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ABSTRACT 

STRUCTURAL STUDY ON LIPID MEMBRANE 

BY XRAY ANAOMALOUS DIFFRACTION 

BY 

WANGCHEN WANG 

The shapes and functions of biological membranes are closely correlated. Under certain 

conditions, lipid membranes can be induced into long-range ordered lattice structures. X-

ray diffraction is a powerful technique in resolving these crystallized membrane 

structures. To solve the X-ray phase problem for diffraction amplitudes, we developed a 

novel approach to use the MAD (multi-wavelength anomalous diffraction) method that 

was routinely used in protein crystallography and applied to the lipid membrane 

structures. Several lipidic structures were studied including lamellar phase (L), distorted 

hexagonal phase (H115), and rhombohedral phase (R). The procedure was first established 

and demonstrated on the lamellar phase of the brominated lipid dil8:0(9,10dibromo)PC. 

The non-lamellar phases were further investigated. The binary lipid mixture 

dil 0:0(9,10dibromo)PC and cholesterol exhibiting a distorted hexagonal phase (Hue) was 

found to demix locally from their composition ratio. The cholesterol with negative 

spontaneous curvature preferentially resides at the high-curvature region in the unit cell. 

The membrane fusion intermediate state (stalk) was studied with two brominated lipids at 

rhombohedral phase. The density distribution of the bromine label atoms clearly reveals 

the lipid chains configurations in the unit cell confirming to the hypothesized stalk 

structure. The reverse-monte carlo (RMC) simulation was used to explain the influence 

of disorder on the structure resolution of the lipid packing in the unit cell. 
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Introduction 

Biological membranes are the most fundamental structures of living organelles. 

They define the entity of the cell and separate cell contents from the surrounding medium. 

They are mostly featured as a selectively permeable barrier between the interior of cell 

and the exterior environment. Important cellular process such as ion channel conductance 

and cell signaling are all involved with the biological membranes. Despite the fact that 

the biological membranes could take various forms of cellar interfaces such as liposome, 

erythrocyte, gram-negative bacteria, Schwann cell, etc., the most essential structure 

feature of membrane is the lipid bilayer. They provide a functional matrix to many 

biological molecules including integral membrane proteins, cholesterol and other sterols. 

How the membranes carry out biological functions are closely related to their structures. 

Phosphorous lipids are the most abundant class of the lipids and the major 

component contained in biological membranes. They are commonly composed of a 

hydrophilic phosphate headgroup and two hydrophobic fatty acid chains, which in turn 

make the lipid amphiphilic molecule. The chemical structures of two types of 

phosphorous lipids phosphatidylcholine (PC) and phoshpatidylethanolamine(PE) were 

shown as examples in Fig. 1. Both of them have zwitterionic headgroups. Lipids with 

charged headgroups are phosphatidylglycerol (PG) and phosphatidylserine (PS). The 

chemical difference in the lipid structure also lies in the length of the hydrocarbon chain 

as well as the saturation of the chain. The lipid assembly could form a variety of different 
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Figure 1. Two common types of phosphorous lipids phosphatidylcholine(PC) (top) and 
the phosphatidylethanolamine(PE) (bottom). Both lipids posses zwitterionic headgroups. 
PE has smaller headgroup and thus more negative spontenous curvature than PC lipids. 

structures under certain conditions, i.e., temperature, hydration level, and participating 

molecules. To study the properties and functions of biological membranes which consist 

of a complex of components, a simplified approach is to use phosphorous lipids as model 

system with addition of other active agents such as peptides or cholesterol. Several 

different lipidic membrane structures are shown schematically in Fig.2. By varying the 

external conditions, the lipid assembly could undergo the structural transition from one 

phase from another. In lamellar phase La, the lipids stack up periodically in a 

double-layer form with water layer lying between lipid bilayers. The lamellar phase, also 

referred to as fluid phase, resembles the nature state of cell membrane in a sense that the 

lipids are under full hydration condition and the lipids are able to diffuse freely in the 

plane of membrane. Nevertheless, other non-lamellar phases are also important and 

relevant to biology problems. It's been discovered that the unit cell of rhombohedral 

phase (R) could contain either a membrane fusion intermediate structure (stalk) or a 
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Figure 2. Lipid membranes can adopt a variety of different structures. A.) Micelle. 
B.)Bilayer intercalating with water layer in lamellar phase. C.) Circular tube in inverted 
hexagonal phase. D.) non-circular tube in distorted hexagonal phase. E.) wormhole of 
antimicrobial peptide pore in rhombohedral phase. F.) fusion stalk in rhombohedral 
phase. 

toroidal pore for antimicrobial peptides, depending on the compositions of the lipid 

assembly. The inverted hexagonal phase (Hn) and distorted hexagonal phase (HUB) are of 

great interests as well because of their highly curved structures which are pertaining to 

the membrane fusion pathway. Since these lipid assemblies could be induced into 

long-range ordered crystalline lattice, x-ray technique provides as a powerful tool to 

study these lipid systems. By using solid supported multilayer samples, high diffraction 

orders could be more easily measured and identified, which presents as an advantage over 

the conventionally used powder diffraction. 

To solve the phasing problem of the x-ray diffraction, a new analysis of standard 
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multi-wavelength diffraction (MAD) method was developed and applied to several lipid 

membrane structures as shown in this thesis. The MAD method, along with the advance 

of synchrotron facilities, has recently become a most powerful and popular phasing 

method in protein crystallography. However it was found that the standard MAD 

procedure was not successful in its application to our lipid membrane systems when we 

first started out using the method on different lipid phases. The standard MAD method 

relates three quantities into one equation, i.e., the magnitude of the normal diffraction 

amplitudes of the host molecules |Fo|, the magnitude of the normal diffraction amplitudes 

of the anomalous atoms |Fa|, and the relative phase angle (p between the two amplitudes, 

with several coefficients that are wavelength dependent. By selecting several wavelengths 

below and above the absorption edge of the label atoms, a set of diffraction 

measurements could be made to maximize the dispersive scattering signal so that the 

unknowns could be solved through a combined set of equations. In fact such approach 

was previously applied to work out the ion binding site of thallium to gramicidin 

channels in the lipid system. It turned out that because of the characteristic of our more 

commonly used oriented samples, the standard MAD method is not applicable to such 

kind of lipid systems prepared in an 'open' form. The difficulty lies in the fact that our 

conventionally used samples are deposited on one substrate only and the thickness of the 

sample is subject to uncertainty. As a result the absorption correction becomes 

significantly uncertain, particularly at wavelength in the close vicinity of the absorption 

edge, and above the edge as well. The uncertainty in the absorption correction leads to a 
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breakdown of a self-consistent solution of unknowns in the standard MAD equation. A 

new procedure was thus developed to alleviate the difficulty in absorption correction, 

namely by choosing diffraction energies below the absorption edge where the x-ray 

absorption coefficient is relatively small and nearly insensitive to wavelength. The 

formula was further modified to a straight-line fitting equation by making use of the fact 

that the diffraction at the chosen energies has insignificant contributions from the 

imaginary part of the anomalous scattering factor. We then applied this newly developed 

procedure to a number of lipid phases and some of them are shown in this thesis. The 

outline of the thesis is, Chapter 1 describes the basic principle of the x-ray diffraction 

technique and experimental data correction procedure. Chapter 2 introduces the swelling 

method as the conventional phasing method for lipid structures. The focus in the chapter 

was on the details of MAD method and experiments. Chapter 3. shows the application of 

MAD method to the lamellar phase. Chapter 4. Shows how the structure of the 

cholesterol and lipid mixing was solved in the distorted hexagonal phase. Chapter 5. 

Shows the results of MAD method on the rhombohedral phase on two different lipids and 

the lipid chain configurations in the stalk were shown as the bromine label distribution. 

The reverse monte carlo method was used to demonstrate the effect of disorder on the 

structural resolution, which is inherent in the soft-crystalline lipid assembly samples. As a 

conclusion, the MAD method is shown as a very useful tool in lipidic structure 

determination. It opens up new opportunities to study the lipid systems which may 

answer important biology questions. 
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Chapter 1 

X-ray Diffraction Methods and Experimental Techniques 

1.1 X-ray Diffraction. 

X-ray diffraction is one of the most powerful techniques in resolving the structures 

of biological molecules or macromolecular complexes. It's been routinely used for high 

resolution protein structures determination. In contrast to single crystal protein sample 

needed in protein crystallography, the liquid-crystalline lipid membrane system has also 

been extensively studied with x-ray diffraction technique and provides valuable 

information about the functions and structures of the biological membrane. It aids to 

understand how the lipid membrane behaves under physiology-related conditions, for 

instance when interacting with other bio-molecules such as antimicrobial peptides or 

drugs. In the next sections, we will introduce the technique in depth as to how to apply it 

to the lipid membrane system with various morphology including lamellar phase (La), 

hexagonal phase (Hn), distorted hexagonal phase (Hî g) and rhombohedral phase (R). 

1.1.1 Basic Principles of X-ray Diffraction. 

The basic principles of x-ray diffraction are well established and much of the details 

of the general theory could be found in literatures. Consider an unpolarized 

monochromatic x-ray beam of intensity Io and wavelength X fall on a single crystal. The 

beam interacts with the electrons in the crystal and diffracts the beam in certain directions. 
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The amplitudes of the diffracted x-ray beam are related to the electron density of the 

sample crystal. We define the x-ray momentum transfer vector q as the change of vector 

in the wave vector of the incident beam kj and the wave vector of the diffracted beam k<,. 

q = h~K (1.1) 

For elastic scattering the momentum of the wave changes direction but the magnitude 

keeps constant, | k«| = | k; \=2izlX, so q can be written as 

\q\=j-smO (1.2) 

The scattering angle 20 is defined as the change of angle between the incident wave 

vector kj and the scattering wave vector k<>. 

k Z y^..?*....: . 

Figure 1.1 the momentum transfer vector q. 

The structure factor, designated as F is given by the Fourier transform of the electron 

density function p(r) of the sample crystal in volume V, 

F{q)=[p{r)e-'^dV (1.3) 

The intensity of the diffracted beam is given by 

m = I. I F(q) \2=Ie \[p{r)e-^dV \2 (1.4) 

Where p(r) is the electron density function of the sample crystal in volume V, Ie is the 
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unit scattering intensity from a single electron: 

me c R 2. 

Where I0 is the intensity of the incident beam, R is the distance between the point of 

scattering and the point of observation. The polarization factor (1+cos 29)/2 accounts for 

the angular dependence of the incident radiation in the scattering plane for an unpolarized 

incident beam. 

1.1.2 Lamellar Diffraction on Multilayers 

In the case of a lipid sample composed of N bilayers, the lipid multilayers lay 

parallel to the substrate, and stack up periodically in the z-direction normal to the 

substrate surface, as shown in Fig. 1.2. The electron density of the sample could be 

described by a periodic function, 

p(x,y,z) = p(x,y,z + nD) with«=[0..N-l] (1.6) 

When the membrane bilayers are in the fluidic phase, the electron density distribution of 

lipid bilayer is considered uniform throughout the x-y plane and only the z dependence is 

relevant, i.e., p(x,y,z) - p(z) 

Then Eq.l .4 becomes as : 

ND 

I{q) = IX\p^Yiq2dzf (1.7) 
o 

where D is the repeating distance of unit cell of the lipid bilayer, N is the total number of 

layers in z direction. By applying the periodicity condition of the electron density 
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ND bilayers 

Y///////>/////////////////////Z7m substrate 

Figure 1.2 lipid multilayer sample on substrate. N is the total number of bilayers, D is the 
repeating distance of one single bilayer. kt is wave vector of the incident beam, k0 is wave 
vector of the scattering beam. The momentum transfer vector q is in the normal direction 
of the substrate (also the lipid multilayers) 

p(z + D) = p(z) (1.8) 

Eq. 1.7 could be rewritten as: 

I(q) = Ie((Yje-i""D)lp(z)e^dz)2 (1.9) 
n=0 o 

By taking the summation of discrete terms, Eq.1.9 can be further expressed as 

I{q) = I.(e-«N-l)Dn ^q^]piz)e^dzf 
saiqDIl) J 

= IeS{q)F{qf (1.10) 

with 

m-*?i*°!* **m-)*)>--* (LID 
sm (qD/2) J 

F(q) is the form factor of the unit cell from lipid multilayer system, S(q) the interference 

function describing the contribution from repeated bilayer unit cells. When N takes a 

sufficiently large number which is often the case in practice for lipid multilayers, S(#) 

takes sharp maximums when certain conditions are meet for q, i.e., 
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q = <ih = 
27th 

h = 0,±l,±2,... (1.15) 

Note q is given by #=(47iA,)sin0, Eq.1.15 is the equivalent expression of Bragg condition 

for a one-dimensional oriented lipid multilayers: 

2Dsm6 = hX h = 0,±\,±2,. (1.16) 

In directions with q satisfying Bragg conditions, the diffraction intensity is scaled with 

the square of N 

D 

I{q)ozN2\\fiz)e-iqzdz\2 (1.17) 
o 

The electron density profile (EDP) can be reconstructed by the Fourier transform of the 

observed discrete structure factors F(qn) : 

p(z)=Y,F(^yr -i2nqhz 

h=-x 

D 

• • > • • • • • ^ 

(1.18) 

Electron Density 

Figure 1.3 The Electron Density Profile (EDP) of the aligned lipid bilayer. D is the 
repeating distance of bilayers, d is the PtP distance (Peak to Peak distance) or the 
thickness of lipid bilayer. 
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During experiments, only the diffraction orders above the zeroth order q (h>0) are 

collected and analyzed with substrate blocking out the peaks diffracted in directions 

going below the plane of substrate. Given the centro-symmetry of the lipid bilayers, 

i.e., p(z) = p(-z) , the form factors have the same centro-symmetry Fh = F_h . The 

diffraction orders collected at upper half q plane (h>0) are thus sufficient for the 

reconstruction of the electron density profile to obtain useful structural information. The 

zeroth order of q that's missing from detection in experiments is not critical since it 

contributes as a constant to the density reconstruction (Eq. 1.18). 

1.2 Experimental Procedure 

1.2.1 OD-29 Bragg Diffraction Setup 

The experimental setup for lamella diffraction of lipid bilayers is shown in Fig 1.4. 

The high voltage accelerated electrons collide with Cu target and emits x-ray with a 

characteristic Ka wavelength (X=1.54A). The emitted x-ray beam goes through two 

vertical slits SI and S2 with a soller slit in between. The slits confine the beam with 

0.3 ° for vertical and horizontal divergence. The sample rotates continuously with angle 

co and the detector records the diffraction pattern at 20 position, following the reflection 

condition 9=co. Positions satisfying Bragg diffraction conditions 2Dsind=hA record 

diffraction peaks. The x-ray beam after being diffracted by sample passes through a 

vertical slit and was refined by a graphite monochromator to reduce the radiation 

background and filter out unwanted Cu Kp radiation. The Nal scintillation detector 
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collects the photos after the beam is diffracted from monochromator. One example of the 

recorded spectrum is shown in Fig 1.5. The structure of the lipid bilayers could be 

reconstructed from the diffraction intensities with Fourier transform, provided that the 

phases of the diffraction amplitudes are correctly determined. 

