglycerol (C16:0-18:1PG, POPG) and
1-stearoyl-2-oleoyl-sn-glycero-3-phosphatidylglycerol (C18:0-18:1PG, SOPG)
POPG is one of the most biologically relevant and abundant anionic lipids in nature. Though
rare in most mammalian cells, it is an important component of pulmonary lung surfactant,
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where it may play a specialized role in the defense against bacterial and viral infection. In
treponemal membranes, for example, POPG is reported to: a) interfere with the function of
the receptors regulating pathogen associated molecular patterns; b) inhibit the production of
proinflammatory cytokine; c) depress abscess formation; and d) modulate immune responses
[Hashimoto et al., 2003]. Other studies have found that POPG inhibits bacterial
lipopolysaccharide (LPS) induced production of the proinflammatory mediator, cytokine, by
interacting with the LPS binding protein [Mueller et al., 2005], and it suppresses the
proinflammatory action of Mycoplasma pneumoniae by reducing arachidonic acid release
from macrophages [Kandasamy et al., 2011]. POPG has also been shown to bind the
respiratory syncytial virus with high affinity, and to inhibit its attachment to epithelial cells
[Numata et al., 2010].
Similarly to PG lipids with saturated hydrocarbon chains, the presence of divalent
cations perturbs the phase behavior of POPG [Borle & Seelig, 1985]. The main gel-to-liquid
crystalline transition in POPG bilayers occurs below 0oC [Borle & Seelig, 1985; Wiedmann et
al., 1993; Pozo et al., 2005]. The structural parameters of POPG at four different
temperatures, as well as linear fits and estimated uncertainties, are shown in Figure 17. It is
clear from the figure that the replacement of a single bond with a double bond does not
significantly attenuate the thermal response (compared to saturated lipids, POPG exhibits a
similar temperature dependence for A, DB, and 2DC).
As in the case of DMPG bilayers, we were unable to find lipid area measurements for
synthetic POPG bilayers, although PG synthesized from egg-PC (and presumably rich in
palmitoyl-oleoyl chains) has a reported area of 67.5 Å2 at room temperature [Henin et al.,
2009], a value determined by osmotic swelling [Cowley et al., 1978]. It has been mentioned
previously that lipid areas obtained from MD simulations often do not agree with
experimentally determined values [Kučerka et al., 2012]. A large variability in POPG lipid

64

areas at 37oC has been reported from MD simulations, namely: 66.4 Å2 [Tolokh et al., 2009];
65 Å2 [Henin et al., 2009]; 64.2 Å2 [von Deuster & Knecht, 2011]; 49-51 Å2 in association
with various cations, and 68.2 Å2 for POPG/potassium complex [Yang et al., 2010]; 55-57 Å2
[Dickey & Faller, 2008]; 56 Å2 [Elmore, 2006]; 53 Å2 [Zhao et al., 2007]; and 62.8 Å2
[Murzyn et al., 2005].
We have also investigated SOPG, which has two additional methylene groups in the
saturated sn-1 chain compared to POPG. The volume and scattering data suggest that the
main phase transition temperature of SOPG bilayers occurs below 20oC, consistent with the
known SOPC transition temperature of 6oC [Vilcheze et al., 1996]. A small peak near 0.1 Å-1
present in the X-ray form factors at 20 and 30oC, is most likely due to the presence of paucilamellar vesicles (PLV). Much larger error uncertainties are assigned to the data points in the
vicinity of this peak region in order to diminish any PLV influence. Interestingly, such a peak
disappeared with increasing temperature, and also was absent in the neutron form factors
which determine the bilayer’s overall thickness and area per lipid. The structural parameters
of SOPG bilayers are shown in Figure 17. In general, the thermal response of SOPG bilayers
is very similar to that of POPG and slightly smaller than bilayers with saturated chain lipids.
1,2-dioleoyl-sn-glycero-3-phosphatidylglycerol (diC18:1PG, DOPG)
It has previously been shown that interactions between phospholipids and cholesterol depend
on the degree of phospholipid chain unsaturation [Pan et al., 2008a; Pan et al., 2009b]. The
immiscibility of di-monounsaturated lipids with cholesterol and saturated lipids has served as
the prototypical model for phase separation and lateral domain formation [Feigenson, 2009;
Lingwood & Simons, 2010]. To investigate how the degree of chain unsaturation affects the
structure of bilayers composed of anionic PG lipids as a function of temperature, we
determined the structure of DOPG bilayers at four temperatures.
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The phase behavior of DOPG in response to divalent cations and PC lipids with
different chain lengths has been previously reported [Findlay & Barton, 1978]. The main gelto-liquid crystalline transition of DOPG bilayers takes place near -18oC [Findlay & Barton,
1978], and its structural parameters obtained using the SDP model analysis are shown in
Figure 17. Due to the presence of two cis-double bonds (i.e., one in each hydrocarbon chain),
DOPG possesses the largest area of the lipids in this study. This observation is consistent with
the areas of di-monounsaturated PC lipids, with DOPC exhibiting the largest are per lipid
[Kučerka et al., 2009a]. Also, similarly to zwitterionic PC lipid bilayers, the thermal response
of DOPG is determined to be about half that of lipids with two saturated chains. In other
words, DOPG undergoes much smaller structural changes as a function of temperature, a
feature most likely due to an intrinsic disorder resulting from having two monounsaturated
hydrocarbon chains [Kučerka et al., 2011].
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The structural properties of PG bilayers as a function of temperature are illustrated in
Figure 17. Differences in thermal response are observed for lipids with different degrees of
chain unsaturation, with the largest changes taking place in lipids with two fully saturated
chains. These findings are consistent with a previous report of PC lipids using the SDP model
to simultaneously analyze neutron and X-ray scattering data (see section 3.2.4). A less
pronounced temperature dependence in the case of lipids with unsaturated hydrocarbon chains
has also been observed by other groups utilizing different experimental and theoretical
approaches. For example, using coarse-grained MD simulations, [Stevens, 2004] determined
the area thermal expansion coefficient kA, of DOPC to be half that of DMPC. Using the
Luzzati method together with a heuristic interpolation, Costigan and coworkers reported a
similar trend for DOPC, POPC, and DMPC bilayers [Costigan et al., 2000]. The similarities
observed here between neutral (PC) and charged (PG) lipids underscores that the temperature
effect on lipid area is, for the most part, manifested through the disordering of the
hydrocarbon chains. This implies that already disordered unsaturated hydrocarbon chains are
less affected by increasing temperature. Thus area per lipid for this class of lipids is also less
temperature dependent. This attenuation in the effect of temperature on bilayer structural
parameters is most likely energetically favorable for living organisms under periodic
temperature variation [Hazel & Eugene Williams, 1990].
A closer examination of the effect of temperature on lipid bilayers reveals that PG and
PC lipids, with identical hydrocarbon chains, exhibit a similar thermal response. For example,
the overall bilayer thickness contractivity for DMPC at 30oC was reported to be 0.0019 K-1
[Gordeliy et al., 1996] and 0.0022  0.0006 K-1 [Kučerka et al., 2011], well within the range
of our 0.0016  0.0009 K-1 value for DMPG bilayers at 30oC. Although a different definition
for bilayer thickness was applied, [Simon et al., 1995] reported a phosphate-phosphate
thickness contractivity of 0.0022 K-1 for egg-PC at 23oC, a value not so dissimilar to the
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overall thickness we found for POPG bilayers at 20oC (i.e., 0.0016  0.0006 K-1). Our PG
results are also consistent with an earlier NMR study of PC lipids with different chain lengths
in which an area expansion coefficient of 0.24 - 0.29 Å2K-1 was reported [Petrache et al.,
2000]. However, better agreement is observed when comparing previous SDP-obtained PC
data (section 3.2.4) with the present PG data. For example, the area expansion coefficients for
DLPC, DMPC, DPPC, POPC, and SOPC are 0.17, 0.19, 0.19, 0.14, and 0.14 Å2K-1,
respectively [Kučerka et al., 2011], and are similar to the values for the corresponding PG
lipids (i.e. 0.20, 0.16, 0.25, 0.17, and 0.14 Å2K-1).
Discrepancies between scattering studies also exist. For example, previous standalone
X-ray measurement study of DOPC reported an area thermal expansion coefficient of 0.21
Å2K-1 [Pan et al., 2008b]. This is larger than the upper bound for DOPG bilayers (0.10  0.05
Å2K-1), implying possible differences between zwitterionic and anionic lipid bilayers, and/or
differences between the different techniques used in the two studies. I have emphesized the
need for a more extensive use of experimental data in determining bilayer structural
parameters previously [Kučerka et al., 2008a].

3.3.3.

Hydrocarbon Chain Effect

Lipid chain diversity (e.g., length and degree of unsaturation) is of paramount importance to
biological systems and is intrinsic to biological processes, such as the sorting of cholesterol
[Fielding & Fielding, 1997] and the hydrophobic matching necessary for the
activation/deactivation of certain membrane proteins [Lee, 2004]. In Figure 18 we plot A, DB,
and 2DC as a function of chain length at various temperatures (i.e., 20, 30, 50, and 60oC). The
area and thickness expansivities with respect to chain length are defined similarly to the
temperature expansivity, and are determined by linear least-square fits in the case of data sets
with two or more data points. An interesting result is that at constant temperature the areas of
studied lipids (Figure 18a) are mostly indepenedent of the hydrocarbon chain length. This
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indicates that the attractive van der Waals interactions play a little role in the fine balance of
forces resulting in the self-assembled structures of these PG bilayers.
In contrast to lipid area which behaves differently as a function of chain length for
different lipids, both DB and 2DC increase with increasing chain length, as shown in Figure
18b and c. It is clear from the figure that the slopes are identical for the two thicknesses. Also,
because DB includes the charged PG headgroup, DB and 2DC having the same slope indicates
that the headgroup undergoes negligible conformational change as a function of chain length.
This decoupling effect between the lipid’s headgroup and its hydrocarbon chains implies the
presence of a relatively rigid headgroup, in agreement with our notion that headgroup volume
does not change as a function of hydrocarbon chain composition. This is further explored by
plotting the volumes of saturated lipids at 60oC as a function of chain length (not shown). We
obtain a linear dependence that intersects a vertical axis at V=300.6 ±10.0 Å3, a value
consistent with VHL=291 Å3 estimated above.
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Figure 18: The effect of hydrocarbon chain length on lipid area (a), bilayer thickness (b) and
hydrocarbon chain thickness (c) for saturated fatty acid chain lipids (solid symbols) and
mixed chain lipids (open symbols) at four different temperatures. Data from saturated chain
and mixed chain lipids have been offset (y-axis) for clarity of presentation.
I compare the effect of chain unsaturation on the various bilayer parameters (i.e., A,
DB, and 2DC) to that reported for PC lipids (3.2.5). It seems that the effect of unsaturation on
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A is smaller in the case of PG bilayers as the electrostatic interactions between PG headgroups
attenuate the disordering effect induced by the presence of an unsaturated bond, whose
primary effect is to disrupt chain packing and increase lateral area. To demonstrate the effect
that unsaturated bonds have on hydrocarbon chains, we calculate the effective length L, of
each chain segment as a function of total methylene, methine and methyl groups making-up
the hydrocarbon chain. L is defined as L=Dc/(nCH2+r12×nCH+r), where nCH2 and nCH are
the number of methylene and methine groups, and r12=V(CH)/V(CH2) and r=V(CH3)/V(CH2)
are volume ratios obtained from the SDP model analysis. Figure 19 shows that L for lipids
with two saturated chains depends little on chain length, reflecting the observed trend in areas
per lipid. The disordering effect of the unsaturated bond is manifested by a decrease in L (e.g.,
m=0.5 vs. m=0). The addition of another unsaturated hydrocarbon chain (e.g., m=1 vs.
m=0.5) decreases L further. Interestingly, the changes due to the addition of each double bond
are comparable, unlike to PC bilayers where the addition of the first double bond increased
the area per lipid about twice as much as the addition of the second one (see Figure 11).
Figure 19: The effective length L of PG lipid
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saturated chains, m=0.5 mixed chains, and in m=1
case are both chains monounsaturated).

3.4. Phosphatidylethanolamine Lipids
Following previous efforts in determining the structures of commonly used PC, PG, PS, and
ether lipid bilayers, I expanded the studies by investigating the bilayer structures of fully
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hydrated, fluid phase PE bilayers [Kučerka et al., 2015], as reproduced below. The newly
designed parsing scheme for PE bilayers was based on extensive MD simulations, and is
utilized in the SDP analysis of both X-ray and neutron (contrast varied) scattering
measurements. Obtained experimental scattering form factors are directly compared to our
simulation results, and can serve as a benchmark for future developed force fields. Among the
evaluated structural parameters, namely area per lipid A, overall bilayer thickness DB, and
hydrocarbon region thickness 2DC, the PE bilayer response to changing temperature is similar
to previously studied bilayers with different headgroups. On the other hand, the reduced
hydration of PE headgroups, as well as the strong hydrogen bonding between PE headgroups,
dramatically affects lateral packing within the bilayer. Despite sharing the same glycerol
backbone, a markedly smaller area per lipid distinguishes PE from other bilayers (i.e., PC,
PG, and PS) studied to date. Overall, our data are consistent with the notion that lipid
headgroups govern bilayer packing, while hydrocarbon chains dominate the bilayer’s
response to temperature changes.

3.4.1.

SIMtoEXP Analysis

MD simulations of a fluid phase POPE bilayer at 35oC were first performed using the updated
CHARMM36 [Klauda et al., 2010] force field under NPT conditions, i.e., lateral area was
unconstrained. However, our simulations yielded an average PE area per lipid of 53.2 Å2 and
displayed lipid chain order characteristic of a gel phase. At first, this appears to be in contrast
to the 59.2 Å2 (although still decreasing after 40 ns) reported by [Klauda et al., 2010] for
T=310.15K. However, subsequent publications [Lee et al., 2014] and posts on simulation
community forums [Piggot, 2014] suggested a fix to the problem through force-based cutoffs, as it was the case in the original simulations performed using the NAMD and CHARMM
software. Our results of such simulations equilibrated at an area per lipid of 55.4 Å2, with no
apparent signs of gelation. This then justifies the use of the recently developed CHARMM36
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force field with forced-based cut-offs in the case of NPT conditions, while further analysis
suggests that the two cut-off schemes in the case of model-free area determination are equally
successful. For an additional comparison, we utilized also the recently developed SLIPIDS
force field [Jämbeck & Lyubartsev, 2012b]. NPT conditions in our simulations produced the
expected fluid phase structure with an area per lipid of about 58.0 Å2.
The approach of unconstrained lateral area, or surface tension , has previously been
found to considerably underestimate the area per lipid in simulations using the different
CHARMM force fields [Jensen et al., 2004; Benz et al., 2005; Klauda et al., 2005], - although
less so in the case of the recently updated CHARMM36 [Klauda et al., 2010] and Berger
lipids force fields [Berger et al., 1997; Sapay & Tieleman, 2011]. Various theoretical
explanations for this deficiency have been offered, as well as suggested modifications for
improving the agreement with experiment [Feller et al., 1995; Zhang et al., 1995; Feller &
Pastor, 1996; Jahnig, 1996; Marsh, 1997; Lindahl & Edholm, 2000; Marrink & Mark, 2001;
Skibinsky et al., 2005]. Here, we employ a model-free method where the lateral area is fixed
at a series of values [Klauda et al., 2006], an approach which overcomes the issue of
imperfectly balanced force fields that are needed for simulations of absolute areas at zero
surface tension [Anezo et al., 2003], and takes advantage of simulation results being finetuned by comparing to experiment (see section 3.1.5)[Sachs et al., 2003; Kučerka et al.,
2005a].
We performed constrained area per lipid MD simulations over a range of values. Each
simulation was analyzed separately and I evaluated its success in terms of simulation-toexperiment (SIMtoEXP) comparison [Kučerka et al., 2010a]. Briefly, the real space simulated
bilayer structures were converted to reciprocal space scattering form factors via Fourier
transform, avoiding assumptions associated with models. Calculated scattering form factors
were then plotted on an absolute scale and compared to experimentally obtained form factors.
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The latter were scaled by a factor ke that minimized χ2, which is defined as the square of
residuals between the experimental Fe(q) and simulated Fs(q) form factors, and normalized by
the estimated experimental uncertainty ΔFe(q). Reduced χ2 were calculated by further
normalization using the number of experimental data points Nq, and plotted as a function of
simulation fixed area. Figure 20 shows plots for CHARMM36 (A) and SLIPIDS (B)
calculated form factors.
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Figure 20: Model-free determination of area per lipid made by comparing simulated and
experimental scattering form factors. Open symbols represent reduced χ2 calculated for X-ray
scattering data of bilayers dispersed in H2O, and neutron scattering data of bilayers dispersed
in 100%, 75%, and 50% D2O solution, compared to simulated form factors. Solid lines are
quadratic fits to the data used to determine the model-free area per lipid based on the
CHARMM36 (A) and SLIPIDS (B) force fields, with the most probable value (the χ2
minimum) indicated by dashed lines. Black solid symbols and black thick lines are the results
of the total reduced χ2, which takes into account all data simultaneously.
The model-free area per lipid method of evaluation was suggested almost a decade ago
for a direct comparison of simulated and X-ray scattering data [Klauda et al., 2006], which
allowed experimental scattering data to play a prominent role in the development of new MD
force fields. Historically, only X-ray data were used [Klauda et al., 2010; Klauda et al., 2012],
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but neutron scattering data are now also used to validate MD simulations [Jämbeck &
Lyubartsev, 2012a; Braun et al., 2013; Kang & Klauda, 2014; Pan et al., 2014a]. As the two
experimental techniques are sensitive to different features of the bilayer (electron dense lipid
headgroups in the case of X-rays, and overall bilayer thickness, and consequently lipid area,
in the case of neutrons), the end result is a more robust validation of the simulation data. On
the other hand, evaluated lipid areas utilizing only one dataset vary by as much as 5.8 Å2 in
the case of CHARMM36, and 4.3 Å2 in the case of SLIPIDS simulations - though this
variation is reduced to 3.6 Å2 and 2.1 Å2, respectively, when only 100% D2O neutron data is
considered. A similar disparity was recently reported for DOPC simulations with the
GROMOS 43A1-S3 force field [Braun et al., 2013]. Since the ideal MD force field must be
capable of describing all experimental data simultaneously, the unsatisfactory performance
using the primary testing criterion proposed by [Nagle, 2013] clearly indicates that there is
room for improvement of all three force fields discussed (i.e., CHARMM36, SLIPIDS and
GROMOS 43A1-S3). It should be mentioned that recent POPS simulations using
CHARMM36 resulted in only a 1 Å2 difference between the areas per lipid obtained by
evaluating standalone X-ray and neutron data [Pan et al., 2014a].
Analyses using standalone datasets provide an estimate of the systematic errors. On
the other hand, simultaneous evaluation of all available data results in the most probable
model-free area per lipid. Despite significant differences in the original NPT simulations (see
above), the fact that the results of the two cut-off schemes employed in CHARMM36 fit on
the same curve together with further NPAT results (Figure 20A), underlines the notion of the
model-free method being able to overcome imperfectly balanced force fields. In addition,
lipid areas calculated based on the model-free approach are encouragingly similar for both the
CHARMM36 (58.1 Å2) and SLIPIDS (57.4 Å2) force fields.
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I have discussed disagreements between simulation and experimental results that have
been found through direct comparison of the two [Kučerka et al., 2010a]. As was mentioned,
such comparison is superior to other verification approaches, because it makes use of
unrefined raw data [Klauda et al., 2006]. However, this method can provide only a limited
understanding about the sources of imperfections. In order to understand these sources,
information must be further deconstructed. For example, various properties of simulated
bilayers are often reduced to area per lipid that can be compared to the experimentally
obtained value. On the other hand, most of the experimental techniques - including X-ray and
neutron scattering used here - extract this parameter via various model approaches only. This
then introduces assumptions, which are themselves source for errors [Dickson et al., 2014].
Having said this, it is still more practical to perform comparisons in real space, where
the total bilayer profile can be decomposed in a consistent manner. Utilizing models then
offers advantage of combining information from different experiments, including simulations
[Klauda et al., 2006]. It is worth noting that the large discrepancies observed previously when
standalone X-ray and neutron scattering data were evaluated separately [Kučerka et al.,
2008a], could be attributed to the fact that X-ray scattering is sensitive to the position of the
phospholipid headgroup, while neutron scattering data accurately reflect the location of the
bilayer/water interface. These two results then lead to disparate structural parameters when
used in conjunction with less than perfect models of the bilayer. In order to therefore improve
the robustness of membrane structural parameters, I proposed to combine the simultaneous
analysis of X-ray and neutron scattering data, the use of independently obtained volumetric
data, and a bilayer parsing scheme, which is determined, in part, through simulation.