X-Ray Source 

* > -
l — I 

I — I 
SI S2 (D -£^2 

detector 

sample 

Figure 1.4: The experimental setup for co-20 diffraction on lipid bilayers. The incident 
beam is diffracted by the sample and collected by the detector. The rotations of sample 
and detector are arranged in accordance with Bragg condition 0=co. 
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Figure 1.5: X-ray diffraction pattern for POPC under different relative humidity level. 
The peak positions shift towards low angle side as the relative humidity level increases, 
indicating the increase of the repeating distance D in the bilayers with the RH level. 
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1.2.2 Data Reduction and Analysis 

The actual intensities of diffraction peaks are derived from the experimentally 

measured intensities after a number of corrections that account for the geometry or 

instrumental effects on data collection, Icor = ImCdCattCabsCbC, (1.19) 

Icor denotes the actual integrated intensity of diffraction peaks, Im denotes the measured 

integrated intensity. 

1.) Detector Dead Time Correction. Cd = e,T. (1.20) 

/ is the measured intensity Im, z is the dead time constant of the detector. This 

correction factor is the first correction to be applied to the experimental measured 

intensities. It accounts for the fact that the phototube in the detector needs a recovery 

time from the ionization event to detect the subsequent photos after the first photo is 

received. The photos arrive in the duration of dead time rwill not be registered. The 

process of photo hitting the detector at time t after the first photo being received at 

time zero is described by Poisson distribution fij)=Ie^~n\ Thus the probability of 

second photo arriving within a time duration r is given by the integral P(r)= 

Jie("/r)d/=l- e("/T). The actual intensity Io is related to the measured intensity Im by 

Im=Ioe^Ic^. The correction factor could thus be given as Cj= Io/Im ~eImT. The dead 

time constant of the detector r could be experimentally measured (Weiss,2002) and 

found to be 3.97us. The dead time correction factor is negligible at low intensity and 

has about 5% correction at a magnitude of 104counts/sec for high intensity of beam. 
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2.) Attenuation Correction Catt= IJIm. (1-21) 

The diffraction intensities of the low order peaks (the first few peaks) are usually 

significantly larger than that of the high order peaks. The attenuator is applied 

routinely to the very high intensity peaks to avoid a detector counting saturation by 

reducing the incident beam intensity. 

The attenuated intensity Im is related to the incident beam intensity Ic by Ic=ImCatt. 

The attenuator is made up of a few layers of aluminum or nickel foil films. The 

attenuation factor could be experimentally measured by counting the diffraction 

intensity of diffraction peak with attenuator and without attenuator. For aluminum foil 

attenuator used the Catt is measured to be 43.4, nickel foil attenuator 23.7. 

3.) Sample Absorption Correction Cabs=- 1/gf~g^ . n (1.22) 
2jut 

In which t is the sample thickness, // is the absorption coefficient of the sample. This 

correction deals with the fact that as the x-ray beam penetrates into the sample, more 

absorption of photos occurs at greater depth along the beam path inside the sample. 

Assume the sample is a slab of uniform thickness with a linear absorption coefficient 

H, the absorption of the slab could be considered as the sum of absorption of 

constituting multiple finite thin slabs. Next we assume the sample is bathed in the 

beam, i.e., the entire sample is illuminated, the beam will be treated as being made up 

of finite small size sub-rays with cross section At,. Consider the irradiated volume 8Vb 

subject to the sub-ray Ab in a finite thin slab positioned at a depth z with the thickness 
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dz. The intensity of incident beam is dampened along the beani path as the beam 

penetrates into the sample to reach the volume 8Vb and then leave the sample volume. 

The attenuation factor due to the absorption of beam upon its entering and exiting of 

sample is given by 

f = exp(-^-) (1.23) 

I0 sine' 

The number of these small volume elements 5Vb at depth z is NZ=AS • dz/(8Vb) with As 

being the sample lateral extent area. The total diffracted intensity could be taken as the 

sum of diffraction intensities from all the illuminated volume elements 8Vb in the sample 

in volume of Vs, 
1 ovb r L^z AS 

— = —2- exp( —)—^-dz 
I0 Vs J FV s i n 0 ^ 

_[l-exp(-2/^/sin6>)] 

2/jtlsmO 
(1.24) 

Or 

r _ 2/Jt 

'flAs (\-e2/J,/!ine)sm0 ( 1 2 5 ) 

Note the above absorption correction factor was derived under the condition that the 

beam size covers the entire volume of the sample. If the sample size is greater than the 

beam size so that only part of the sample is subject to radiation, the same expression 

could be derived in terms of the intensity reduction. 
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Figure 1.6 Scheme of x-ray absorption correction for film sample with thickness t. 

4.) Geometry Correction C*. 

wbeam 

7T 

U 
./...A..6.. 

w 

Figure 1.7 Geometry correction for sample illuminated by incident xray with beam 
width wbeam. 

Cb — 1 if sample is fully bathed in the beam, or Wbeam/Wsam if sample rotates out of 

the beam with only partial illumination of the sample volume. Wbeam is the beam 

width and Wsam is the sample width projected onto the beam cross section 

Wsam=wsin8(1.26). 

5.) Polarization Correction C = 
l + cos2(20)cos^(20J ( 1 2 7 ) 

When an unpolarized beam is diffracted by the sample, the electric field vector 
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component perpendicular to the direction of propagation of incident beam E± and the 

diffracted beam E'± is related by the projection E'±= E±cos29. The parallel 

component of the electric field E// is unaffected upon diffraction. For unpolarized 

beam the two projection components have equal magnitude |Ej_|=|E//|. As a result the 

intensity of diffracted beam is reduced by a factor of |E|2/|E'|2=2/(l+cos229). For the 

in-house lamellar diffraction measurement, the scattering beam was diffracted again 

by the graphite monochromator before reaching the detector. The graphite 

monochromator is positioned at its diffraction angle 9m with 13.3°, the polarization 

correction is eventually given as Eq. 1.27. 

Figure 1.8. The scheme of correction factor for polarization. The intensity reduction 
of reflected beam is due to the reflection of perpendicular component E± 

6.) Lorentz Correction C< = s i n 2 < 9 (1.28) 

The correction for the Lorentz factor Q arises from the integration of peak intensities 

in reciprocal space with different amount of time required to transverse the Ewald 

sphere of reflection. The exact format of the Lorentz factor depends on the 
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geometrical setup of sample and detection in experiments. Much of the details may be 

found in (Vol. II of International Tables for X-ray Crystallography, 1959). For 

lamellar diffraction, the Lorenz factor is given as C, = sin 20 (Warren, 1990) 
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Chapter 2 

X-ray Anomalous Diffraction: Method and Experiment 

2.1 Experimental Preparation 

2.1.1 Materials 

The phospholipids used for the work in this thesis (including Brominated lipids, 

cholesterol, etc) were all purchased from Avanti Polar Lipids Inc. (Alabaster,AL). The 

two mostly used brominated lipids were the derivatives of dil 8:0(9,10dibromo)PC . 

a.)l,2-Dibromostearoyl-sw-Glycero-3-Phosphocholine, or short as 

dil8:0(9,10-Dibromo)PC. (Molecular Formula C^HJUNOSPB^). b.) 

l,2-Distearoyl(6,7-Dibromo)-sn-Glycero-3-Phosphocholine, or short as 

dil8:0(6,7-dibromo)PC. (Molecular Formula GwH^NOgPB )̂. It has the same molecular 

formula and same molecular structure as dil8:0(9,10-Dibromo)PC except that the 

bromine labels are positioned three carbon atom closer along the chain to the lipid 

phosphate headgroup. 

Figure 2.1 Molecular structure of the bromine-labeled lipid dil8:0(9,10-Dibromo)PC in 
atomic representation (left). The Br labels are positioned at the middle of each 
hydrocarbon chain as marked (right), (from avantilipids.com) 

http://avantilipids.com


20 

2.1.2 Sample Preparation 

A crucial step in X-ray diffraction experiment is how to make high quality X-ray 

samples for experiment. Mostly the samples are prepared on solid substrate in the form of 

'open sample', i.e., the solid supported sample with exposure to the open air. The basic 

procedure includes the steps of dissolution of lipids (and/or other macromolecules such as 

peptides) in organic solvent, the deposition of solvent solutions onto the solid substrate, 

the evaporation of the organic solvent, the spontaneous formation of aligned lipid 

multilayers on the substrate. The sample prepared in this manner will form periodically 

aligned bilayers stacking up on the substrate surface horizontally (along the normal axis 

of the substrate plane, normally defined as z-axis direction). In comparison to the other 

types of samples used for diffraction experiments such as 'sandwiched samples' or 

'powder samples', the aligned solid support multilayer sample described here has several 

advantages. 1.) It takes much less amount of lipids (~0.5mg) than that of the 'sandwiched 

samples', which usually needs a large amount of lipids (~50mg) to make. 2.) It takes 

much less amount of time to prepare one open sample than 'sandwiched samples'. The 

open sample takes less than a single day to make while the 'sandwiched samples' could 

take days or weeks for lipids to hydrate and form uniform alignments. Because the 

'sandwiched samples' are enclosed between several pieces of flat substrates while the 

open samples are deposited on one flat substrate with exposure of large sample surface to 

the open air, the response of the open samples to the hydration change is much faster than 

the enclosed 'sandwiched samples'. The quick hydration response of the sample is often 
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desired when the experimental conditions need to be varied, i.e., when using the swelling 

method for phase determination. 3.) The benefit of using aligned open sample over 

'powder sample' is that the lipids structure is easier to be identified from the diffraction 

pattern. This becomes a highly desirable factor when the lipid structure is a complex 

structure, (for instance, the rhombohedral phase for the membrane fusion stalk structure 

or trans-membrane toroidal pores from antimicrobial peptides.) 

The procedure of sample preparation is detailed as follows, 

1.) The dissolution of lipids/peptides 

The commonly used organic solvent for lipids/peptides is chloroform. To make the 

lipids solution spread over the substrate to form uniform multilayer alignment, a 

mixture of 2,2,2-trifluoroethanol(TFE) and chloroform is often used to adjust the 

solvent to a favorable surface tension. The optimal ratio of TFE to chloroform seems 

to depend on a number of factors, such as the type of lipids to be dissolved, the size of 

the substrate and the amount of lipids to be used. In practice the composition of 1:1 

TFE/chloroform works quite well for many of the lipid samples. The amount of lipids 

used usually is about 0.3~0.5mg for a 10x10 mm2 substrate. 

2.) The deposition of solvent solutions onto the substrate. 

After the lipids are being dissolved into the organic solvent, the solution is vortexed 

for a minute or so and then deposited onto a clean flat silicon wafer. Before use, the 

substrate is vigorously wiped with ethanol/chloroform, placed in ultrasound cleaner 

for the repeated sonication for about 5 minutes, and then thoroughly rinsed with 
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distilled water and ethanol. 

3.) The evaporation of organic solvent 

After the solution is being deposited onto the silicon wafer (in the size of 10x10 mm , 

or 10x20 mm ), the sample is left in open air to allow the organic solvent to evaporate. 

The sample is subsequently transferred to a vacuum freezer (~50 micron Hg) for 

about half an hour to remove any residual solvent after the sample is air dried. During 

the process of solvent evaporation, the placement of silicon wafer could be left 

stationary or controlled in a rocking fashion. The positioning of the substrate needs to 

be carefully adjusted if the sample is left undisturbed, i.e., the substrate needs to be 

put on a well leveled stage during the solvent evaporation or the sample will likely 

form uneven surface on the substrate. The other way is to rock the substrate slowly 

and constantly to keep the solvent distributing evenly on the surface. This takes much 

care and skill to do since the sample might develop visible streaks on the surface if 

the sample is not handled properly. The rocking motion with the sample could be 

done with hands or with a commercially purchased rocking station. 

4.) The formation of the alignment of multilayers. 

The lipids self-assemble into aligned multilayers spontaneously on the flat surface 

when the solvent is removed and water vapor is absorbed and incorporated with lipids. 

To further improve the quality of the sample alignment, the sample is routinely put 

through the hydration-dehydration cycles. To hydration the sample, the sample is 

placed in a closed plastic box with water bath and put in the 35° C oven for overnight 
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incubation. Other ways of sample hydration were also experimented. One simple 

method is to put the sample in the plastic box, seal the water absorbed tissue paper on 

the inner surface of the box cover so that the sample surface is in direct exposure to 

the water vapor, put the sealed box closely under a warm object such as a running 

motor or a turned-on monitor for half an hour to an hour. The temperature gradient 

formed between the sample surface at far end to the heat source and the water bath at 

close end might help the absorption of water into the lipids and thus improve the 

alignment of the lipid multilayers. 

The other hydration instrument that's being used for the purpose of improving sample 

alignment is a lab-made humidifier. The idea of using vapor flow to hydrate the 

sample is that the gentle perturbation of the water vapor might help the lipid 

multilayers to improve the alignment gradually. The schematic view of the humidifier 

is shown below. The ultrasound humidifier produces the vapor stream and sends the 

stream through the PVC tubes. The flow intensity and flow rate of the output stream 

could be adjusted by the output level and power controller. The sample is positioned 

on a supporting stage at the center of the horizontal tube where an open window is cut 

to fit with a plastic sliding lid for the easy access to the sample. The vapor is guided 

by the PVC tubing and blown onto the surface of the sample. The hydration process 

could take 5 to 10 minutes if used with a gentle flow. When using the humidifier to 

hydrate the sample, it's desirable to cycle the hydration-dehydration process of the 

sample so that the condensation of water from over-time exposure to vapor flow 
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could be avoided. 

Window Opener 

PVC Tube 
Sample 

V//////A 

Stream Flow m 
Power Level Output Ctrl 

o o Ultrasound Humidifier 

Figure 2.2. The scheme of the home-made ultra-sonic humidifier for sample hydration. 
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2.1.3 Experimental Condition Control (T/RH) 

For the lipids system studied with X-ray diffraction method, temperature T and 

reletive humidity level of the sample RH% are two important experimental parameters 

that are controlled for the measurements. Fig 2.3 shows one of the chamber boxes that are 

used in the diffraction experiments. The chamber box was built to give controls over 

three parameters. 1.) The temperature of the chamber box (Tb0X)- 2.) The temperature of 

the sample (Tsam). 3.) The relative humidity of the chamber box (RH). The box usually 

has double-layer construction of the aluminum enclosure. The front and back of the box 

are Be (Beryllium) window which allows the passage of X-ray through the chamber. The 

heater is attached sideway to the outer layer to control the box temperature (Tb0X) which 

is normally set a few degrees higher than the sample temperature (Tsam) inside the box. 

Because the water condensation could destroy the sample and cause the malfunction of 

humidity control of the chamber box, the differential temperatures of the sample and the 

box prevent the water from condensing on the sample surface or the inner surface of the 

box. The relative humidity(RH%) in the chamber box is controlled by adjusting the 

temperature of water bath. Heating the water bath increases the water vapor content in the 

air and thus the relative humidity level inside the box while cooling the water bath 

decreases the RH level. The heating units used to manipulate the temperatures are solid 

state semiconductor devices TEM (Thermo-Electric Module). The TEM transfers heat 

from one side of the module to the other side or the other way around by switching the 

electric current direction applied across the two insulated faces. The heating/cooling 
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efficiency or alternatively the stability of RH and T controls is dependent upon the size of 

the aluminum chunks, the size of the chamber box, the thermal capacity of the heat sink. 

To further help the heat dissipation from the heat sink when the TEM is cooling the water 

bath, a small electrical fan is mounted on the heat sink to cool it down more quickly. 

The chamber box can control the sample temperature in the range of-10° C to -40° C, 

and RH in the range of-40% to -100%. For the experiment measurements, the sample is 

placed on the support stage inside the chamber box, which is then mounted through the 

goniometer head to the X-ray diffractometer. 

Sample T Sensor 

Sample T TEM 

Goniometer 
w p 

RH Sensor 

Box T TEM 

TF 

Be Window 

Box T Sensor 

Ub 
Heat Sink 

RHTEM 

Sample Water Bath 

Figure 2.3. The scheme of one chamber box used to control sample conditions of 
temperature and relative humidity level. 

The temperature and hydration level of the sample are controlled by directly 

heating or cooling the sample support stage and water bath. Both the temperature sensor 
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and relative humidity sensor are placed adjacent to the sample on the aluminum support 

stage. The temperature sensor AD590 (from Analog Devices Inc.) has a linear voltage 

output proportional to temperature measured. By calibrating the sensor with water/ice 

mixture at 0° C and a constant temperature oven at 35° C, the sensor voltage readout gives 

a linear voltage dependence with temperature. The measurement accuracy is better than 

0.1° C for the temperature range 0° C~35° C. 

The relative humidity sensor EMD-2000 (from National Instruments Corp.) makes use of 

the impedance change of the polymer coating on the sensor to measure the RH level. The 

impedance dependence is then translated into voltage readouts which is feed back to the 

electric control circuits. The PID (Proportional-Integral-Derivative) control circuits then 

re-adjust the power output level/polarity on the TEM unit to bring the system to the set 

point (The temperature control works in the similar way). The thermoelectric module 

temperature controller 5C7-361 and 5C7-371 (purchased from Oven Industries, Inc.) 

were tested to be convenient and robust PID controllers for the temperature and relative 

humidity controls. The calibration of the humidity sensor reading could be done with 

saturated salt solutions. 
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2.2 Phasing Problem - Swelling Method 

The main challenge of structure determination for x-ray crystallographers is 

phasing problem. In general the structure factor F which is related to the electron density 

by Fourier transform, is a complex quantity F=|F|e,ct. The measureable quantity in 

experiments is the diffraction intensity I=|F|2. The information about phase angle a was 

not available during experiment measurements. The lost phase information presents a 

major difficulty in protein crystallography. The phase determination is greatly simplified 

when structures has centrosymmetry, i.e., p(r)=p(-r). This is the case for our membrane 

samples composed of multiple lipid bilayers. The phase problem is reduced to 

determining the phase angle as 0 or n, or equivalently determining the sign of the 

observed amplitude |F|. The often used method in phasing multilayered membrane 

structures is swelling method. This method is an application based on Shannon Sampling 

Theorem(Shannon,1948). It provides a means to reconstruct a continuous function form 

F(q) with the discrete sampling data F(qh), where qh representing moment transfer q of 

diffractions satisfying Bragg law. Phasing with swelling method relies on the fact that 

changing the hydration state of the membrane changes the repeat distance D of the 

membrane bilayers. We will assume that upon hydration change the structure of lipid 

bilayer remains unchanged while the unit cell swells its repeat distance D by changing 

thickness of water layer. 

If we define the relative electron density of the lipid bilayer with respect to water 

density as follows, 
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p'(z) = p(z)-pw (D/2<z<D/2) (2.1) 

where p(z) is the electron density of the unit cell, pw is the electron density of the water, 

D is the repeat distance of the unit cell in z direction. Let d represents the thickness of 

lipid bilayers without water layers, then the dimension of water layers is given by (D-d). 

The relative electron density profile p'(z) can be written as 

p'(z) = p(z)-pw (-dl2<z<dl2) 

p'(z) = 0 (d/2<\z\<D/2) (2.2) 

The structure factor for this relative electron density could be written as, 

D/2 d/2 

F{q)= \p'(z)e-i"2dz= \(p(z) - pw)e^dz 
-D/2 -d/2 

d/2 . , 

= \p{z)e-il>zdz + pwdsmc^-) (2.3) 
-d/2 ^ 

As we can see from above the structure factor for relative electron density profile F(q) is 

independent of the repeat distance D of the unit cell. 

By Shannon's Sampling Theorem (Shannon, 1946) the continuous form of 

structure factor could be given by a series of summation of discrete points F(qh) 

F(q) = fdF(qh)smc(qD/2-nh)=fdF(<qh)smc((q-qh)D/2) (2.4) 
- 0 0 - C O 

with qh =2nhlD. 

As shown by Eq.2.3, the F(q) does not depend on the changes in repeat distance D. 

Therefore, all the datasets of F(qh) measured at different hydration levels with varying D 

should fall onto the same continuous form of F(q) (Eq.2.4). By requiring all the datasets 
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of F(qh) with assigned phases trace out a single smooth curve, the phases of amplitudes 

could be obtained directly from the sign of F(q) on the curve. 

When combining F(qt,) at various hydration levels to construct structure factor 

curve F(q) for phase determination, the amplitudes need to be scaled to account for the 

fact that the total intensity diffracted changes with the total amount of sample due to the 

changes in water content when lipid bilayers swells. Normally it's only a minor 

correction for sample at different hydration levels. The total scattering intensity is given 

by 

CO CO oo 

Jl F(qfdq = J| £ F{qh ) smc(qD 12 - nhf dq 
-co -co h=-«> 

= ̂ Il^)|2 (2-5) 

Considering that F(q) is independent of repeat distance D, two different datasets of F(qh) 

scale with repeat distance Di and D2 as follows: 

^ £ | F ( 2 ^ / A ) l 2 = ^ E l F ( 2 * f c / A ) l 2 (2.6) 

Given the fact that the lipid sample is centro-symmetric F(2^?ID) = F{-2TAIID) and the 

average electron density of unit cell is about the same as that of water, 

d 

F(0)= \p(z)dz-pwdsmc(0) = d(p-pw)*0 (2.7) 
-d/2 

The scaling factor could be given by scaling the measured amplitudes as 
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Y | F ( 2 ^ / J D . ) | 2 

A _ t[ (2.8) 
D* f,\F(2xh/D2)\

2 

h=\ 

This scaling scheme was introduced by Blaurock (Blaurock 1971). With the rescale of 

diffraction amplitudes at different hydration levels the phases of diffraction amplitudes 

F(qh) could be determined by amplitudes F(qh) tracing out a single smooth structure 

factor curve. The electron density profile could be reconstructed from F(qh) after the 

phases are determined by the swelling method, p(z) = —^F h cosq k z . A typical 
D h 

structure factor curve F(q) constructed with swelling method and consequently built 

electron density profile of lipid bilayers is shown below (Fig. 2.4). 
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Structure Factor Curve F(q) 
200 

q (1/A) 

Electron Density Profile p(z) 

Figure 2.4: The example of swelling method. The swelling phasing diagram (at the top) 
and the constructed electron density profile EDP (at the bottom) of the lipid bilayers for 
POPC. The discreet circle points F(qh) correspond to experimental diffraction amplitudes. 
The continuous line F(qz) is the form factor curve based on the discreet data set F(qh) 
constructed by Shannon sampling theorem. 
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2.3 Phasing Method: Multi-wavelength anomalous diffraction (MAD) 

2.3.1 Introduction 

The phasing method of multi-wavelength anomalous diffraction utilizes the 

energy dependence of atomic scattering near x-ray absorption edge to provide phase and 

structural information not available in normal scattering. It has advantages over 

conventional multiple isomorphous replacement (MIR) approach in that it doesn't require 

isomorphic derivatives of native protein and the same sample is measured under 

experimental conditions. It is gaining increasing popularity and becoming a routine 

technique for structure determination for protein crystallography with the fast 

development of synchrotron radiation resources. As evident by its wide use in phase 

determination for macromolecular structures, we adopt the powerful MAD technique and 

apply with modification to the lipid membrane system. The results demonstrate that the 

MAD method works well for lipid membrane system and is of general interest to lipid 

structure research. 

2.3.2 Anomalous Scattering 

The scattering power of x-ray photons for the atom is usually described by atomic 

scattering factor f. For elastic scattering, the f is given in the form as / = \pe~iqrdV 
v 

in electron units. For small angel scattering ( q « l ) f approaches the number of total 

electrons in the atom Z. However when the energy of incident x-ray photons is close to 

the transition energy of the electron in bound atomic orbital, resonance occurs and a 
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dispersion correction for scattering factor is necessary, i.e., 

f = f0 + Af'+iAf" (2.9) 

in which fo is the amplitude of unmodified scattering or normal scattering, Af and Af" 

are the real and imaginary parts of the scattering factor correction. This phenomenon is 

usually referred to as anomalous scattering. The classical treatment of anomalous 

scattering effect is describing the atomic bound electron as electric dipole oscillator. 

Consider the bound electron with damping constant y and natural resonant frequency coo, 

the incident x-ray wave E=Eoe1(0t with frequency co drives electron into motion described 

by equation 

x = pc + a>0
2x = —?-eio* (2.10) 

m 

The solution of the above oscillator motion equation is 

x= , 2
 e \ . ' em (2.11) 

m(co0 -co +1/0)) 

The electromagnetic radiation observed at a far distance R and instant t is given as 

E(!,R)=q^> (2.12) 
47TS0C R 

As shown above, the magnitude of instantaneous electric field E(t,R) is proportional to 

the acceleration of the oscillation which could be obtained from Eq.2.11, 

x(t,Rlc) = eC° E° V"('~s/C) 

m{co\ - co1 + iyai) (2-13) 

Combining Eq.2.12 and Eq.2.13, the amplitude of E(t,R) 
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e2a>2E0 

AnsQmc2R{a>l -co2 + iyco) 
(2.14) 

The scattering factor f is thus written as 

f = — «—5 --> (2.15) 

E0 (co0 -co + iyco) 

Neglect the proportional constants for the moment and split the expression of f into real 

and imaginary parts, 
J-(. *2 2 \ 3 co (co -co0) | , yco3 

((co2 -co2)2 + y2<o2) ((co2 -co2)2 + rW) * " 2 ,2x2 , „ 2 2 N + * / / 2 „ 2 N 2 , „ 2 „ 2 s C 2 - l " ) 

It can be seen from above that the expression is equivalent to Eq.2.9. Notice the real part 

in Eq.2.16 includes the normal scattering fo and Af. The imaginary part reflects a shift in 

phase of scattering. When ©0=0 and y=0 as in the case of free electron, scattering factor f 

approaches unity. 

2.3.3 Anomalous Scattering for Macromolecular Structure 

The principle of anomalous scattering in solving macromolecular structure was 

suggested by Karle,J (1980, Int. J. Quantum Chem. Quantum Biol. Symp.; 1989 Phys. 

Today) and later modified by Hendrikson (Hendrikson,1985) who developed an algebraic 

method for phase determination from multiwavelength anomalous diffraction data. 

Consider the case where only one type of anomalous center is present in the 

structure. As shown in the previous section, the atomic scattering factor of the 

anomalously scatter atom could be written as 
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A = / " + / A , + ' A " (2-17) 

Where / " denotes the normal scattering factor which is wavelength independent, / / 

and fx" are the real and imaginary parts of the anomalous dispersion correction. The 

structure factor for the collective of the anomalously scattering atoms in the unit cell 

structure could be written as 

•F»=K-+FZ> (2-18) 

The subscript h denotes the miller index of diffraction order. The normal scattering F£ 

and anomalous scattering F£h could be expressed in terms of individual atoms 

composing the unit cell structure, 

^ = E / , > ' ^ (2-19) 
7=1 

^ = Z ( / ^ + C ) ^ (2.20) 
7=1 

Where rj is the position of the j-th atom in the unit cell. If we write the atomic dispersion 

correction in the amplitude and phase angle format for complex quantity as 

/ / + ' / / ' = / / « * (2-21) 

then we rewrite Eq. 2.19 as 

Fh" =\Fh"\ein (2.22) 

Let F"h represent the structure factor of non-anomalous atoms and F2"A the normal or 

the off-resonance structure factor of the anomalous scattering atoms. The structure factor 

of the unit cell is then written as (Karle, 1989) 
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I FXM\2=\ F* |2 +[l + Q(Q + 2cosS2Ji)] | F 2 ; I2 

+ 2(1 + gcos£2 >J | F,; || Ffj, | cosfo^ - q>2h) + 2QsinS2Ji \ F?h \\ F2\ | sin(^ „ - cp2h) 

(2.23) 

where Q = f2"A I f2"A (2.24) and S2A = tan"1 {f'2A I f^) (2.25). 

In the special case of centrosymmetric unit cells, the phase angle cpj;h= 9i,-h =0 or n. The 

Eq.2.23 could be reduced to a simplified expression 

I F^ |2 = F^ + a , , ^ / + b^F^F^ (2.26) 

Where aAA = 1+ £(£> +2cos£2 / l) (2.27) and 6 ^ =2(l + 0cos£2 / l) (2.28) 

From above it can be seen that the equation didn't render a solution for the signs of F"h 

and F2h. But the absolution magnitudes \F"h\ , \F2h | and the ratio gh = F2h IF"h can 

be determined. Equivalently Eq.2.26 could be rewritten as 

I F'u, I2 = (1 + aXMgh
2 + bAJlgh)F^ (2.29) 

In principle by a careful energy selection of at least three wavelength near the absorption 

edge of anomalously scattering atoms, the coefficients could be varied as much as 

possible with a set of equations so that the unknowns could be determined, namely 

absolution magnitudes | F"h |, | F2h | and the ratio gh = F2h I F"h which provides the phase 

relation between the structure factors of non-anomalous atoms and anomalous scattering 

atoms. In combination with Patterson function (1934), it is possible to decipher the phase 

of the anomalous scattering atoms and subsequently solve the phase problem for the 

whole structure of unit cell. 
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2.3.4. MAD Phasing for Lipid Membrane 

The algebraic method developed for anomalous diffraction on macromolecular 

structures provides a feasible scheme for lipid membrane structures. However the method 

is difficult for lipid membrane system in practice. The major obstacle in its application is 

the absorption of the sample which is difficult to be either theoretically calculated or 

experimentally measured accurately. For most of samples we prepared for experiments 

are deposited on open substrate. The thickness of jellylike lipid composition could only 

be approximately known due to at least two reasons. 1.) although the amount of lipid can 

be precise, the lipid is difficult to confine to a well-defined area on the substrate. 2.) the 

thickness of the sample may vary with hydration. As a result the length of the beam path 

through the sample is known only approximately. Therefore the correction for the x-ray 

absorption can be significantly uncertain, particularly if the absorption coefficient is large 

and sensitive to wavelength. 