3.4.2.

SDP Model of PE Bilayers

Data analysis is carried out using a single structural model which underlies all of the various
scattering density profiles, or the so-called SDP model. The original model developed for PC
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[Kučerka et al., 2008a] lipids has been extended recently for PG [Kučerka et al., 2012], PS
[Pan et al., 2014a] and ether [Pan et al., 2012a] lipids. I continue this development by
extending the SDP model to PE bilayers. First, MD simulations were evaluated to find a
“characteristic” parsing scheme that minimizes differences (to within a scale factor) between
X-ray and contrast varied neutron scattering length density distributions (described in detail
below). Since the PE hydrocarbon chain region shares the same functional forms as those
used to evaluate other bilayers, we will focus our discussion on the headgroup region.
While the small PE headgroup suggests the possibility of a parsing scheme different
from that used in previous studies, it turns out not to be the case. Similar to
glycerophospholipids, we describe the PE carbonyl and glycerol moieties with a single
Gaussian (CG). This comes about because the carbonyl groups give rise to similar
distributions for both X-ray and neutron SDPs, while the glycerol moiety has only a small
contribution to the X-ray SDP and practically no contribution to the neutron SDP. As a result,
the SDPs for the combined CG component are shifted by only ~ 0.5 Å (Figure 21), and do not
require the use of additional parameters. What must be carefully considered, however, is the
headgroup’s primary amine, which is generally protonated at biologically relevant pH. It has
recently been pointed out that the amine hydrogens of the PS headgroup exchange rapidly
with deuterium when exposed to D2O [Pan et al., 2014a]. Failing to account for this H/D
exchange impacts the neutron SDP (Figure 21), yielding a larger apparent bilayer thickness,
and a larger area per lipid; an overestimation of area per lipid was reported recently for PG
bilayers [Pan et al., 2012b], and subsequently rectified by taking in to account the
exchangeable hydrogens [Pan et al., 2014b]. Therefore, the ethanolamine moiety is best
represented by a separate Gaussian (ENX – with emphasis on exchangeable protons) that
depends on percent D2O. In the case of pure H2O (i.e., 0% D2O), its contribution to the total
neutron SDP is nearly zero, while in the case of 100% D2O, its distribution overlaps with the
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equivalent X-ray SDP. Finally, the phosphate group is well described by a separate Gaussian
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Figure 22 shows the volume probabilities of the full SDP model for PE lipids,
including the hydrocarbon region. The example was calculated utilizing results from SLIPIDS
simulations performed at NPT. The parsing scheme and selection of functional forms are
justified by the excellent agreement between component distributions and their associated fits.
The small deviation from unity in the sum of all component probabilities at each point along
the bilayer normal, further stresses this agreement.
Figure 22: The SDP model of PE lipids in volume
probability representation. Thin gray lines are the
best fits utilizing Gaussians for CH3, CH, CG, P,
and ENX components, while a pair of error
functions is used to describe the distributions of
the

total

distribution

hydrocarbon
function

is

region.

The

calculated

water
as

the

complementarity of all fits to unity. The top panel
shows the sum of all component probabilities.
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3.4.3.

Structural Results

I applied the proposed SDP model (Figure 22) to high resolution X-ray scattering data
(q>0.6 Å-1) obtained from ULVs in H2O, and lower resolution neutron scattering data
(q~0.3Å-1) from ULVs in 100%, 75% and 50% D2O. The best SDP model fits agree well with
experimental data. As expected, compared to X-ray data, neutron scattering data does not
extend to high q values, due in part to the inherently featureless neutron SDP. Still, the overall
structural parameters (i.e., A and DB) are determined mostly from the first lobe of 100% D2O
neutron scattering data, due to the large contrast between the bilayer and water phase.
The most robust SDP parameter is the bilayer thickness DB obtained from the Gibbs
dividing surface for the water distribution (see Figure 3C). Area per lipid A is then calculated
directly from Equation 14 using an independently measured lipid volume VL (Figure 23). In
addition, the hydrocarbon chain thickness 2DC is evaluated from Equation 13 assuming a PE
headgroup volume VHL. From the comparison of volumetric measurements of various PC
[Kučerka et al., 2011] and PE lipids, we estimate VHL to be 245 Å3 for PE (see Figure 23).
Since the data were measured at several different temperatures within the liquid-crystalline
phase (above 35oC for all lipids studied), the obtained structural parameters allow for the
determination of thermal coefficients from slopes of linear functions used to fit the
temperature dependent data. Table 1 summarizes the most relevant structural parameters.
Figure 23: Temperature dependence of PE
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Table 3: Area per lipid A [Å2], overall bilayer thickness DB [Å] and hydrocarbon thickness
2DC [Å] obtained from SDP analysis of DLPE, POPE and SOPE bilayers at various
temperatures, together with their calculated thermal coefficients  T [deg-1].
A

DB

2DC
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DB

2DC
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DB
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 DB
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 DC