To alleviate the difficulty of absorption correction, we choose our x-ray energies 

below the absorption edge, where the x-ray absorption coefficient is relatively small and 

almost independent of wavelength. We measured diffraction at a few number of different 

wavelengths so as to solve the unknowns by a straight-line fitting instead of solving 

nonlinear equations. Even assuming that the absorption correction is error free, the 

multiple solutions of the simultaneous nonlinear equations constructed from MAD 

measurement can be ambiguous. This is because the coefficients in the equations 

inevitably contain experimental errors. If the coefficients of the equations were precise, 
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the correct solutions would be reproduced by overdeterminations (by using more than 

three different wavelengths). One could then single out the correct solutions from the 

non-physical ones. But this is in general not the case due to the imprecise coefficients. By 

comparison the method of straight-line fitting was found to be much more 

straightforward. The lamellar phase of distearoyl phosphatidylcholine with brominated 

chains will be used as an example to illustrate this procedure. Interestingly the commonly 

used swelling method (4,5) cannot resolve the phase problem of this lamellar system 

while the MAD method could correctly determine the phases. 

To demonstrate how the modified MAD method of straight-line fitting comes about, we 

begin with the structure factor of sample containing anomalously scattering atoms given 

in Eq.2.19 and Eq.2.20, 

7=1 4=1 J • V ' ' 

With 

ô = ! / ; « * • ' ' + ! / ; « * • * (2.3 D 

k=\ 

The j index runs over all non-anomalous atoms in the unit cell, the k index runs over all 

the anomalous atoms. Fo denotes the normal diffraction amplitudes of the sample while 

F2 denotes the normal diffraction amplitudes of anomalous atoms. The square modulus 

of Eq.2.30 gives 



40 

\F,\2^F0+^j^F2\
2=(FQ+^F2)

2
+(^F2)

2 (2.33) 

When the energies were chosen below the absorption edge, the second term is very small 

(-1%) compared to the first term because |f"| is only about 10% of |f |. (see Table 2.1) 

Therefore we have the approximate relation as 

\Fx\*±(F0-
l-j^F2) (2.34) 

Where f is replaced by -|f'| since f is negative below the absorption edge. If 

experimentally measured |FjJ is plotted against |fx'|/f" for each diffraction peak, the data 

should approximately falls onto a straight line. The intercept of the fitted line gives |Fo|; 

the magnitude of the slope gives [F2I; the sign of the slope gives the sign of-F0/F2. This is 

the most essential step of our MAD analysis on the anomalous scattering signals. It could 

single out the diffraction of anomalous atoms from the host atoms and reduces the phase 

problem of the whole system to the phase problem of the anomalous (label) atoms alone. 

The phasing problem is thus greatly simplified from the original phase problem for the 

whole system. 

2.4 Experimental Procedure 

2.4.1 Anomalous Scattering Factor of Bromine 

Absorption spectrum of x-ray provides information about the orbital transition 

energy of atom bound electrons. When incident beam is in the vicinity of the 

characteristic energy or absorption energy edge, resonance occurs and gives rise to 
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anomalous scattering. Since the absorption edge and the scattering factor near the edge 

are influenced by the chemical environment, the absorption spectrum of label atoms is 

measured from the actual sample in fluorescence mode. The imaginary part could thus 

be obtained from the measured absorption coefficient and the real part can be calculated 

by using the Kramers-Kronig relations (James, 1982). 

2.4.2 Fluorescence Measurement Setup 

The experiment setup of the fluorescence measurement is shown in Fig 2.5. About 

lmg bromine labeled lipids was deposited on a 10mm by 20mm of size glass substrate. 

The sample was placed at 45° with respect to the incident beam. By exposing the 

linagraph paper attached to the glass to the incident radiation, the position of glass 

substrate could be aligned with the incident beam. The fluorescence was measured at 

90° position relative to the incident beam using PIPS detector. The intensity of incident 

beam was monitored by a Bicron scintillation detector (Saint-Gobain Crystals, NewBury, 

OH) which measured the elastic scattering from a 0.9um thick polyethylene film inserted 

in the beam path. To calibrate the energy dependence of the bicron and CCD detectors, 

the air-filled ion chamber was used as reference system with the known energy 

dependence. 
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Figure 2.5. The layout for the fluorescence measurement and calibration of energy 
dependence of detectors. 

2.4.3 Energy Dependence of Ion Chamber Detector 

The ion chamber detector (IC) and bicron detector (BI) were used in the beam 

path to provide a measure of the intensity of the incident beam. The real fluorescence 

spectrum could be obtained from readings on PIPS detector normalized by the readings 

on IC or BI detectors. Since the energy dependence of IC could be well established from 

air absorption, the bicron detector could be calibrated from the IC energy dependence. 

The ion chamber detector is basically an air-filled chamber box with an 

electrically conductive inner wall and central anode with applied low voltage. The 

incident beam enters the chamber and interacts with the air to ionize the air atoms. The 

central anode collects the charged ions and the generated current I is given as, 

/ ={\-e-"(b)U)AinNe = {\-e-^)U)Am-e (2.35) 
£ 

Where u(E) is the energy dependent absorption coefficient of air, D the length of chamber 

box, Ajn the incident flux (in /s), s the energy required to ionize air atoms to generate one 
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primary ion pair, e the charge of electron. The current I is then converted to voltage 

signals by the voltage simplifier with a voltage gain Gi(in V/A). The output voltage is 

then expressed as U=IGi. The voltage signals are then captured by a conversion unit and 

recorded by computer system. The conversion unit in the experiment used a conversion 

constant G2 (in /V) is 105/V. The final reading from the ion chamber detector IC is thus 

IC=UG2=IGiG2 or, 

IC =(\-e-fl{E)D)A,„-eGlG2 (2.36) 
£ 

Define the energy-independent terms as k=eGiG2/s, the IC could be written as, 

IC = (\-e-M(E)D)AinEk (2.37) 

We define the correction coefficient Cic-i as the ratio of the IC detector reading to that of 

the incident flux of x-ray beam and the energy independent constant k, i.e., 

' / C - l {\-e-ft(E)D)E (2.38) 

By looking at the energy dependence of the flux reduction of incident beam, namely the 

intensity of transmission beam, the other type of correction coefficient Qc-2 can be 

defined as 

C / c _ 2 = - ^ - (2.39) 
AOUtK 

with AoUt being the flux of transmission beam Aout = e~<"(£)fl' Ain (2.40) 

So the coefficient Qc-2 can be written as, 

CIC_2=(e*E)D-\)E (2.41) 

The coefficients Qc-i and Cic-2 relate the ion chamber readings to the incoming and 
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outgoing flux in energy dependent form. Both coefficients are used repeatedly for the 

energy dependence correction of ion chamber air absorption. The first step is to obtain the 

air absorption coefficient jx(E) for the energy range used in the measurement, or 

equivalently the transmission factor e"^E)D with the given ion chamber length D. The 

estimated value of transmission factor could be found at Center for X-ray Optics at 

Lawrence Berkeley Lab (URL: http://www-cxro.lbl.gov/optical constants). For the 

ambient condition and ion chamber air path D=8cm, the transmission factor e"^E)D 

could be fitted by a quadratic polynomial as shown in Fig 2.5. 

e-»(E)D = _6.0457 x 10"10£2+2.03 xlO_5
JE +0.81773 (2.42) 

The coefficients Qc-i and Qc-2 could be calculated based on the estimated transmission 

factor. 

0.984 

0.983 

-4 

§ 0.982 

1" 0.981 

0.98 

0,979 

Air Pressure P=760Torr Path=8cm 

r 

L 
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Photo EnergyJKev) 

13.8 14 

Figure 2.6 The energy dependence of incident beam transmission calculated at room 
condition with ion chamber's air path L=8cm. 

http://www-cxro.lbl.gov/optical
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2.4.4 Determine Anomalous Scattering Factors 

Since the theoretical computation of anomalous scattering factors is crude, 

particularly near the absorption edges, the experimental measurements provide a more 

reliable way of determining the anomalous scattering factors. The imaginary part of the 

anomalous scattering factor could in principle be obtained from the absorption spectrum 

measured in fluorescence mode. The real part could then be calculated by using the KK 

(Kramers-Kronig) theorem.(James, 1982) 

The absorption spectrum of Br atom near its K edge (E=13.474KeV) was measured in the 

fluorescence mode from the same material that was used for x-ray diffraction 

measurements. The fluorescence spectrum can be given as, 

FR = Iftuo ( £ ) = PIPS = PIPS = (C PIPS)k 

Ilrans(E) Aout IC/CIC_2k
 IC-2 IC (2-43) 

It's shown from above that the FR is linearly scaled to the constant k which is not 

essential for the determination of the anomalous scattering factors. The terms in the 

parenthesis could thus be used to represent the fluorescence spectrum which is essentially 

a ratio of readings of PIPS to that of IC with the energy dependent coefficient Cic-2-

The fluorescence spectrum FR could be further reduced to the atomic absorption 

coefficient fia(E) by a linear scaling to the energy ranges outside the edge region as 

follows, 

^ia(E) = s-FR + b (2.44) 

Where s is the scaling factors and b takes into account the background from the scattering 
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effect. The imaginary part of the anomalous scattering factor f" is related to the atomic 

absorption coefficient 

f"(E) = (mc/2e2h)E^ia(E) (2.45) 

The real part f' could thus be calculated from the Kramers-Kronig relation, 

f\E) = {-)[[E'f^KhdF (2.46) 

n * (E2-E,2y 

The above procedure for obtaining has been automated in the CHOOCH program by 

Evans and Pettifer (Evans, 2001). We applied the program directly to the raw 

fluorescence spectrum to obtain the anomalous scattering factors for the bromine atoms. 

2.4.5 Energy Selection for the Anomalous Signal Measurement 

The typical choice of energy selection (Wang,2006) is shown in Fig. 2.7. Eight 

energy points were picked from below the edge with equal increment Af=0.5 (in the unit 

of electron). It takes advantage of the insignificant magnitude of f" for these energy 

points so that a linear fitting method could be applied as presented in the previous method 

section 2.2.4. The chosen energies and the corresponding f and f" were tabulated in 

Table 2.1. 
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Figure 2.7: Anomalous scattering factors of Bromine atom. The top line is the imaginary 
part f" and the bottom one is the real part f. The K edge energy is at 13.474KeV. The 
eight chosen energy points used for MAD measurement were marked on the curves. 

2.4.6. Energy Dependence Calibration for Detectors and Attenuator 

The purpose of the energy dependence calibration is to remove the instrumental 

factors from the measurement, i.e., the energy dependence of the detectors and the 

attenuators were correctly removed from the measurement so that the data could reflect 

the true energy dependence of the bromine atoms in response to the energy change. 

1.) Bicron Detector: In the fluorescence spectrum measurement, the intensity 

of incident beam was monitored by both the bicron detector and the ion chamber 

detector. Since the ion chamber detector needs to be removed to make room for 

diffraction measurement of the samples, the incident flux will be measured by 

bicron detector during the sample measurement. The wavelength dependence of 

bicron detector could be deducted from that of ion chamber. 

The calibration coefficient for bicron detector could be defined as: 

Bi 
C„=-'Bi 

ABik 
(2.47) 

Where Bi is the reading registered at the bicron detector and ABj is the real flux to 
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the detector, k is the same constant defined previously for the ion chamber 

detector calibration. In the absence of the sample in the chamber box, the ABI is 

equal to the incident flux for the ion chamber detector Ajn. Substituting the 

constant k in Eq 2.47, we would have 

C = Bi = Bi = C — (2 48) 
* Amk ICICIC_X

 ,C'X IC 

2.) CCD detector: The MarCCD area detector (MarUSAJnc. Evanston IL) 

with working resolution set at 1024X1024 pixels was used to record the 

diffraction patterns of the sample at changing energies. Since the sensitivity of the 

detector is dependent upon the energy of the incident beam, the calibration of the 

CCD detector was done for the diffraction energies used. The procedure follows 

the calibration for the ion chamber detector with the CCD detector replacing the 

ion chamber detector. 

The calibration coefficient CCCD is defined for the CCD area detector as below: 

CCCD = ^ ~ = CCD = — ^ (2-49) 
^CCD* Abilattnk lam Bi 

The calculated energy correction terms were listed in Table 2.1. The Qc-i, Qc-2, 

CBJ and CCCD were scaled to unity by the quantity measured at the first energy. 

The calibration coefficient for attenuator in comparison changes as much as about 

20%. The calibration coefficients for the detectors were approximately constant 

over the range of the selected energies. 

3.) Niobium Attenuator: In addition to the detectors, the niobium attenuator is 

also calibrated for its energy dependency. The attenuator is normally needed in the 

diffraction measurement to keep the high intensity peaks from saturating the CCD 

detector. In principle the wavelength dependence of the attenuator could be 

obtained using the web tool from the optical center for xray at Lawrence Berkeley 

Laboratory, as has been done for the air absorption for the ion chamber 



49 

wavelength dependence calibration. The difficulties in practice lie in the fact that 

the attenuator piece has to have a uniform and very well-defined thickness. The 

alternative was taken to measure the wavelength dependence of the attenuator. 

The niobium (Nb) attenuator was put between the bicron detector and the ion 

chamber detector. The attenuation factor could be calculated as, 

_ 4„ = icicIC_xk _ cm ic s 

ABi BilCBik C/c_, Bi 

The calculated attenuation factor for the energies chosen was listed in Table 2.1. 

n 
1 
2 
3 
4 
5 
6 
7 

8 

En(eV) 

13468.8 

13465.5 

13460.3 

13451.5 

13437.2 

13413.7 

13370.0 

13297.4 

f 
-7.00 

-6.50 

-6.01 

-5.50 

-5.00 

-4.50 

-4.00 

-3.50 

f" 
0.68 

0.59 

0.54 

0.51 

0.50 

0.51 

0.52 

0.51 

Qc-i 

1.0000 

1.0005 

1.0012 

1.0025 

1.0045 

1.0079 

1.0142 

1.0249 

C|C-2 

1.0000 

1.0004 

1.0012 

1.0025 

1.0046 

1.0080 

1.0146 

1.0256 

CBi 
1.0000 

1.0001 

1.0002 

1.0004 

1.0007 

1.0010 

1.0012 

1.0006 

Tattn 

0.001591 

0.001589 

0.001580 

0.001567 

0.001546 

0.001502 

0.001417 

0.001282 

C(XD 

1.0000 

1.0059 

1.0000 

0.9765 

0.9824 

0.9706 

0.9706 

0.9941 

Table 2.1. Anomalous scattering factors f'and f" and the wavelength dependence of the 
attenuator and detectors. En's are the energies chosen for MAD measurement. En's are 
chosen so that the incremental change o f f from one energy to the next is a constant 0.5 
(in the unit of e). The wavelength dependence of ion chamber (IC) was calculated as 
explained in the text. The wavelength dependences of Bicron scintillation detector (CBI), 

the niobium attenuator (Tattn), and MarCCD detector are the deviations from that of the 
ion chamber (normalized at the first energy). 
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Chapter3 

Lipid Structure in Lamellar Phase Studied by MAD Method 

3.1 Introduction 

The lipids assembly could be induced into crystalline lattice exhibiting long-range 

correlation but short-range liquid-like disorder. Their structures are generally of 

biological interests. For instance, the unit cell of rhombohedral phase could contain either 

the structure of a membrane fusion intermediate state or that of a peptide-induced 

transmembrane pore, depending on the lipid composition or participating peptides. 

Biological problems such as ion binding to gramicidin channel (01ah,1991) and 

membrane thinning effect by antimicrobial peptides (Chen,2003) were all previously 

studied at lipid system in lamellar phase. It's generally a difficult problem to determine 

the phases of diffractions from such systems. The existing methods of phase 

determination all have their limitations. Therefore it is of general interest to develop a 

new phasing method. The method of multi-wavelength anomalous dispersion/diffraction 

(MAD) is routinely used in protein crystallography, but the same method is difficult for 

lipid systems for the practical reason that our commonly used lipid samples for 

diffraction do not have a well-defined thickness. By using multi-wavelength anomalous 

dispersion method for lipid structures, the new procedure of analysis is developed and 

applied to the brominated lipids at lamellar phase and demonstrates the general 

applicability of the new MAD procedure to lipid systems. 
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3.2 Experimental Measurements 

The MAD experiments were all performed at the beam line X21 in NSLS, 

Brookhaven National Laboratory (Upton,NY). The instrumental setup of the sample 

chamber box, temperature and humidity controls have some variations from the in-house 

versions but basically work in the similar manner (Yang, 2003). The sample preparation 

procedure was similar to what is done for the in-house x-ray diffraction experiment at 

Rice. The oriented samples of brominated lipid di 18:0(9,10dibromo)PC were prepared 

following the procedure described in chapter 2. 

Briefly, lipids were first dissolved in a 1:1 trifluoroethanol (TFE)-chloroform 

solvent and then deposited onto a clean silicon substrate. The sample was then left in 

open air or in vacuum for about lh to evaporate the organic solvent. Afterwards the 

sample was incubated in an enclosed box with water reservoir which is put in an oven at 

35°C overnight. After the incubation procedure, about 0.4 mg of lipid could spread over 

the substrate area of 10x10 mm , with an approximately uniform thickness of 4 urn. The 

sample was kept inside a humidity-temperature chamber for diffraction measurement. 

The substrate was attached to a temperature-controlled aluminum mount by heat-sink 

paste. The chamber had open windows on front and back sides which were sealed by 

Kapton film to allow for the passage of x-ray. Diffraction from the lamellar phase was 

measured at 25°C and 90%RH. Because of the undulation fluctuations of lipid bilayers in 

the presence of excessive amount of water, the majority of lipids were known to have 

peak broadening and progressive weakening of the reflection orders when the humidity 
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level exceeds ~98%RH.(Chen F.Y., 1997). For this brominated lipid, it was repeatedly 

found that the pattern began to lose high diffraction orders and exhibit width broadening 

for the remaining peaks above 92%RH. Because of the reason stated above, the humidity 

level was set as high as 90%RH during the measurement. The x-ray beam was collimated 

by two sets of slits before the sample chamber, resulting in a beam size of 0.5x0.5 mm at 

the sample. Diffraction by the lamellar phase was recorded on a MarCCD detector (Mar 

USA, Evanston, IL). A niobium (Nb) attenuator was used to keep the first two orders 

from saturating the detector. The intensity of the incident beam was monitored by a 

Bicron scintillation detector (Saint-Gobain Crystals, Newbury, OH) that measured the 

elastic scattering from a 0.9-mm-thick polyethylene film inserted in the incident beam. 

The detector was positioned at 90° angle from the incident beam and perpendicular to the 

incident polarization. 

The diffraction data was measured by the co-scan with which the substrate was 

rotated along the direction of incident beam from 9 angle -0° to -10°. Depending on the 

factors such as amount of sample being used, the alignment of the sample prepared and 

the intensity of the incident beam, the diffraction amplitudes of the lipid samples could be 

very strong. The slits may be narrowed down to allow moderate beam intensity so that 

the diffraction from well aligned lipid sample wouldn't saturate the detector. The rock 

speed of the sample for the co-scan for each measurement could also be adjusted to avoid 

the oversaturation on the detector. (-1° /s). The beam was blocked between scans to 

reduce the exposure time of the sample during the data collection. The same sample 
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position was used for all the scans at eight different energies. Then the sample was 

displaced to a previously unexposed position to complete the eight scans in the reversed 

order of wavelengths. The consistent results from these repeated scans indicate no 

observable deterioration effect from radiation damage on the sample. The purity of 

sample was further confirmed by thin layer chromatography (Yang, 2001) after the xray 

measurement. 

3.3 Data Analysis and Results 

3.3.1 Diffraction Raw Data Processing 

The experimental data reduction procedure for lamellar diffraction was described 

in much detail in chapter 2. The multi-wavelength anomalous diffraction experiments 

performed at NSLS for lamellar diffraction differs slightly in its data reduction procedure 

from that for in-house x-ray lamellar diffraction. Since the MAD measurements primarily 

use the area detector to record the diffraction patterns, the intensity integration will be 

done on two-dimensional plane. Two approaches could be tried. One approach is to fit the 

measured peaks with by two dimensional Gaussians with a background. The peak 

intensities are integrated with the Gaussian peaks by removing the background. The other 

approach is to integrate the peaks in the direction perpendicular to the scattering vector q 

over a width slightly wider than the apparent peak width. The background was fitted with 

linear line or higher order polynomials on the ID profile. The intensity was integrated 

over the peak with fitted Gaussian after the background removal. The two approaches 
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were consistent with each other. 

The integrated peaks were further corrected for the polarization factor, the Lorentz 

factor, diffraction volume factor and absorption factor. The additional correction factor 

relevant to MAD measurement is the wavelength-dependent correction factor X 

(Warren, 1990). Table 3.1 lists the correction formulas for the MAD lamellar diffraction 

measurements. In comparison to lamellar diffraction on planar membranes, the lipid 

phases with in-plane structure correlations give rise to off-specular diffraction peaks in 

addition to lamellar peaks, as shown later by distorted hexagonal phase (Hug) and 

rhombohedral phase (R). For convenience, the corrections for the off-specular reflections 

are also listed in Table 3.1. 

After the data reduction, the diffraction amplitudes at different energies |Fx| could 

be plotted against the normalized atomic scattering factor |f'|/fn for each peak, (refer to 

MAD method section in chapter 2). Fo is the normal diffraction amplitude of the whole 

system. F2 is the normal diffraction amplitude of the label atoms alone. We will assume 

that the unit cell of the lipid structure is centrosymmetric, so both Fo and F2 are real 

quantities. The Fig 3.1 shows that diffraction amplitude |FjJ could be fit approximately to 

satisfy a linear relation. Therefore we conclude that both the assumption of 

centrosymmetry and the linear approximation Eq.2.34 are valid. In each plot, we fitted 

the data with a straight line assuming a positive intercept at |f'|/fn=0. Clearly the equally 

valid choice is with a negative intercept and a slope of opposite sign. From the slope and 

intercept of the fitted line, we extracted JF2I and the ratio F0/F2. The correlation coefficient 
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Measurement 
Mode 

Off-specular reflection co-scan 

Polarization Cp = sin2 y/ Cp = cos2 20 

Lorentz 
£,=• 

1 

cos a cos v sin y C, = l /s in20 

Absorption 
1 - exd -yA 

* c — 

1 1 
- + vsinv sinar/ 

1 1 
— + 

^sinv sinar 

C 
[1 - exp(-2//a /sin 9)\ sin 0 

2jua 

Diffraction 
Volume 

_ b/sina • 
Ch= or 1 if> 1 ' bs~ 

Z>/sina ^ 
C t = or 1 if> 1 

w 
• bs~ 

w 
Wavelength 

c,=r c,=r 
Duration AT 2n/Q 

Table 3.1 Formula for MAD Data Correction E = I0\F\ CpC,CabsCbsCXAT 

\\f = the angle between the incident polarization vector and the scattered beam. 
a = the angle between the incident beam and the substrate surface (x-y plane). 
v = the angle between the diffracted beam and the substrate surface (x-y plane). 
y= the angle between the in-plane (x-y) projection of incident beam and the in-plane 

projection of the diffracted beam. 
|x = the linear absorption coefficient of the sample which can be calculated by summing 

up the absorption coefficient of its constituting atoms. i.e., 

fil p = ^ g ; ( / / , IPj),where gt is the fraction of the ith atoms, p, is the density of the 
i 

ith atoms. The energy dependence |x(E) for Br may be read off from the spectrum of 
the imaginary part of anomalous scattering factor (Eq.2.45). |as = the linear absorption 
coefficient of the substrate. 

a = the sample thickness; as = the substrate thickness. 
*Cabs is for reflection geometry. The absorption correction for transmission geometry is 

C ^ e x p l - W ^ ] -
l -exd- / /d 

1 1 

Vsinv sinar > 

sinar _L 1_ 
sin v sinar 

AT is the scan time of reflection measurement. Q is the angular velocity of the co-scan. 
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in the fit was denoted as e. The individual signs of Fo and of F2 remain undetermined. 

After obtaining quantities IF2I, |Fo| and F0/F2 from linear plots, the phase problem 

of the whole lipid system now is reduced to the phase problem of the label atoms alone. 

The latter problem is much simpler than the original phase problem. Once the phase of 

F2's are determined, those of Fo's could be subsequently solved. 

Peak order(i) 

1 

2 

3 

4 

5 

6 

7 

Pol 

4.47 

84.1 

49.4 

70.7 

10.2 

13.2 

9.87 

IF2I 

250 

91.4 

137 

69.6 

12.7 

18.1 

16.1 

F0/F2 

-0.0179 

0.920 

0.361 

1.02 

0.805 

0.731 

0.612 

8 

0.9967 

-0.9058 

-0.9881 

-0.9290 

-0.7038 

-0.8211 

-0.7332 

Phase of Fo 

-1 

-1 

-1 

-1 

-1 

1 

1 

Phase of F2 

1 

-1 

-1 

-1 

-1 

-1 

-1 

Table 3.2. The extracted quantities from MAD linear plot (Wang,2006). Fo is the normal 

diffraction amplitude of the whole system. F2 is the normal diffraction amplitude of the 

label atoms alone, E the correlation coefficient of the linear fit. 
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Figure 3.1. |FjJ is plotted against [f |/f" for the seven lamellar peaks, order i=l-7. The data 

on each panel was fit to a straight line. The intercept of the line gives |Fo|; the magnitude 

of the slope gives IF2I; and the sign of the slope gives the sign of-F0/F2. 
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3.3.2 Patterson Function and Unit Cell Modeling 

The Patterson function was first introduced by A. L. Patterson to show that other 

than electron density profile, the experimentally obtained amplitudes |F| could be used to 

construct another type of function, which can be of great value in structural determination. 

(Warren, 1990). It has been commonly used in the heavy atom method for protein 

crystallography. The Patterson function for one dimensional structure could be express as, 

P(z)= ^ p(x + z)p(x)dx (3.1) 

The Patterson function defined above is essentially the self convolution of the electron 

density function and provides important information about the self correlations of peaks 

in the electron density distribution. 

By substituting the Fourier transform of the density function Eq. 1.18 in Eq.3.1, 

P(z) = £p(x + z)p(x)dx = ^F(h)e-'2^/D^F(h')e-i2^'ix+z)IDdx 
h h' 

= YZF^F^y''^2'Dte'anh+h)x'D(h 

h h; 

=Y\F vtfcos ~whz\ 
» ^ v J (3.2) 

In the deduction steps above the integration is non-zero only for h'=-h. The 

centrosymmetry is also assumed for the structure, i.e., F(h)=F(-h). We'll show how the 

Patterson function could be used to provide information about structures without prior 

knowledge of the phases of diffraction amplitudes. 

Based on the deduction of Patterson function shown above, we explicitly write the 

function for the bromine atoms with the amplitudes IF2I extracted from the MAD linear 
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analysis as 

\D J 
p(x + z)p(x)dx = Y\F2(h)\ cos —hz (3.3) 

The Patterson function shows pairs of peaks at position z and D-z (Fig 3.2).The central 

pair of z=0 is from self-correlation of densities. Another pair at z~D/4 indicates that there 

are two Br peaks in the bilayer separated by a distance z~D/4. Such a distance of Br 

separation in the bilayer could be used to model the Br distribution in lipid bilayer as 

follows, 

_{z-df_ (z+d)2 

pmod(z) = e 2-2 +e 2-2
 ? -D/2<z<D/2 ( 3 4 ) 

with 2d being the distance between the two Br peaks and a the Gaussian width of peaks. 