 TA

T
 DB

T
 DC

 TA

T
 DB

35oC
DLPE

45oC

SOPE

T
 DC

55oC

51.7

34.9
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As expected, PE bilayer structural parameters depend strongly on chain composition
and temperature. However, similar to previous findings, and despite the larger PE bilayer
thickness when compared to PC [Kučerka et al., 2011] and PG bilayers [Pan et al., 2012b], the
T
T
T
values for  A [i.e., area thermal expansivity (1 A)(A T )  ],  DB and  DC
[thickness thermal

contractivities  DT  (1 D)(D T )  ] show only a marginal temperature dependence.
Moreover, differences in thermal expansivities/contractivties seem to depend on chain
saturation level, a phenomenon also observed in PC and PG lipids. The largest values are
observed for the PE lipid with two saturated chains (i.e., DLPE), as a result of its smaller A
and D. The absolute changes of A and DB (not 2DC though) are however very similar for all
three PEs studied. In addition, DB decreases more rapidly with temperature than 2DC. This can
be reconciled by the simple relation assumed by space-filling models like SDP, whereby A is
the parameter that links DB and 2DC through corresponding volumetric data in Eq. 13 and 14.
These parameters then vary in unison. The bilayers become thinner at higher temperature,
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most likely due to increased trans-gauche rotational isomerization events that expand the
bilayer in the lateral direction. Similar responses are observed for all four lipid headgroups
(i.e., PC, PG, PS, and PE), reinforcing the notion that the effect of increasing temperature on
A is, for the most part, due to the disordering of the hydrocarbon chains, at the same time
delicately balancing the changes in entropy and enthalpy taking place within the bilayer.

3.5. The Effect of Headgroup on Bilayer Structure
While all bilayers show a similar response to temperature change, the differences in bilayers
with chemically different headgroups manifest themselves through the offsets of their
structural parameters. For example, the larger thickness of PE bilayers can be attributed to the
headgroup’s much smaller cross-sectional area, also reported by some previous studies. As
already mentioned, the CHARMM36 simulations of [Klauda et al., 2010] predicted an area
per POPE of 59.2+/-0.3 Å2 at 37oC, and [Jämbeck & Lyubartsev, 2012b] reported 56.3+/-0.4
Å2 at 30oC using the SLIPIDS force field. Other examples of yet different simulation
approaches reported a value of 62.3+/-0.4 Å2 for POPE at 30oC based on transferable
potentials for phase equilibria [Bhatnagar et al., 2013], and 55.5+/-0.2 Å2 at 37oC using
Lipid14 of the AMBER lipid force field [Dickson et al., 2014]. Amongst experimental
studies, [Pabst et al., 2000] derived an area of 52+/-1 Å2 for DPPE at 75oC. However, this
value is low compared to our estimated area of 60.3 Å2 for DLPE bilayers extrapolated to the
same temperature (see Figure 24). Our value is in much better agreement with that (60.5 Å2)
obtained at 69oC by [Petrache et al., 2000]. Our result of 51.7+/-1 Å2 also compares well with
the 49.1+/-1.2 Å2 value determined experimentally by [McIntosh & Simon, 1986] for DLPE
bilayers at 35oC. More importantly, each of the above mentioned studies arrived at a low
number of water molecules hydrating PE headgroups (between only 4 to 7, compared to ~12
for a typical fluid PC bilayer [Small, 1967]). In fact, the steric exclusion interactions and
strong hydrogen bonding between PE headgroups [Pink et al., 1998] that are responsible for
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such low hydration and volumes are unique among the glycerophospholipids. Unlike the
strong repulsive interactions between gel phase PC headgroups below areas per lipid of ~48
Å2, which prevent optimal (minimal) packing of the hydrocarbon chains [Tristram-Nagle et
al., 1993], PE headgroups appear to allow such optimal packing. The minimal area of an alltrans chain is ~20 Å2 of area [Sun et al., 1996], while total area for DLPE in gel bilayers is ~
41 Å2 [McIntosh & Simon, 1986]. The fluid phase PE area per lipid then likely represents the
packing limit for fluid chains, as pointed out by [Petrache et al., 2000].
Figure 24: Lipid area as a function of
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The importance of lipid headgroups is implied by the fact that they reside at the
interface separating the bilayer’s hydrophobic hydrocarbon interior from bulk water.
Importantly, headgroup diversity modulates electrostatic potential in and near the membrane
surface, a feature central to a wide range of biological processes [McLaughlin, 1989; Cevc,
1990]. My results from the SDP analysis show that areas of charged PG lipids are larger than
their neutral PC counterparts by about 4 Å2, despite the fact that the PG headgroup volume is
smaller, as shown in section 3.3.2. For lipids with one or more unsaturated chains, area
differences between PG and PC lipids become smaller, i.e., ~ 2 Å2. As mentioned previously,
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the disordering effect resulting from the introduction of a double bond attenuates the
contribution of the charged headgroup to lateral area expansion. Consequently, smaller
differences are observed between PG and PC lipids with unsaturated chains.
The double layer Gouy-Chapman theory predicts that the unit free energy of a charged
interface submerged in an ionic solution is proportional to its surface charge density. A larger
lipid area and a concomitantly smaller surface charge density is thus energetically favorable in
the case of PG lipids. Lipid areas play central roles in regulating membrane permeability and
stability. The obtained larger areas for charged lipids is consistent with the finding that the
introduction of anionic PG lipids results in reduced membrane rupture pressure, which in turn
affects membrane stability [Shoemaker & Vanderlick, 2002]. The observed larger lipid areas
of PG lipids can also play important roles in regulating protein translocation [de Vrije et al.,
1988], modulating bacterial membrane permeability [Nikaido & Vaara, 1985], and enhancing
membrane protein folding [Seddon et al., 2008].

4. Model Membranes with Cholesterol
Cholesterol, a ubiquitous component of mammalian cell membranes, plays an important role
as a signaling molecule [Pfrieger, 2003], a modulator of lateral membrane organization
[Silvius, 2003], and influences the membrane’s material properties e.g., fluidity [Filippov et
al., 2003] and bending rigidity [Needham et al., 1988]. Furthermore, cholesterol levels in both
cell and model membranes have been found to modulate the activity of certain transmembrane
proteins [Cornelius, 2001; Ohvo-Rekila et al., 2002; Lee, 2003; Lam et al., 2004].
Although it is not completely clear how the cell manages a membrane’s lateral
organization, the segregation induced by cholesterol is supposed to be a key factor in this
process. For example, the sorting and trafficking of membrane proteins along the exocytic
pathway through the Golgi apparatus has been linked to cholesterol and membrane thickness.

82

Transmembrane domains of plasma membrane proteins have been found five amino acids
longer than those of the Golgi, while membranes along the exocytic pathway increasingly
thicken from the endoplasmic reticulum to the plasma membrane [Bretscher & Munro, 1993].
This progressive membrane thickening has been correlated with a concomitant increase in
cholesterol content along the secretory pathway, suggesting that cholesterol determines the
membrane’s thickness and controls the destination of proteins by hydrophobic matching.
It has been noted that the addition of cholesterol to fluid phase lipid bilayers results in
increased acyl chain order [Chong & Cossins, 1984; Yeagle, 1985; Vist & Davis, 1990; Nezil
& Bloom, 1992; McMullen et al., 1993], while having the opposite effect on lipid headgroups.
The consensus of a number of studies, including NMR [Yeagle et al., 1977; Brown & Seelig,
1978], EPR [Subczynski et al., 1994; Marsh, 2002] and fluorescence [Ho et al., 1995], is that
cholesterol acts as a “spacer” molecule, increasing the separation between lipid headgroups,
thereby reducing possible interactions between them. These studies further demonstrate that,
while the addition of cholesterol decreases the extent of water penetration into the
membrane’s hydrophobic region, there is a concomitant increase in headgroup hydration.
I have studied the influence of cholesterol on the structural parameters and hydration
of bilayers made of monounsaturated diacylphosphatidylcholines (diC14:1PC, diC18:1PC,
diC22:1PC) at 30oC utilizing various scattering methods [Kučerka et al., 2007b; Kučerka et
al., 2008b; Kučerka et al., 2009d]. The choice of lipids was made to mimic thin, medium and
thick biomembranes aiming thus on elucidating some of the issues regarding the membrane’s
response to the hydrophobic mismatch between lipids and cholesterol. The central parts of
these studies are described below.

4.1. Cholesterol Induced Ordering
Interest in cholesterol has recently increased because of its presence in lipid rafts. Current
understanding of rafts comes from studies of lateral phase separation in model bilayers
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composed of a ternary mixture of lipids and cholesterol. Separation of these domains is likely
caused by distinct interactions between cholesterol and different lipid chains: in mixtures of
saturated and unsaturated lipids, cholesterol preferentially partitions into the saturated part
and forms a liquid ordered phase [Mitchell & Litman, 1998; Silvius, 2003; Pitman et al.,
2004]. Cholesterol’s rigid sterol ring must be accommodated by the fluctuating lipid chains
thereby reducing lipid chain entropy - presumably the energetic penalty is greater in the case
of more flexible, unsaturated lipid chains. In non-raft, binary lipid/cholesterol mixtures,
increased lipid acyl chain order results in increased bilayer thickness, as has been reported for
egg lecithin [Levine & Wilkins, 1971] and bilayers made up of a wide range of saturated
lipids [McIntosh, 1978]. In contrast, a decrease in bilayer thickness was reported for longchain saturated lipids in the gel state [McIntosh, 1978].
At first, we have followed the increasing concentration of cholesterol in DOPC
(diC18:1PC) bilayers using fluorescent anisotropy (FA) and SANS measurements [Kučerka et
al., 2007b]. Structural parameters refined in terms of my iterative model-fitting approach to
SANS data (see Section 3.1.1) show definite increases in bilayer thickness as a function of
cholesterol concentration (Figure 25). This observation is consistent with our fluorescence
anisotropy measurements, where increases in anisotropy with the addition of cholesterol are
indicative of an increase in the acyl chain order of fluid lipid bilayers [Lentz, 1993]. The
increase in chain order then suggests a concomitant increase in the membrane hydrophobic
thickness, since these parameters are well correlated [Nezil & Bloom, 1992]. All parameters
in Figure 25 increase monotonically with cholesterol content, and each set of parameters falls
nicely on a curve having a small quadratic dependence.
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Increases to the bilayer thickness (dTOT and dC) coincide nicely with previous X-ray
diffraction studies [Gandhavadi et al., 2002]. For a 0.5 cholesterol:diC18:1PC mixture,
[Gandhavadi et al., 2002] observed an increase in the headgroup peak separation dHH of
~2.5±1.1Å. Although we have not studied a similar cholesterol concentration, we can estimate
a corresponding change in dTOT using the quadratic function which we used to fit our
experimental data. From it, we obtain a ΔdTOT ~4 ± 1 Å, which is in close agreement with the
experimental value of [Gandhavadi et al., 2002].
In my model, the “smooth” change in the NSLD is taken into account by the number
of water molecules, N′W, assigned inside the headgroup region. As is shown in Figure 25, N′W
also increases quadratically with increasing cholesterol concentration. This increase in
hydration is not surprising and is in agreement with numerous studies [Yeagle et al., 1977;
Brown & Seelig, 1978; Subczynski et al., 1994; Ho et al., 1995; Marsh, 2002]. Previous
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findings show that the addition of cholesterol results in the following two changes to the
bilayer: a) a thickening of the hydrocarbon region, and b) increased hydration of the lipid
headgroup. The former is indirectly supported by our fluorescence anisotropy measurements
as well as, from our analysis of the SANS data. Furthermore, our results show that the more
hydrated headroup can be attributed to cholesterol’s effect as a spacer molecule. In other
words, more water penetrates into the headgroup region because of an increased separation
between lipid headgroups. To my knowledge, this is the first direct observation of cholesterolinduced increases to the hydration of the lipid headgroup region.
It was previously shown that cholesterol can either increase or decrease bilayer
thickness, depending on the phospholipid’s thermodynamic state, acyl chain length and
degree of unsaturation [McIntosh, 1978; Pasenkiewicz-Gierula et al., 1991; Gallová et al.,
2004a; Gallová et al., 2004b]. For example, bilayer thickening was reported for fully hydrated
bilayers with saturated acyl chains ranging in length from 12 to 18 carbons [McIntosh, 1978].
To address this issue in monounsaturated lipids, I have investigated cholesterol’s influence on
bilayers made of lipids with differing chain-lengths.
I compare these results to those obtained for diC18:1PC bilayers in Figure 25. The
influence of cholesterol on ULV bilayers made of short- and long-chain lipids reveals an
interesting result. Despite having only two data points, the striking similarities to previously
determined dependencies prompted us to use the same quadratic functions, only shifted
vertically (dotted lines in Figure 25). These lines are suggestive of the same influence of
cholesterol on the three different lipids examined. This result is surprising, especially, in the
case of the diC22:1PC lipid whose hydrocarbon region (18.5 Å) seems to be more extended
than the overall length of a cholesterol molecule (~17 Å [Gallová et al., 2004b]).
The widely accepted model of lipid-cholesterol interactions, is that cholesterol affects
the membrane structure in two ways [Yeagle et al., 1977; McIntosh, 1978; Brown & Seelig,
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1978; Chong & Cossins, 1984; Yeagle, 1985; Vist & Davis, 1990; Pasenkiewicz-Gierula et
al., 1991; Nezil & Bloom, 1992; McMullen et al., 1993; Subczynski et al., 1994; Ho et al.,
1995; Marsh, 2002; Lee, 2003; Gallová et al., 2004a; Gallová et al., 2004b]. Firstly, due to its
rigid structure cholesterol increases lipid acyl chain order. For a highly flexible fluid phase
lipid molecule, such an interaction results in an increased bilayer thickness. Secondly, it is
believed that the rigid hydrophobic molecule of cholesterol determines the thickness of the
hydrocarbon chain region. Therefore, in the case of long-chain lipids, cholesterol is expected
to decrease the thickness of the hydrocarbon chain region. However, our results suggest
otherwise. We observe a thickening of the hydrocarbon chain region, even for diC22:1PC
bilayers, implying that cholesterol prefers to further order the lipid’s hydrocarbon chain over
the possibility of rectifying the hydrocarbon chain mismatch.
It has been argued the discrepancies between various experimental techniques exist,
owing it to a number of factors. For example, differences in the thermodynamic state of lipid
bilayers, in particular, the level of hydration may be a root cause for many of the
discrepancies. In order to increase spatial resolution, many diffraction studies have been
performed on less than fully hydrated bilayers, as water tends to increase bilayer fluctuations.
Another factor influencing bilayer structure is its geometry. Although recent studies of single
species zwitterionic lipids have reported no effect as a result of bilayer curvature [Kučerka et
al., 2007c], in the case of charged lipid bilayers, curvature resulted in the formation of
asymmetric membranes [Brzustowicz & Brunger, 2005; Kučerka et al., 2007c]. This was also
found to be the case in lipid mixtures with cholesterol [Kučerka et al., 2008b] and the
formation of domains in ternary mixtures [Pencer et al., 2008]. Finally, although the use of
scattering techniques has proven to be ubiquitous in structural biology, biophysics and
materials science [Kučerka et al., 2007a], the differences in sensitivity between small angle
scattering vs. diffraction, and X-rays vs. neutrons, have sometimes led to different
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conclusions regarding membrane structure [Kučerka et al., 2008a]. I have therefore
complemented and, more importantly, confirmed our above discussed results obtained from
SANS on curved ULV bilayers dispersed in water as discussed below.

4.2. Dynamic Cholesterol Reorientations
I have expanded previous studies by interrogating same systems in a form of oriented stacks
of partially dehydrated bilayers investigated by small-angle neutron diffraction [Kučerka et
al., 2009d], and X-ray diffraction combined with MD simulations [Kučerka et al., 2008b].
All-atom structures simulated based on the direct comparison with experimental data (see
Section 3.1.5) revealed a very interesting finding. The predominant configuration of
cholesterol in both bilayers is the canonical one (i.e., parallel orientation with lipid
hydrocarbon chains). However, in the thin bilayer there are many cases where cholesterol
molecules transiently oriented perpendicular to the bilayer normal, with the hydroxyl group
submerged in the center of the bilayer (Figure 26). This is in contrast to the behavior of
cholesterol in the thick bilayer, where we see no such reorientations. The reorientation of
cholesterol may be biologically significant when viewed as a possible mechanism for its
transport across the membrane.
Figure 26: Snapshot of the diC14:1PC +
cholesterol