By applying the periodic condition to account for the density contribution from 

neighboring unit cells, the Patterson function of pmod (z) could be further written as, 

^mod(̂ ) = o-V^[2G(0) + 2G(D) + G(2d) + G(D - 2d)] (3.5) 

(2-uf 

Where G(u) = e 2er'2 , <r'=v2cr. The model Patterson (d = 7.5A, c= 4A) could closely 

reproduce the experimental Patterson function as shown in Fig 3.2 (Wang,2006). The 

width of Patterson peaks is V2 times that of the peaks in the real space, and the 

amplitudes of the inter-correlated peaks (located at z = 2d and z = D - 2d on the 

Patterson coordinate) are one-half of the self-correlated peaks at z = 0,D. 
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2(A) 
Figure 3.2. Patterson function of the Br distribution from both model (dotted line) and 
experiment(solid line) are shown for comparison.(z=0 to D are plotted). The model 
Patterson function are computed with parameters d = 7.5A and o= 4A. The Gaussian 
components of the model Patterson function are shown in dashed line. The experimental 
Patterson and the model Patterson are normalized to each other by the relation: 
P(z)=aPmod(z)+b; a and b were chosen to match the maximum and minimum points of the 
two functions. (Wang,2006) 

The model amplitudes Fmod (h) therefore can be calculated from pmod (z), 

,2n D/2 

Fmoi(h)= \ pmoi(z)cos{-^-hz)dz (3.6) 
-D/2 U 

The phases of Fmod (h) are used to determine the phase of experimental F2 and, from sign 

of F0/F2 obtained from the MAD analysis, Fo 's phases could also be determined as 

(-- ,-- ,- ,+,+)(Table 3.2). 
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3.3.3 Density Distribution of Bromine Label and Lipid Bilayer 

The experimentally determined electron density profiles of Br distribution and of 

the whole lipids are shown in Fig.3.3. The experimental electron densities are normalized 

to the real densities by three parameters a, b, and b' (Wang, 2006): yo *=apP'+b and 

yo 'ip,d=apli!"d+b'. The three parameters may be determined by the three conditions: 1), 

set Br electron density zero in the water region, 2), the integration of pexp
 r within the 

unit cell (-D/2-D/2) equals to the total number of Br electrons in two lipids divided by 

the lipid cross section, 3), the integration of peJ'pid from -D/2 to D/2 equals to the total 

number of electrons in two lipids plus 20 water molecules divided by the lipid cross 

section. The lipid cross section could be computed from the phosphate-to-phosphate 

distance (Fig.3.2) and the lipid volume (Nagle J., 2000). 

The density profile of the whole lipid in Fig. 3.3 shows two pairs of pronounced 

peaks, indicating the positions of bromine labels and phosphate headgroup respectively. 

This is consistent with the chemical structures of the lipid. However in comparing the 

phase of the lipids ( ...) to that of those unlabelled lipids (-- + -. . .) , the signs differ 

in the third order. For the ordinary phosphorous lipids that we studied, the phase choices 

for the first four orders were almost the same, i.e., (- - + -). This is largely due to the fact 

that the overall structures of lipids are quite alike with high density phosphate headgroup 

and low density carbon chains. To understand this unusual phase for the third order peak, 

we used swelling method on the lipid dil8:0(9,10dibromo)PC for the phase 

determination. 
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Figure 3.3 Electron density profiles of unit cell from z=-D/2 to D/2, measured by the 

MAD method. (A) The bromine label distribution. (B) The distribution of whole lipid 

bilayer. (Wang,2006) 
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3.3.4 Swelling Method for Phase Determination 

The phase problem for the lamellar phase is conventionally solved by the swelling 

method (Blaurock, 1971, Tobert, 1976). For example, the bilayers of a series of 

16:0-18:0(dibromo)PC were successfully phased by this method (Mcintosh, 1987). To 

check the result of the MAD method, we applied the swelling method to our brominated 

lipid using a laboratory diffractometer (01ah,1991; Weiss,2002). As noted in earlier 

section for sample preparation, the quality of diffraction pattern from this lipid 

deteriorated when the humidity was above RH92% (peak broadening and losing high 

orders). Thus the swelling experiment was performed from 89% to 91%RH. Fig.3.4 

shows the results of the swelling method on the lamellar phase of di 18:0(9,10dibromo)PC, 

measured on our laboratory diffractometer using Cu Ka radiation. As one sees from Fig. 

3.4. A, the sign of the third order cannot be clearly determined by the swelling method. In 

fact judging from the overall agreement between the Shannon constructions and the data 

(particularly the second and the fourth orders), It's not straightforward to determine one 

phase choice( ...) would be more favored than the other (-- + - . . . ) based on the 

bilayer structure. (For example, in Fig. 3.4.C, the high central region relative to the water 

region could be explained as due to the contribution of bromines to the central region.) 

To check if the phases (- - - -...) determined by the MAD method for the 

dil8:0(9,10dibromo)PC were correct,a series of lipid mixtures of di 18: IPC (DOPC) and 

dil8:0(9,10dibromo)PC were measured(Wang,2006). Starting with pure DOPC where the 

third order is positive (as determined by the swelling method), the magnitude of the third 
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Figure 3.4 The results of the swelling method on the lamellar phase of di 18:0 (9,1 Odi-
bromo)PC, measured on a laboratory diffractometer using Cu Ka radiation.(Wang,2006) 
(A) The phasing diagram by the swelling method. The three data points (circles) 
measured at 89%, 90%, and 91%RH partially overlap. The solid and dashed lines are the 
Shannon constructions for different choices of sign for the third order. (B) The electron 
density profile if the third order is negative. This profile is slightly different from Fig. 3.3 
B. It could be due to a difference in the hydration level—the two hydrometers used in the 
two different experiments were not calibrated to each other. (C) The electron density 
profile if the third order is positive. (In panels B and C, we used the same electron density 
normalization constants that were obtained for Fig. 3.3) 

order first diminished with the increasing fraction of dil8:0(9,10dibromo) PC and then 

increased (Fig. 3.5). This is consistent with the sign change of the third order as the 

fraction of di 18:0(9,10dibromo)PC increases. That explains the phases ( ...) for pure 

dil8:0(9,10dibromo)PC. The reason for the positive third order for most lipids is that the 



65 

position of the headgroup is about D/3 from the center of the bilayer. However, the 

bromine peaks in the middle of the chain give a negative third order. Thus the sign of the 

third order depends on their relative contributions. Apparently the bromine peaks 

dominate the sign when there are two bromines per chain. 
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Figure 3.5 Comparison of five DOPC/dil8:0 (9,10dibromo)PC mixtures (ratios shown in 
the inset). The solid lines are the Shannon constructions of structure factors. The data 
suggest that the third order changes from positive to negative as the fraction of 
dil8:0(9,10dibromo)PC increases. 

3.3.5 Discussion on MAD Phasing Method 

Along with the fast developments in synchrotron facilities which provide an ideal 

way for energy-tunable measurement, the MAD method has been increasingly used in 

recent years for structure determination in protein crystallography. (Guss 

1988;Hendrickson 1988-199 l;Kahn 1985;Murthy 1988). 
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For membrane research, the existing phasing methods for lipid systems include 

swelling (Blaurock,1971;Torbet 1976), pattern recognition (Luzzati,1972;Mariani 1988), 

and methyl trough search (Harper 2000a,2000b). The application of swelling method, 

which is most commonly used for lamellar phase, is limited by the facts that the range of 

swelling needs to be sufficiently large and unit cell structure needs to remain fairly 

unchanged. Previously the phase problem for a rhombohedral phase (Yang,2003a) was 

solved by a combination of swelling and pattern recognition method, but it is often found 

to be difficult to apply the swelling method to some lipid structures in non-lamellar 

phases. The pattern recognition method presumes that the density moments between 

different phases of the same lipid are invariant. (Luzzati,1972;Mariani 1988). The method 

is then not applicable when the lipid components may demix upon the bending degree of 

lipid monolayers (Ding, 2005). The methyl trough method requires the known 

mathematical property of the lipid monolayer surface search (Harper 2000a,2000b). It's 

expected that MAD method which is established on a firmer theoretical basis and has 

practical advantages over other methods, (e.g., without disturbance to the native state of 

the sample under measurement) could open up new opportunities to structural studies on 

lipid systems and could find its more applications in regard to lipid membrane research. 

In the course of developing new MAD procedure, our initial approach to solve 

the phase problem for the brominated lipids was thus to use the standard method of MAD 

analysis (Hendrickson, a.l988,b.l989,c.l991; Murthpy 1988, Kahn 1985), since 

previously this method was used to solve thallium ion binding site of the gramicidin 
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channels in a gramicidin-DLPC lipid bilayer system (Liu, 1991). It turned out that the 

standard method couldn't produce a self-consistent solution of the phases and amplitudes 

from the MAD equations with several chosen wavelength. This could be understood by 

the difference in the sample preparation for the two systems: The gramicidin-lipid sample 

sandwiched between two Be solid substrates had a well-defined thickness. The 

brominated lipid sample was deposited on one surface that in general would not provide a 

well-defined thickness. The uncertainty of thickness elevates the difficulty of the 

absorption correction for the sample, particularly for energies at the vicinity of absorption 

edge and above the absorption edge. Therefore the inaccurate absorption gives rise to 

inconsistent outcomes by standard method. We had migrated to using the one-substrate 

samples for the reasons that they are easy to prepare and can be subject to a rapid 

hydration change (either for the purpose of changing phases or for sample calibration). 

The 'modified' MAD phasing method described here works well for one substrate 

samples by choosing diffraction energies below the absorption edge to alleviate the 

difficulty of absorption correction from the sample thickness which are known only 

approximately. Other advantages include: Straight-line fitting is simple and 

straightforward, compared with solving nonlinear equations by standard method; By 

using the straight-line fitting method, some bad data that do not fit the linear relation can 

be excluded if the majority of the data could fit the linear relation. In comparison, it's 

difficult to identify bad data points in the method of solving nonlinear equations; One 

problem of using x-ray energies above the absorption edge is a high fluorescence 
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background due to the strong absorption. A large background would contribute to errors 

in integrated intensities. By limiting the x-ray energies below the absorption edge we 

have avoided this problem. In protein crystallography, MAD method is used to solve 

native protein structures whose derivates are labeled with heavy atoms. For the problem 

of solving lipid structures, the purposes of using heavy atom labels are different due to 

the reason that the label atoms often alter the property of the original lipid significantly. 

For example, the property of dil8:0(9,10dibromo)PC is somewhat between that of its 

precursor dil8:lPC and of dil8:0PC. By changing osmotic pressure it has a phase 

transition from the lamellar phase to a rhombohedral phase similar to dil8:lPC but at a 

different phase boundary (Yang, 2003b), whereas the saturated lipid dil8:0PC does not 

have such a phase transition under the same condition. The bromine labels in the 

application of anomalous diffraction for lipid systems have thus two-fold purposes: 1), 

phase determination. The electron density distribution within the unit cell could be 

reconstructed with phases determined from those of label atoms; and 2), highlighting the 

lipid chains of the PC. For the lipid mixture, it'll thus be possible to distinguish the 

distributions of PC from the other mixing components such as cholesterol or peptides. 

We'll show the application of the method on the distorted hexagonal phase for the 

mixture of cholesterol and dil8:0(9,10dibromo)PC and rhombohedral phase for 

dil8:0(6,7dibromo)PC lipids in the following chapters. 
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Chapter 4 

Lipid Structure in Distorted Hexagonal Phase: Accumulation 

of Cholesterol in High Curvature Regions 

4.1 Introduction 

There have been speculations that lipids of high spontaneous curvature might play 

important roles in membrane fusion since the event requires the lipid bilayers to go 

through intermediate structures of high curvature (Lentz,2000;Siegel 1993;Chernomodik 

1995,2005). A recent experiment found an increased concentration of high-curvature 

lipids in the membrane regions between fusing Tetrahymena (Ostrowski,2004). In 

another experiment, a mixture of lysophospholipids and fatty acids, the hydrolysis 

products of snake presynaptic phospholipase A2 neurotoxins, mimicked all of the 

biological effects of this same neurotoxin (Rigoni,2005). Both lysophospholipids and 

fatty acids are high-curvature lipids and their biological effects were consistent with the 

lipid mixture promoting the fusion of synaptic vesicles with the presynaptic membrane. 

Although it seems obvious that lipids of high curvature would promote monolayer 

bending, some fundamental questions remain. Two possible scenarios have been 

envisioned. In one, high-curvature lipid components modify the average spontaneous 

curvature of the relevant monolayer, thereby facilitate it's bending 

(Kuzmin,2001;Koslovsky,2002;Markin,2002); in another, the high curvature lipid 

components localize and become the major component in the bending region 
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(Malinin,2002). In general terms, one may ask, are lipid components of different 

spontaneous curvatures redistributed upon bending? Does bending alter the relative 

importance between the mixing entropy and the lipid-lipid interactions? The answer 

would greatly influence the free energy landscape for a membrane process involving 

local bending such as fusion and pore formation. More fundamentally, the free energy of 

bending (Helfrich, 1973) for multicomponent membranes may need to be reconsidered 

for configurations of nonuniform curvature. In this chapter, we will show the result of 

study on the lipid distribution in a monolayer of a binary lipid mixture before and after 

bending. We are interested in whether there is a differential lipid distribution as a result of 

nonuniform bending. Therefore, we choose to compare the distribution between the 

lamellar phase and the distorted hexagonal phase (Yang,2003b). In an earlier study (Ding, 

2005), we have obtained low-resolution results from a mixture of deuterated 

dil8:l-phosphocholine (DOPC) and nondeuterated dil8:l-phosphoethanolamine (DOPE) 

by neutron diffraction. We saw a homogeneously distributed lamellar phase transformed 

to an inhomogenously distributed distorted hexagonal phase with a higher concentration 

of DOPE at the high-curvature region. The resolution of neutron diffraction was limited 

by relatively large energy spread (~2%), poor collimation (0.01 radian divergence), and 

low flux. All these factors can be improved by many orders of magnitude, and therefore 

one can expect a much better resolution, if a similar experiment can be performed with 

x-ray (synchrotron radiation), instead of neutron. With our recently developed procedure 

for applying the x-ray method of multi-wavelength anomalous diffraction (MAD) to lipid 
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systems (Wang,2006) , a regular hexagonal phase has been solved by its application. 

(Pan,2006). With this method we can single out the distribution of label atoms attached to 

one lipid component in the mixture, and also simplify the phase problem for the 

reconstruction of electron density distributions. We will use this method to study the 

possible role of cholesterol as a curving agent. Cholesterol is a major lipid component in 

the plasma membrane of animal cells (Alberts,2002). It has been known that addition of 

cholesterol to phospholipids tends to induce the formation of the inverted hexagonal 

phase (Simons 1982; Cullis 1978), and in general imparts a negative curvature to the lipid 

monolayer (Chen Z., 1997). This property has been suggested as the reason for its ability 

to promote membrane fusion (Chernomordik,1985,1995;Malinin,2002). In this study, the 

lipid mixture consists of cholesterol and 18:0(9,10dibromo)PC in 1:2 molar ratio. The 

spontaneous curvature of dil8:0(9,10dibromo)PC is comparable to that of dil8:lPC 

(DOPC). At 25°C, DOPC transforms from the lamellar phase to the rhombohedral (R) 

phase below -45% relative humidity (RH) (Yang,2003b), whereas 

dil 8:0(9,10dibromo)PC transforms to the R phase below -60% RH (Pan,2006). This 

means that dil8:0(9,10dibromo)PC requires a smaller osmotic pressure to transform to a 

curved phase, indicating a slightly higher negative spontaneous curvature than DOPC. 