bilayer

highlighting

a

cholesterol molecule in the perpendicular
orientation. The cholesterol bodies are
shown in yellow and hydroxyls in red,
with the perpendicular cholesterol shown
in space filling form for emphasis; water
molecules are omitted for clarity.
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In order to quantify the propensity of cholesterol to adopt the perpendicular
configuration, we arbitrarily define such a state based upon the angle made between the longaxis of cholesterol and the bilayer normal (θ), whereby angles greater than 75° are considered
perpendicular. Given this definition, we observed 42 independent occurrences over a 30 ns
stretch of the asymmetric simulation of the diC14:1PC + cholesterol bilayer. We have defined
the lifetime of these orientations based upon when the cholesterol enters the perpendicular
state and when it has reestablished itself in an upright orientation, in this case, θ < 45° (when
cholesterol reaches 75° it is considered to be in the perpendicular orientation all the way down
to θ = 45°). Using this definition the average lifetime of the perpendicular configurations is ≈
800 ps - though in several instances it is greater than 1 ns, and in one case lasts over 5 ns. It
should be noted, that while the likelihood of finding a cholesterol at greater than 75° is small
(less than 1%), according to the previously defined dynamics of reorentation there are, at any
time, 1.4% of the cholesterol molecules involved in such events. We conclude that the
cholesterol reorientation is a property intrinsic to leaflets with relatively large areas (e.g. in
the diC14:1PC systems, compared to the diC22:1PC systems). Our conclusion is also
consistent with similar observations in the case of polyunsaturated lipids [Harroun et al.,
2006; Marrink et al., 2008].
We have observed in almost all instances of reorientation that as the cholesterol tilts
there is a concurrent switching of the hydroxyl’s hydrogen bonding partner to a different
acceptor atom on either the same or an adjacent lipid. An example of this process is shown in
Figure 27, wherein the hydrogen bonding partner switches from the phosphate to the carbonyl
as the cholesterol becomes perpendicular. However, these types of hydrogen bonds also occur
in the diC22:1PC bilayers, without leading to the perpendicular orientation. Therefore, in
order to understand what differences lead to the reorientation, it is necessary to consider other,
more macroscopic structural features of the two bilayers.
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Figure 27: Sequential snapshots of a single lipid (right), cholesterol (left), and water
molecules within 5 Å of the cholesterol hydroxyl, showing with detail the dynamically
changing interactions that facilitate a cholesterol’s transition from an upright to a
perpendicular orientation. Other nearby molecules have been omitted in order to emphasize
the relevant details. Black dashed lines suggest potential hydrogen bonds.
Compared to the thicker bilayer, our results show that the thinner bilayer is more
disordered, has higher molecular tilts, and has a large degree of cholesterol interdigitation
between the two bilayer leaflets. Perhaps most significantly, the overall lateral area is greater
in the thinner bilayer. Collectively, these data suggest that decreased lipid order and density
confer greater conformational freedom to cholesterol and accommodate the reorientation. In
addition to these differences between the thin and thick bilayers, the simulations reveal two
additional structural differences that allow and encourage the reorientation in the thin bilayer.
First, the diC14:1PC + cholesterol bilayer is significantly more permeable to water than
diC22:1PC + cholesterol. These waters participate in the cholesterol reorientation, as we
observe numerous instances, including the example shown in Figure 27, where water
molecules interact with the cholesterol hydroxyl as it submerges into the nonpolar bilayer
center. Second, the carbonyls of the shorter lipid are significantly closer to the bilayer center
than those of the thicker bilayer. We speculate that these two features create a locally polar
environment, which stabilizes the cholesterol hydroxyl within the nonpolar bilayer core.
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One might assume that cholesterol molecules that reach a fully perpendicular state are
primed for a flip-flop event. It is likely that in order for cholesterol to successfully flip, the
stabilizing hydrogen bonds formed with either water, or the lipids of the originating leaflet,
must first be broken and then reformed with the molecules in the destination leaflet. Once
laying flat in the center of the bilayer, a cholesterol is equally likely to flip or return to its
original leaflet. We observed 6 events in which cholesterol was found tilted to greater than
85°. Of these, only one was both submerged to the center of the bilayer and lacked hydrogen
bonds to lipids or water, remaining “unpartnered” for ≈ 300 ps (it subsequently returned to a
parallel orientation in its original leaflet after ≈ 500 ps).
In the diC14:1PC + cholesterol simulations, we observed a single event over a 50 ns
span in which a cholesterol molecule flipped entirely across the bilayer, starting in the
parallel configuration, momentarily pausing in the center of the bilayer in the perpendicular
configuration (as in Figure 26), and then eventually righting itself in the opposite leaflet. The
time-span for this flip was approximately 5 ns. While extracting quantitative parameters from
single events in simulations must be approached with a measure of skepticism, we present
them here given their potential importance. With this caveat, we calculate a rate of flip-flop
on the order of 107/second, corresponding to a half-life of approximately 10-8 seconds,
consistent with recent coarse-grained simulations [Marrink et al., 2008], but significantly
faster than has been reported experimentally [Lange et al., 1977; Op den Kamp, 1979;
Schroeder et al., 1991; Steck et al., 2002; Hamilton, 2003].
Assymetric Distribution of Cholesterol
Thickening of lipid bilayers upon the addition of cholesterol has been observed in various
lipid systems [Worcester & Franks, 1976; McIntosh, 1978; Gallová et al., 2008]. However,
and perhaps more interesting, I made the observation that cholesterol is not necessarily
distributed symmetrically across bilayers, especially the disordered ones [Kučerka et al.,
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2009c]. Small-angle X-ray scattering carried out on systems of mono-unsaturated lipid
bilayers revealed that the cholesterol density ratio between a bilayer’s two leaflets can be as
high as two (Figure 28). This asymmetry is especially true for bilayers made up of shorter
acyl chain lipids with inherent increased disorder, and diminishes with increasing acyl chain
length. Since the same asymmetry was not observed for planar oriented bilayers [Kučerka et
al., 2008b], it was attributed to the significant curvature present in the bilayers of 600 Å
ULVs. This result is likely of relevance to biological membranes which consist of a wide
variety of lipids with different intrinsic curvature properties. Although it is still not clear
whether local curvature affects lipid composition, or vice versa, the resultant structural
changes that may take place as a result of differing lipid properties may be important in how a
membrane can regulate protein function.
Figure 28: The asymmetric distribution of
cholesterol between a bilayer’s two leaflets
containing short mono-unsaturated acyl chains
(diC14:1PC) formed in 600 Å ULVs. The ED
profile on the left was obtained using SAXS.