However, dil8:0(9,10dibromo) PC does not transform to a hexagonal phase even if the 

hydration is reduced to the equivalent of 40% RH. When cholesterol is added to 

dil8:0(9-10dibromo)PC (in this experiment at the 2:1 PC/cholesterol molar ratio), two 

additional phases appear in low hydrations. From high RH to low RH, the mixture 
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changes from the La phase to the R phase at 70% RH and then to a distorted hexagonal 

(Hns) phase at 60% RH and finally to an inverted hexagonal (Hn) phase below 44% RH. 

Gur experiment shows that cholesterol and dil8:0(9-10dibromo)PC are homogenously 

mixed in the lamellar phase and in the Hn phase. But in the Hug phase, cholesterol mostly 

concentrates in the high-curvature regions. 

4.2. Experimental Procedure 

Much of the details have been given in the previous chapters. We will focus on 

the data reduction and result analysis here. 

4.3. Data Analysis and Results 

4.3.1. Diffraction Patterns and Data Reduction 

Fig. 4.1 shows a reflection pattern produced by the 2:1 mixture of 

dil8:0(9,10Br)PC and cholesterol in the Hns phase. The bottom figure shows the 

translation to the reciprocal (q) space. The normal to the substrate (vertical in Fig. 4.1) is 

labeled qz. Because the in-plane orientations of the sample domains are random, each 

lattice point is a Bragg ring parallel to the substrate and centered around qz. The Ewald 

sphere of reflection at a grazing incidence intercepted most of the Bragg rings (see below) 

and registered each ring with a diffraction peak on the detector at a distance from qz 

corresponding to the ring radius Jq] + q2
y (Yang, 2003a). 

The symmetry of the Hns pattern is two-dimensionally oblique. In this case the 
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horizontal axis of the reciprocal space in Fig. 4.1 is qx. All of the diffraction peaks can be 

accounted for by the two reciprocal vectors bl(0.1314 A"1 sin 48.2°, 0.1314 A"1 cos 48.2°) 

and b2 (0, 0.1314 A"1), expressed in (qx, qz). The angle between the two basis reciprocal 

vectors is 48.2°, which substantially deviates from the hexagonal angle of 60°. However, 

we believe that the Hug lattice possesses a mirror plane bisecting the two reciprocal 

vectors b l and b2 (the dotted line bisecting bl and b2 in Fig. 4.1 B). This is because the 

lengths of bl and b2 are the same, both 0.1314 A"1 as determined by a linear fit to all 

orders. The same mirror symmetry has been noted for all Hug phases we have measured 

so far, including mixtures of DOPC/DOPE at various ratios (Yang,2003b), with or 

without deuteration (Ding,2005). Hence the space group for the Hns phase is p2m 

(Henry, 1969). In the following, the data will be analyzed assuming the p2m symmetry. 
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Figure 4.1 (Top) The detector image of x-ray reflection from a 2:1 mixture of 
dil8:0(9,10Br)PC and cholesterol in the HH8 phase. The inset shows a schematic of the 
diffraction geometry. (Bottom) The diffraction pattern was translated to the reciprocal 
space according to the diffraction geometry. The two reciprocal vectors are bl (0.1314 
A"'sin 48.2o,0.1314 A-1 cos 48.2°) and b2 (0, 0.1314 A-1). The solid green dots are the 
lattice defined by bl and b2. The open circles are the mirror image of the lattice reflected 
by the mirror plane along the qz and perpendicular to qx—this left-right symmetry is due 
to the sample being a two-dimensional powder on the plane of the substrate. Due to the 
equality |bl|=|b2|, there are two mirror planes (purple lines) in the crystal lattice, one 
bisecting bl and b2, another bisecting -bl and b2. 
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In general a complete diffraction pattern requires more than one diffraction 

geometry (Yang,2003a). A grazing-angle reflection correctly measures all the diffraction 

peaks except for those on the qz axis and those with the qz component equal to zero. As 

one can see from Fig. 4.1, each of these missing peaks has its symmetry counterpart 

recorded by the grazing-angle reflection. Therefore the complete diffraction pattern for a 

Hug phase requires only the grazing-angle reflection measurement. 

From the reflection patterns measured at eight x-ray energies, the data were first 

corrected for the wavelength dependence of the detectors (described in chapter 2). The 

integrated peak intensities were then extracted from the raw data following the method 

described in previous works (Yang,2003a;Ding,2005). The steps included background 

removal and two ways of peak integration (Wang,2006), and corrections for x-ray 

polarization, the Lorentz factor, diffraction volume, and absorption. Also, for 

multi-wavelength measurements, one needs to correct the intensities for their wavelength 

dependence, i.e., the measured intensity is proportional to the cubic wavelength 

(Warren, 1990).Eleven independent peaks, listed in Table 4.1, have integrated intensities 

substantially above the background. The symmetry related peaks are grouped as one 

independent peak and their intensities averaged. Other visible but weak diffraction peaks 

were not included for analysis. 
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4.3.2 MAD Analysis 

The analysis could be referred to the descriptions in chapter 3. Table 4.1 and Fig. 

4.2 show the result of the MAD analysis of the data. 

(h,k) Index 

(3,-D, (-1,3) 
(3,0), (0,3) 
(3,1), (1,3) 
(2,-1), (-1,2) 
(-2,2) 
(2,0), (0,2) 
(2,1), (1,2) 
(2,2) 

(-1,1) 
(1,0), (0,1) 

(1,1) 

|F2|
2 

546.2 
405.2 

1317.7 
1146.5 

192.4 
65.6 

6599.9 
9179.6 
1723.1 
5529.4 
7227.7 

F0/F2 

0.5 
0.69 
1.04 

1.2 
-0.93 

3.1 
0.46 
0.73 

-0.99 
-0.74 
0.82 

|Fo|2 

139.2 
190.7 

1429.7 
1648.4 

165.6 
629.8 

1412.9 
4865.4 
1673.3 
3031.2 
4829.3 

r 

0.9728 
0.9167 
0.9453 
0.9469 
-0.886 
0.5872 

0.985 
0.9858 
-0.846 

-0.9749 
0.9945 

e( Std of 

|F2|) 

2.27 
3.58 
5.12 
4.7 

2.96 
4.56 
5.81 
6.66 

10.68 
6.94 
3.65 

Initial 
Phase 
(F2) 

1 
1 

-1 
-1 
-1 
1 
1 

-1 
1 

-1 
-1 

Final 
Phase 

(F2) 
1 

-1 
-1 
-1 
-1 
1 
1 

-1 
-1 
_1 

-1 

Table 4.1 Result of MAD analysis of the 2:1 mixture of di 18:0(9,10Br)PC and cholesterol 
in the Hug phase (symmetry-related peaks are grouped as one independent peak). F2 is the 
normal diffraction amplitude for bromine atoms, Fo is the normal diffraction amplitude 
for whole lipid, r is the linear correlation coefficient of the fit, s is the standard deviation 
for F2. Phases by modeling are listed in last two columns. 
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Figure 4.2 MAD analyses for the detected peaks. For each independent peak, the 
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numerical results are shown in Table 4.1. 
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4.3.3 Bromine Distribution in Unit Cell 

The MAD method has achieved two purposes. First, the difficult problem of 

determining the phases for Fo (Turner, 1992) is simplified to that of determining the 

phases for F2. Second, the resolution of molecular distribution is improved by visualizing 

the label atoms alone. 

From the magnitudes of the amplitudes |F2(h,k)| we construct the Patterson 

function of the Br distribution 

P(x,y) = ^\F2(h,k)\2 cos(qh<k •?) (4.1) 

The result is shown in Fig. 4.3. The Patterson function is equivalent to the 

density-density correlation function 

P(x,y)=lp*p(x-x',y-y')p*p(x',y')dx'dy' (4.2) 

Note that since the density is a periodic function of the lattice, so is the Patterson 

function. To analyze Fig. 4.3, it is useful to compare it with the corresponding Patterson 

map in the Hn phase (Fig. 4.4), where the Patterson function is a circularly symmetric 

peak at the center. It was shown (in Pan et al., 2006) that the circularly symmetric 

Patterson peak corresponds to a bromine distribution on a circular ring. Similarly, the 

ellipse like Patterson in Fig. 4.3 A is consistent with a bromine distribution on an ellipse 

like ring. Very importantly we note that (in Fig. 4.3, bottom) the Patterson profile along 

the minor axis, has a central peak and two strong symmetric side peaks at + 10.7A. (For 

the discussion of the dominant features, we ignore the small peaks at ~20 A.) In a 

Patterson map, the peak at the origin is due to the self-correlation whereas a peak off the 
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origin is due to the inter-correlation, in this case, between two sides of the ellipse (see a 

model analysis in Wang, 2006). This is confirmed by a Gaussian fitting that found that 

the central peak and the side peaks 

Figure 4.3 (Top) The Patterson function of Br amplitude |F2|. The black line is the 
boundary of a unit cell. The dashed and solid lines indicate the direction of the major and 
minor axis, respectively. (Bottom) The Patterson profile along the minor axis (solid line) 
and along the major axis (dashed line) of a unit cell. 
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Experimental Br Patterson 

(a) 

Experimental Br Patterson 

(b) 
Figure 4.4 Patterson function of the bromine distribution for the 2:1 mixture of 
dil8:0(9,10Br)PC and cholesterol in the HH phase, (a) 3-D view, (b) 2-D top view. The 
horizontal x, y coordinates are in the unit of A. The vertical scale for the value of the 
Patterson function is arbitrary. (Pan,2006) 

have the identical width 4.57A . In contrast, the Patterson profile along the major axis has 

no side peaks. These features of the Patterson function indicate that the ellipse like 

distribution of Br has high density along the two sides parallel to the major axis, but has 

small or vanishing density near the vertices of the ellipse. These features derived from the 

Patterson map are model-independent. They provide a basis for building a model that can 

be used to determine the phases of the amplitudes F2(h,k). 
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We can also infer the structural relation between the Hn phase and the Hug phase 

from the transformation of the diffraction pattern during the phase transition. As the 

system crossed the phase boundary from Hn to Hm, every hexagonal peak except the 

ones on the qz axis gradually split into two. For example, referring to Fig. 4.1, in the Hn 

phase up to the phase boundary (44% RH), the peak (1,0) and the mirror image of the 

peak (-1,1) (i.e., the circle below (1,0)) coincided with the reciprocal vector bl at 60°. As 

the humidity of system increased above 44% RH into the Hug phase, the peak split into 

two, one moving upward and another moving downward, ended up as Fig. 4.1 when the 

RH reached 58%. Thus the lipid structure in the Hn§ phase was continuously deformed 

from the lipid structure in the Hn phase. The circular distribution of the Hn phase was 

compressed in one direction and extended in the perpendicular direction in the Hus phase. 

After the analysis for the Hn phase (Pan, 2006), we built a model as an elliptical ring of 

Br distribution centered at the origin of a unit cell: 

G[f,] = A(e)^C(m-rSe))n (4.3) 
a 

In Eq. 4.3, ro(9) is an ellipse centered at rc with a major axis 2a and a minor axis 

2b, respectively, parallel to the two mirror symmetry planes (shown in Figs. 4.1 and 4.3). 

The exponential function describes a Gaussian distribution along the radial direction with 

respect to the ellipse ro(9). The prefactor A(6) expresses a non-uniform angular 

distribution. The width a can be obtained from the Patterson function Fig. 4.3. It is easy 

to show (see the model analysis in chapter 3) that the width of a Patterson peak is -\[2 
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times that of the corresponding peak in real space. Therefore from the Patterson peak 

width 4.57 A, we have the width o= 3.23 A. Equation 4.3 describes the Br distribution in 

an isolated unit cell. To describe the Br distribution in a lattice, we need to include the 

density contribution from the six adjacent unit cells. Therefore the electron density 

measured by x-ray diffraction in the unit cell centered at the origin is calculated from 

PL =G[0] + G[al] + G[-al] + G[a2] + G[-a2] + G[al +&1] + G[-al - a 2 ] , (4.4) 

The model amplitudes are calculated from 

FZi(h,k) = \pB:oicos(qKk-r)rdrd9 (4.5) 

According to the features deduced from the Patterson map in Fig. 4.3, we built a 

model by letting A(0)=pmax(Kmax- K(0))/(Kmax-Kmin), where K(0) is the curvature of the 

ellipse, K(0)= ab(b sin 0+a cos 0)" , i.e., a bromine density distribution that is large 

where K(0) is small and small where K(0) is large. We then vary the values of a and b 

(the sizes of the major and minor axes) to maximize the T function, 

T = 
Z * Ipexpl jcrmodl 

c-2 I ' I ' l ' I 
i Zt 

i £i i £j 

(4.6) 

that measures the degree of agreement between the model and the experimental values 

|F2(h,k)| (written as Ffxp in Eq.4.6). We found that the best fit was obtained at a = 21.0A , 

b = 14.4A with the T value = 91.7%. The amplitudes of the model are compared with Fexp 

in Fig. 4.5. The value for the minor axis 2b=28.8 A from the model fitting is remarkably 

close to the distance given by the Patterson profile. (The distance between the two side 
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peaks is 21.4 A . The length of the unit cell along the minor axis is 39.0 A. This gives the 

minor axis of the Br ellipse, 39.0 - (21.4/2) = 28.3 A.) We used this model to calculate 

F^'modfak). The phases oft. F8*m0d(h,k) were then used as the phases of the experimental 

|F2(h,k)|, listed in Table 4.1 as the initial phases. From the sign of F0/F2 determined from 

the MAD analysis, we also have the corresponding phases for the experimental Fo(h,k). 
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Figure 4.5. Comparison of the magnitudes of the diffraction amplitudes between the 
model and data. They are mutually normalized by the condition 

I,(Cod)2 = Z,(*rp)2 

The amplitudes with phases produced the electron density distributions for the Br 

distribution and for the entire lipid distribution: 

/ 0 ^ ) = I W * ) - c o s ( ^ - r ) 
(*.*) 

(4.7) 

However, the results produced by the initial model phases given in Table 4.1 are 

not consistent with each other—see panel 0 of Fig. 4.6. We know that the electron density 
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distribution of the entire lipid mixture determined by Fo values should be dominated by 

the high-density region of the phosphate headgroups and the high-density region of 

bromine labels. Since the phosphate group and bromines both belong to the PC molecule, 

their distributions must be congruent to each other, with the former around the central 

water region and the latter consistent with the Br distribution determined by F2 values. 