4.3. Functional Significance of Lipid Diversity
It is well established that cholesterol adopts an orientation parallel to the lipids in a bilayer.
That is, the lipid headgroups and cholesterol hydroxyls sit in approximately the same plane, a
configuration thought to be stabilized by hydrogen bonding [Tu et al., 1998; PasenkiewiczGierula et al., 2000]. Furthermore, the body of the cholesterol (sterols and acyl tail) aligns
with the acyl chains of the lipid. That cholesterol so strongly prefers this orientation has
implications for its ability to move across membranes. Movement between membrane leaflets
is a necessary process for the intracellular trafficking of cholesterol, and plays an important
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role in cell homeostasis. Therefore, there has been a long and evolving discussion regarding
cholesterol transport across membranes. Biophysical studies, in particular, have focused on
the time-scale for cholesterol “flip-flop”, with a wide range of estimates [Lange et al., 1977;
Op den Kamp, 1979; Schroeder et al., 1991; Steck et al., 2002; Hamilton, 2003].
It should be pointed out that cholesterol may regulate membrane fluidity not just by
the formation of lateral domains, as is so much the focus of lipid raft research, but also by its
wholesale movement across the bilayer, which in turn controls membrane protein function
[Papanikolaou et al., 2005]. It is known that cholesterol’s presence in phospholipid bilayers
decreases both their fluidity and permeability [Mathai et al., 2008] - most likely not the case
when cholesterol resides in the bilayer centre. Recently, neutron studies of deuterated
cholesterol incorporated into diC20:4PC (1,2-di-arachidonoyl-phosphatidyl-choline) bilayers
found cholesterol sequestered inside the membrane, in contrast to its usual position where the
hydroxyl group locates near the lipid/water interface [Harroun et al., 2006; Harroun et al.,
2008]. Complementary experiments using “headgroup” and “tail” deuterated cholesterol
revealed that, the molecule is in fact laying flat in the bilayer centre.
I have carried out neutron diffraction experiments to test the hypothesis that
cholesterol can revert to its upright position at some critical concentration of the
monounsaturated 1-palmitoyl-2-oleoyl-phosphatidylcholine (C16:0-18:1PC, POPC) or the
disaturated 1,2-di-mirystoyl-phosphatidylcholine (diC14:0PC, DMPC) lipid when introduced
to diC20:4PC PUFA bilayers [Kučerka et al., 2009b; Kučerka et al., 2010b]. The average
position of cholesterol molecules within the bilayer was deduced from difference NSLD
profiles, which were obtained via the commonly employed Fourier reconstruction of
diffracted intensities measured at various D2O/H2O contrasts [Kučerka et al., 2009d]. 8 mol%
D2O NSLDs from samples with labelled and unlabelled cholesterol were then subtracted to
provide the distribution profiles of the deuterium label. This approach takes advantage of the
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fact that a mixture of 8 mol% D2O in H2O has a net zero NSLD, thus the form factor is
independent of the unit cell swelling as a result of hydration [Harroun et al., 2006]. The
uncertainties associated with the difference profiles were obtained from the propagation of
standard deviations estimated from repeated diffraction scans, while assuming a 95%
confidence interval. Finally, data were placed on an absolute NSLD scale by requiring that the
area in the difference NSLD profile corresponds, within experimental error, to the neutron
scattering length difference between 6 deuterium and 6 hydrogen atoms [Wiener et al., 1991].
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Figure 29 shows a typical result obtained from the procedure described above.
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Figure 29: NSLD difference (deuterated minus non-deuterated cholesterol) profiles showing
the distribution of cholesterol’s deuterium label in 30 mol% (A) and 50 mol% (B) POPC
doped PUFA bilayers, and 5 mol% DMPC (C) doped PUFA bilayers.
[Harroun et al., 2008] have previously shown that cholesterol is sequestered in the
bilayer centre of PUFA bilayers. Consistent with this result I have observed the same location
for cholesterol in PUFA bilayers doped with small amounts of POPC. Figure 29A shows the
difference NSLD profile corresponding to PUFA bilayers containing 30 mol% POPC, in
which the cholesterol label was clearly observed in the bilayer centre. This was the highest
POPC concentration in which cholesterol was unambiguously observed in the bilayer centre.
However, the situation changed with increasing amounts of POPC. Next, Figure 29B shows
the difference NSLD profile for PUFA bilayers containing 50 mol% POPC, the lowest
concentration at which we unambiguously observed cholesterol to revert to its upright
orientation. The deuterium label appears to be approximately 15 Å from the bilayer centre,
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placing cholesterol’s hydroxyl group within the bilayer’s hydrophobic/hydrophilic interface,
and in excellent agreement with previous data [Harroun et al., 2006; Kučerka et al., 2008b].
The situation when doping PUFA bilayers with DMPC is, however, dramatically
different from POPC. While 50 mol% POPC was necessary to flip cholesterol into its upright
position in PUFA bilayers, Figure 29C shows that only 5 mol% of DMPC was necessary to
achieve the same effect. This result clearly demonstrates differences in cholesterol’s affinity
for chains with different saturation levels. Assuming that each PC is capable of shielding 2
cholesterol molecules from water, thus reducing the energy penalty [Huang et al., 1999], it
follows that POPC molecules mix with PUFA at a mole ratio of about 1:1. The 50 mol%
POPC-doped PUFA system then provides enough POPCs to shield all of the cholesterol
molecules, and at the same time associate, on average, with at least one PUFA molecule.
However, when the POPC concentration is insufficient to satisfy both of the suggested
interactions, cholesterol molecules are expelled into the bilayer centre, while the remaining
POPC continues to interact with the PUFA chain lipids. In starring contrast, all DMPCs (at 5
mol % concentration) associate with cholesterol molecules instead of PUFA-DMPC
interactions. I can thus summarise the cross-molecular interaction preference in POPC-doped
system from most to least preferred one as: a) POPC-PUFA; b) POPC-cholesterol; c)
cholesterol-PUFA, while for DMPC-doped system it is: a) DMPC-cholesterol; b) cholesterolPUFA; c) DMPC-PUFA (Figure 30).
Compared to POPC-doped PUFA bilayers, the observations in the case of DMPCdoped PUFA bilayers clearly demonstrates cholesterol’s affinity for saturated chain lipids. Of
significance is that the mole ratio of 2 cholesterols per DMPC corresponds to the maximum
solubility of cholesterol in PC bilayers [Huang et al., 1999]. It therefore appears that instead
of PUFA-DMPC interactions, at this concentration of DMPC all DMPCs associate with
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cholesterol molecules. In other words, 1 DMPC molecule can flip 2 cholesterol molecules to
their upright orientation (see Figure 30).

Figure 30: Schematics showing the interactions between the different lipids studied and
cholesterol. While in the case of POPC the lipid-lipid interaction is favourable, compared to
the lipid-cholesterol interaction, it is the strong aversion between saturated and PUFA chains
that drives the macromolecular assembly in DMPC-doped PUFA bilayers.
Besides clearly demonstrating the significance of the preference of cholesterol for
different lipids, the present results may also be rationalized in terms of what we presently
know of biological systems. For example, in plasma membranes sphingolipids are primarily
located in the outer monolayer [Brown & London, 2000], whereas unsaturated phospholipids
are more abundant in the inner leaflet [Knapp et al., 1994]. By pushing cholesterol to the
center of the membrane, a PUFA-rich domain on one side would enhance the transfer of the
sterol to a lipid raft on the other. It is even possible to imagine this mechanism resulting in the
formation of functionalised domains that could facilitate biosynthetic pathways of cholesterol
and its transport to and from cells.
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Membrane Domain Formation
My observation of DMPC’s aversion for PUFAs in the results above, give rise to the notion
that domain formation may be primarily driven by lipids, as opposed to the lipid-cholesterol
interactions. I have indeed, observed such domain formation in the DMPC-doped PUFA
system, both experimentally and through MD simulations [Kučerka et al., 2010b]. In a system
where the DMPC/cholesterol ratio exceeds 1:2, the excess DMPC molecules start forming
DMPC-rich domains to avoid the less preferred PUFA-DMPC interaction (see Figure 30). It
is interesting to note that the characteristics associated with the two phases (i.e., DMPC-rich
and DMPC-depleted) changed as a function of time suggesting that the domains were also
changing over the course of the experiment. It should be pointed out, however, that these
samples never formed one pure phase (as observed over a period of 19 hours). Based on the
relative changes of the diffracted intensities, I conclude that the 10 mol% DMPC-doped
PUFA system consisted predominantly of a PUFA-like phase early on in the experiment, and
reached equilibrium with a significant fraction of the sample containing DMPC-rich domains.
Neutron diffraction results were corroborated with MD simulations performed on
same composition samples. The MD results, in qualitative agreement with the neutron
diffraction experiments, predict the formation of PUFA-depleted lateral domains (Figure 31),
where cholesterol is oriented upright. In the PUFA-rich area, most cholesterol molecules
adopt the flat orientation, and frequent flip-flops of cholesterol molecules between the bilayer
leaflets are observed. Morre importantly, however, due to the predominance of the liquiddisordered phase (i.e., PUFA-rich), there are considerable amounts of cholesterol found in this
phase. Therefore, instead of the much widely used term of cholesterol-rich domains, our
results support the previously suggested terminology of saturated lipid-rich domains
[Karmakar et al., 2006].
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Figure 31: Snapshots (top view) of an MD simulation of a DAPC bilayer doped with 10
mol% DMPC and 10 mol% cholesterol (the simulation system comprises 1520 lipid and
cholesterol molecules in total). PUFA molecules are shown in red, DMPC in green, and
cholesterol in grey; water molecules are not shown for reasons of visual clarity. Left: A
DMPC-rich domain (green) in a PUFA bilayer (red). Right: Cholesterol molecules, only. It is
evident that a considerable amount of cholesterol resides outside the DMPC-rich domain.
Importantly, cholesterol molecules in the PUFA-rich domain are laying flat in the bilayer
centre, whereas those in the DMPC-rich domain adopt the upright orientation.

4.4. Platforms for Studying the Alzheimer Disease
The cell membrane plays an important role in the molecular mechanism of amyloid toxicity
associated with Alzheimer’s disease (AD). The membrane’s chemical composition and the
incorporation of small molecules, such as melatonin and cholesterol, can alter its structure and
physical properties [Severcan et al., 2005; Bongiorno et al., 2005]. These changes to the
membrane subsequently affect its functionality and its interactions with biomolecules. While
the interaction of cholesterol with membranes has been extensively studied, the effect of
melatonin on the structure of lipid membranes is not well understood. Structural studies
detailing the effects of melatonin and cholesterol on membranes are, however, of great
importance because both molecules have been linked to amyloid toxicity associated with AD.
Alzheimer’s is a neurodegenerative disease and a major form of dementia that
becomes more prevalent with increasing age. AD is associated with the formation of plaques
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and insoluble amyloid fibrils, which are composed of amyloid-beta (Aβ) proteins folded into
-sheets, found on the surface of neuronal plasma membranes [Mucke & Selkoe, 2012].
Recent studies have shown the lipid membrane to be extremely important in enabling amyloid
fibril formation and its ensuing toxicity [Gellermann et al., 2005; Friedman et al., 2009; Di
Paolo & Kim, 2011]. In both human and animal studies, melatonin has been shown to have a
protective role against AD, namely slowing the development of disease [Karasek, 2004;
Olcese et al., 2009; Dragicevic et al., 2011; Rosales-Corral et al., 2012]. However, the
underlying molecular mechanism of this protective effect is not well understood.
Melatonin is a pineal hormone that is produced in the human brain and is responsible
for maintaining the circadian rhythm and regulating the sleep-wake cycle [Benloucif et al.,
2008].

In addition to its well-known anti-oxidative effects, melatonin is known for its

involvement in intracellular signal transduction, regulation of cell death and cell proliferation
[Kondratova & Kondratov, 2012]. The protective mechanism of melatonin against AD may
involve a nonspecific interaction of melatonin with the membrane [Severcan et al., 2005],
although its effects on lipid membranes remain inconclusive and controversial. For example,
[Galano et al., 2011] emphasized the importance of antioxidant action of melatonin;
[Bongiorno et al., 2005] have shown that melatonin may compete with cholesterol for binding
to lecithin, and that it may even displace cholesterol from the phospholipid bilayer.
Melatonin's ability to control cholesterol content, and therefore membrane rigidity, may thus
reduce the effects of cholesterol on the membrane, as well as cholesterol-mediated processes
[Rosales-Corral et al., 2012]. In addition to its antioxidative protection, the biophysical effects
of melatonin on the membrane may also contribute to its cell protective qualities and thus
deserves further investigation. Our recent studies [Drolle et al., 2013] specifically focus on
non-specific biophysical effect of melatonin on model membranes with the purpose of
comparing it to the effect of cholesterol.
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In order to determine how melatonin affects membrane structure, and to compare these
changes to those induced by cholesterol, we created a model of simplified bilayers containing
either melatonin or cholesterol. The bilayer thickening effect as a result of cholesterol is well
documented [Worcester & Franks, 1976; Kučerka et al., 2007b; Martinez-Seara et al., 2008b;
Kučerka et al., 2009d], and our results acquired utilizing both experimental (i.e., SAND and
SANS) and theoretical (i.e., MD) approaches are in good agreement with previous published
data (Figure 32). In contrast to the effect by cholesterol, increasing amounts of melatonin in
the lipid bilayer result in a progressive decrease in lipid bilayer thickness. In order to further
elucidate structural details on effect of melatonin and cholesterol on model lipid bilayers we
interrogated also samples with both cholesterol and melatonin present at various proportions
(Figure 32). From the results we obtained I can conclude that cholesterol and melatonin affect
the lipid membrane differentially, where melatonin counteracts cholesterol’s effects.
Figure 32: The lipid headgroup-to38

headgroup

37

distance

(DHH)

as

a

36

measure of DOPC bilayer thickness.

DHH [Å]

35
34

The graph shows an increase of DHH

33
32
30
25
20

with the increasing cholesterol, while

5

20

%]

25
30

0

ol

in

15

l [m
ol

on

stero

10

[m

15
10

counteracting effect is caused by the

at

5

chole

el

0

m

30

%

]

31

addition of melatonin.
Lipid membrane thickness is a structural parameter that is needed to accurately
determine other bilayer structural parameters, and is directly related to lipid-lipid, and lipidprotein interactions in biomembranes. Our experimental results confirm the previously
reported and well-known bilayer thickening effect induced by cholesterol. This is a direct
result of the hydrocarbon chains experiencing increased order due to their interactions with
the rigid cholesterol molecules (Figure 33A). Interestingly, our experimental results show, for
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the first time, that the addition of melatonin has the exact opposite effect, i.e., melatonin
causes bilayer thinning. This is most likely due to melatonin introducing disorder within the
membrane by increasing the area per lipid as it incorporates itself among the lipid headgroups (Figure 33B). This notion is also supported by the encroachment of water molecules
deeper into the membrane.
Figure 33: Schematics illustrating the
proposed

locations

of

cholesterol

and

melatonin in the lipid membrane: (A)
cholesterol, (B) melatonin.
Both our experimental and theoretical data are in good agreement and show that the
effect of melatonin on bilayer thickness is opposite to that of cholesterol, which has the
ordering effect and increases the thickness of bilayer. In contrast to cholesterol, melatonin
decreases the order and decreases the thickness in both bilayers, thus inducing the increased
fluidity in the model membrane. The observation of these structural changes may prove
important for other studies on amyloid toxicity, as they may lend some insight into
understanding the molecular mechanism of melatonin protection in AD. For example,
melatonin levels in the body have been shown to decrease with age [Sack et al., 1986]. As AD
is more prevalent later in life, the effects of melatonin and cholesterol on lipid membrane
become very important as their amounts in membranes also change with age. Our results can,
for the first time, provide an understanding for the possible structural changes taking place
within biological membranes. The effects of melatonin on membrane structure may have
consequences similar to those of cholesterol reducing drugs.
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5. Conclusions
In a short recapitulation, results discussed above can be summarized into several points
following the aims that were set up in the beggining of the dissertation. First of all, accurate
structural information has been obtained for many different lipid bilayers thanks to the
experimental techniques of scattering we have designed. The advances achieved over past
decades developed to an extent that scattering approaches can successfully characterize the
physical properties of disordered materials such as biomimetic membranes, as I have
demonstrated throughout the work compiled in the dissertation. The X-ray and neutron
scattering methods are applied to elucidate the material properties previously thought to be the
domain of other techniques, and even provide possibilities not present in any other methods.
In particular, neutron diffraction is utilized to determine the distribution of water or individual
components through deuterium labeling. Its ability to isolate individual molecular groups at
atomic level of detail is unique among biophysical techniques and is directly comparable to
molecular model simulations. The advantage of our joint refinment of X-ray and neutron
scattering measurements is reflected in the improved robustness of structural models
employed and in increased details made available through these advanced models.
The refined structure obtained is invaluable not only to the experimentalists. The
simulation methods in membrane biophysics can perhaps benefit even more, especially when
considering a remarkably fast developments in the field. Due to the wide spread of
approximation approaches, various molecular dynamics force fields result in a wide range of
predictions, creating a necessity for their calibration against true experimental structures. This
is nicely illustrated in modern literature showing the ever growing number of examples of
various attempts to compare simulations with experiments. We have developed a
methodology for the direct simulation-to-experiment comparison, in which obtained
experimental scattering form factors are compared directly to the simulation results, serving
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as a benchmark for future development of force fields. Our results then provide a base for
future predictions in membrane biophysics.
The correlations between membrane structure and properties of lipids making it up are
another very important outcome of my work. We have developed a hybrid experimentalsimulation approach and determined the structures of commonly used PC, PG, PS, and PE
bilayers. Each designed parsing scheme was based on extensive MD simulations, and was
utilized in the SDP analysis of both X-ray and neutron scattering measurements. The
structural results obtained by us give rise to the model of lipid bilayer in which the
hydrocarbon chains dominate the bilayer’s response to temperature changes, while lipid
headgroups govern bilayer packing. It seems that the differences in lipid headgroups provide
biological membranes with a tool to coarse-tune the various inter-molecular interactions
within the bilayer, while their properties are fine-tuned through the composition of lipid acyl
chains. Therefore, besides proteins playing an active role in carrying out the various functions
that take place in a biological membrane, its biological function is imparted also by the lipids.
After all, how better to explain the enormous structural diversity of different moieties found in
the lipidome?
Structural studies of lipid membranes and their changes due to the environmental and
compositional changes, affected by cholesterol in particular, are part of the dissertation too.
The thickening of lipid bilayers upon the addition of cholesterol has been observed in various
lipid systems. However perhaps more interesting are the results were the addition of
cholesterol and/or melatonin can also be interpreted as a tool for changing the structure of
membrane. While we have observed an increased disorder upon the incorporation of
melatonin, the rigid structure of cholesterol increases lipid acyl chain order. For a highly
flexible fluid phase lipid molecule, the latter interaction results in an increased bilayer
thickness even in the case of long chain lipids studied, implying that cholesterol prefers to
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further order the lipid’s hydrocarbon chain over the possibility of rectifying the hydrocarbon
chain mismatch. This can play an important role in the molecular mechanism of various
membrane related diseases, the Alzheimer’s disease for instance, where the incorporation of
cholesterol have been linked to increased amyloid toxicity, while melatonin has been shown
to have a protective role. Although the underlying molecular mechanism is not well
understood yet, our recent results offer fundamental information on the membrane’s structural
properties.
It should be pointed out that cholesterol may regulate membrane fluidity also by its
wholesale movement across the bilayer. We have indeed observed cholesterol sequestered
inside the polyunsaturated lipid bilayers, in contrast to its usual position where the hydroxyl
group locates near the lipid/water interface. Besides clearly demonstrating the significance of
the preference of cholesterol for different lipids, as well as between lipids themselves, our
results may also be rationalized in terms of what we presently know of biological systems.
Despite their different functions, all membranes are in general asymmetric – with higher order
in the bilayer’s outer leaflet, and laterally inhomogeneous – again with higher order regions. It
follows then that their local properties are defined by the particular composition. For example,
the preferred interactions between its various components allow membrane to control the
location of cholesterol. In fact, it is even possible to imagine this mechanism resulting in the
formation of functionalised nanodomains that facilitate biosynthetic pathways of cholesterol
and its transport to and from cells, or aid a protein function. Biological systems can thus
benefit from enormous diversity of lipids, sterols and other small molecules making together a
cell membrane. The studies of model systems presented in this dissertation then shed a light
on roles of various components of this complex system.
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