Figure 4.6. The electron density distributions of Br and the whole lipid mixture shown in 
pairs, top and bottom, respectively. Each panel was constructed for one of 16 possible 
combinations of positive or negative phases for the four peaks (2,-1), (2,2), (-1,1), and 
(3,0). Panels 0 and 7 are based on the initial model phases and the final phases shown in 
Table 4.1, respectively. Out of all 16 combinations, only one, panel 7, satisfies the 
congruent condition between the bromine and the lipid distributions. 
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The p^p I p^~Up'd pair shown in panel 0 of Fig. 4.6 clearly does not satisfy the 

congruency condition. In the hexagonal case where we were able to refine the model until 

its agreement with data reached T=97% (Pan, 2006), the phases determined by the model 

can be confidently used as the phases of the experimental amplitudes Fexp. Here, at the 

level of agreement shown above, we can reasonably assume that the majority of the 

phases determined from the model are likely correct, but probably not all. However, 

unlike the case for the Hn phase, there is no apparent way of refining the model—there 

are simply too many possibilities. Therefore we resorted to modeling the other 

high-density region of the lipids, i.e., the headgroup region of the PC. The amplitude of 

the lipids without bromine is 

Fi=Y,fJ"^p(iq-rJ) = F0-F2 (4.8) 
j 

where the index j includes all atoms except for the anomalous atoms. Even though 

the signs for Fo and F2 are still undetermined, since the sign of F0/F2 is known we can 

calculate |Fi(h,k)| from |Fo(h,k)| and |F2(h,k)|. The electron density of the lipids without 

bromine is dominated by the PC headgroups. The distribution of the PC headgroups must 

be congruent with the distribution of Br atoms. Therefore we used the same model for Br, 

Eq. 4.3, but with smaller major and minor axes a and b to match the amplitudes |Fi(h,k)|. 

From the result of the hexagonal phase , we found that the headgroup to Br distance is 

10.7 A. Accordingly we deduced from the model Br ellipse (a=21.0 A, b=14.4 A) a 

model headgroup ellipse of a =10.3A, b= 3.7A. We used this model to calculate the 

phases of Fi(h,k) and the corresponding phases for F2(h,k). We compared the phases 
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determined this way with the initial model phases for F2(h,k) shown in Table 4.1: the 

phases agree for seven peaks, but disagree for four peaks (2,-1), (2,2), (-1,1), and (3,0). 

We then examined all the possible combinations of positive or negative phases for each 

of the four peaks (2,-1), (2,2), (-1,1), and (3,0). Out of the 16 possible combinations, only 

one gives a congruent pair of Br and whole lipid distributions. We accept the result 

shown in the panel 7 of Fig.4.6 as the correct electron density distributions. These phases 

of F2(h,k) are listed in the last column of Table 4.1 as the final phases. For comparison, 

Fig.4.6 also shows seven p^p Ip^v
lip,d pairs that do not satisfy the congruency 

condition; eight other pairs whose incongruency is similar or worse are not shown (but 

can be easily constructed from Table 4.1). Fig. 4.7 shows the details of bromine and 

whole lipid distributions in a unit cell. 
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Figure 4.7 The details of the bromine (A) and the lipid mixture (B) distributions in one 
unit cell. 

4.3.4 Normalized Lipid Distribution 

Normalization of the electron densities is difficult because of the lack of 

information about the water content. However, a schematic distribution of the two lipid 

components can be obtained by considering the chain region alone where there is no 

water. From the whole lipid distribution (Fig. 4.7), the positions of the PC headgroups 

can be determined. The ridgeline of the headgroup density is defined as the phosphate 
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trajectory. It is known that the distance from the phosphate to the first methylene of the 

hydrocarbon chains is close to 5 A (Mcintosh, 1986;Nagle 2000;Hung 2000). We define 

the interface such that the principal normal to the phosphate trajectory intersects with the 

interface at 5A. The space between the interface and the unit cell boundary is the chain 

region. After the analysis of the hexagonal phase (Pan,2006), we take a unit cell cylinder 

of 8.9 A in height (called a unit block that contains 1 layer of PC molecules). The chain 

volume of an average molecule made of two-thirds dil8:0(9,10Br)PC and one third 

cholesterol is 946.1A° (Armen 1998). We found that there are about 7.6 

dil8:0(9,10Br)PC, 3.8 cholesterol molecules and 61.2 water molecules in a unit block. 

Next we assume that the Br density at the center of the unit cell is zero. Then from the 

amplitude of the Br distribution we know how the Br, and therefore its associated PC, 

distributed in the unit block. 

We schematically divide the unit cell into regions according to the Br distribution: 

the high Br regions (purple in Fig. 4.8) and the low Br regions (yellow in Fig. 4.8). The 

volume ratio of the high Br regions to the low Br regions is 2:1. We found 80% of 

dil8:0(9,10Br)PC and 13% of cholesterol in the high Br regions, and 20% of 

dil8:0(9,10Br)PC and 87% of cholesterol in the low Br regions. It is clear that the great 

majority of cholesterol molecules are accumulated in the vertex regions. 
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Figure 4.8. Schematic of the lipid distribution. The light blue region includes 
headgroups, glycerol backbones, and water molecules, bound by the interface. The chain 
region is divided into high Br regions (purple) and low Br regions (yellow). The volume 
ratio of the high Br region to the low Br region is 2:1. We found 80% of 
dil8:0(9,10Br)PC and 13% of cholesterol in the high Br regions, and 20% of 
dil8:0(9,10Br)PC and 87% of cholesterol in the low Br regions. The symbols of the 
majority molecule, PC in the purple region and cholesterol in the yellow regions, are 
depicted. Dotted red belts represent the high Br distribution. Point A is the peak position 
of PC headgroup density; the interface is defined to be 5A away from A. Point B is the 
peak position of Br distribution. The measured distances are OA = 4.5 A, OB =14.4A, 
OC = 19.5 A, OE = 29.2 A, and CD = 14.6 A. 

4.4 Discussion 

4.4.1 Distribution of Lipid Components in the La, Hn and Hn8 Phases 

In the lamellar phase, the two components, cholesterol and dil8:0(9,10Br)PC, are 

homogenously mixed. This is proven by the diffraction pattern (Fig. 4.9) that exhibits 

only one lamellar series. Also the two-dimensional co-20 scan around the second Bragg 
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peak showed a single sharp maximum. If there were two types of domains—for example, 

a cholesterol rich domain and a cholesterol-poor domain—there would be two series of 

lamellar peaks, and an asymmetrically broadened maximum or two peaks in the 

two-dimensional co-26 scan. 
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Figure 4.9 (Left) Lamellar diffraction pattern of 2:1 mixture of dil8:0(9,10Br)PC and 
cholesterol in the lamellar phase, measured by co-20 scan at 25°C and -90% RH. (Above 
-90% RH, the lamellar peaks began to broaden, similar to pure dil8:0(9,10Br)PC as 
mentioned in chapter 3.) Only one single lamellar series appears in the pattern. (Right) A 
two-dimensional co-20 scan around the second order indicates the peak has a single 
maximum. These data indicate the uniformity of the lamellar phase. 

The question of lipid distribution in the Hn phase is more interesting. This is 

because in a hexagonal unit cell the radial distance from the center to the boundary is not 

constant. In the Wigner-Seitz unit cell, the lipid headgroups surround a central water core. 

The lipid chains are anchored at the lipidwater interface and extend radially (in average) 

toward the cell boundary. Apparently the lipid chains extend farther toward a vertex as 

compared to the chains extended perpendicularly to a side. Since a lipid chain has a 
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thermodynamically favored mean length at the free energy minimum, an isothermal 

extension or shortening of the mean length is expected to incur an energy penalty. If the 

lipid is of single component, it is obvious that the hydrocarbon region is packed by chains 

extended at different mean lengths. The extra energy for filling a hexagonal tube relative 

to the energy for filling a hypothetical circular tube is called the hydrocarbon packing 

energy (Gruner,1989; Kirk 1985) or hydrophobic interstice energy (Siegel 1993). It seems 

possible that, in the case of a binary mixture, the lipid components might be differentially 

distributed to lessen the hydrocarbon packing energy even though the entropy of mixing 

would be lowered. The bromine distribution in the Hn phase of dil8:0 

(9,10Br)PC/cholesterol 2:1 mixture was measured previously (Pan, 2006). Its density is 

undulated around the hexagonal unit cell with high points at the vertices. At first sight, 

this might be seen as an indication of undulating distribution of the 

dil8:0(9-10dibromo)PC density with a complementary distribution for cholesterol. 

However, a simple analysis showed that the undulation of bromine density is entirely 

consistent with the variation of the chain cross section according to the length of chain 

extension, if the chain volume is constant. Thus we concluded that the lipid distribution 

in this Hn phase is homogenous with uniform density, with no detectable effect of 

hydrocarbon packing stress. However, this should not be taken as a disproof of 

hydrocarbon packing energy. As noted by Gruner (1989), the hydrocarbon packing 

energy decreases with the radius of curvature. And the radius of curvature of this Hn 

phase is very small (lattice constant 44.93A) compared with those studied at full 
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hydration (lattice constants 64-90 A) (Kirk 1985; Gruner 1989). Nevertheless, it is such 

small radii of curvature that are relevant to the intermediate states of membrane fusion 

(Yang, 2002). It was noted when the Hug phase was first discovered (Yang, 2003b) that 

this phase appears only in lipid mixtures, never in a single-component lipid. This fact 

alone strongly suggests that lipid demixing is the key feature of the Hug phase. Now the 

direct measurement of the electron density in unit cell clearly showed a nonuniform 

distribution of the lipid components, with the cholesterol component concentrated in the 

high curvature vertex regions. This finding is consistent with the previous neutron 

diffraction result on the distribution of DOPC/DOPE 1:1 mixture in the Hug phase (Lai, 

2005). Although the neutron diffraction was of much lower resolution compared with the 

present x-ray measurement, the result nonetheless showed a higher concentration of 

DOPE in the high curvature vertex regions. Both cholesterol and DOPE are the high 

curvature components in their respective mixtures. Based on the Hn phase result, we do 

not expect the hydrocarbon packing energy to play any significant role in influencing the 

lipid distribution in the Hug phase. Clearly the nonuniform lipid component distribution 

in the Hug phase is correlated with the nonuniform curvature of the monolayer. 

4.4.2 Phase Diagram and Hydration Dependence 

Membranes in physiological conditions are often said to be in full hydration. 

However, in cells, especially eukaryotes that have intracellular membranes, it is quite 

possible that patches of membranes subject to local osmotic pressure gradients because of 
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the presence of a very high total concentration of macromolecules (Ellis,2003). In the 

process of membrane fusion, the water molecules between membranes must be removed 

for the membrane leaflets to merge. The removal of the water molecules adjacent to the 

lipid bilayers creates a locally dehydrated condition. Indeed fusion of lipid vesicles is 

routinely induced by introducing polyethylene glycol in the suspension to create local 

osmotic pressure in between vesicles (Lentz,1999). Correspondingly, fusion intermediate 

states (the stalk structures) can be induced in multilamellars as a rhombohedral phase 

under osmotic pressure (Yang,2002;2003a). The phases induced by osmotic pressure 

favor the negative curvature, consistent with the reduction of water molecules in the 

headgroup region. For single-component lipids, such as diphytanoyl hosphatidylcholine, 

three phases in the order of increasing osmotic pressure have been observed: La, R, and 

Hn. For two-component lipids, such as DOPC/DOPE and di 18:0(9,10Br)PC/cholesterol 

mixtures, four phases have been observed: La, R, Hns, and Hn in the order of increasing 

osmotic pressure. So far the stalk phase has not been observed in full hydration. This 

seems to be consistent with the hypothesis that membrane fusion takes place in a locally 

dehydrated condition. It is not clear if the Hug phase can exist in excessive water, like the 

Hn phase does. 

The Hns phase investigated here was induced by an osmotic pressure 

corresponding to 58% RH. The Hns phase of DOPC/DOPE mixtures has been observed 

from -45% RH to -75% RH, depending on the mixing ratio and temperature (Ding, 

2005). These are based on very limited investigations (Yang,2003b). The possible range 
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of RH for the H115 phase is unknown at the moment. Water is an important component of 

a lipid monolayer. The properties of lipid molecules are undoubtedly affected by osmotic 

pressure. 

4.4.3 Curvature Elastic Energy for Lipid Mixtures 

One of the most important characteristics of lipid membranes (monolayers or 

bilayers) of uniform and fixed composition is that their shapes are governed by Helfrich's 

curvature-elastic energy (per unit area) (Helfrich, 1973): 

1 2 -
£c = - K (Cl + C2 ~ C0 ) + KClC2 .(4.9) 

Ci and C2 are the two principal curvatures of the membrane surface. c0 is the spontaneous 

curvature, kc is the bending modulus and kc the Gaussian elastic modulus. The 

spontaneous curvature c0 naturally depends on the lipid composition (Chen. Z, 1997; 

Leikin 1996). Now our results showed that the lipid components may redistribute under 

the condition of nonuniform curvature. In such circumstances the free energy minimum is 

determined by the curvature as well as the lipid distribution. Even if the shape of the 

membrane is known, it is not simple to calculate its energy if the membrane is of multiple 

components and if the shape is of nonuniform curvature, such as in pore formation or 

membrane fusion. 

A simple model for the distribution of lipid components A and B can be described 

by an energy term E consisting of neighboring-pair interactions, 

E = BAAPAA +SABPAB +SBBPBB> ^ d an entropic term -TS. The value sM represents the 
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energy of association between a pair of A-lipid molecules, and so on. The pM 

represents the number of neighboring pairs consisting of two A-lipid molecules, and so 

on. When A and B are randomly (or homogenously) distributed, the entropy S is 

maximum: Smax = -kBN(alna + blnb) (a and b are the mole fractions of A and B, 

respectively; N is total number of the lipid molecules and ICB the Boltzmann constant). To 

a good approximation, a redistribution of lipid molecules in a monolayer can be 

expressed by a change of energy AE that is a multiple of coAB =(sM +eBB)/2-eAB and a 

change of the entropic term -TAS (Almeida, 2005). Our experiments have shown that 

cholesterol and dil8:0(9,10Br)PC are randomly distributed in the La phase, implying that 

the entropic term dominates in this phase. Indeed, the estimate of coAB for most lipid 

molecules in large unilamellar vesicles is negative and only ~ksT/2 or smaller 

(Almeida,2005). In other words, in planar bilayers, demixing is slightly favored by the 

interaction energy, but the entropic penalty for demixing is larger. 

However, it is reasonable to expect the energy of association between lipid 

molecules to depend on the curvature of the monolayer: £^(c), sAB(c), eBB(c), where c is 

the mean curvature of the monolayer. Furthermore, the curvature dependence of the 

association energy may be different for different lipid molecules. Then the total free 

energy of a curved monolayer, consisting of the free energy of lipid distribution and 

Helfrich's curvature-elastic energy, is a function of both the distribution ( pM, pAB, pBB ) 

and c. The spontaneous curvature is position-dependent, depending on the local lipid 

composition. Depending on the external conditions, it is possible that the free energy 
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reaches minimum when both the lipid distribution and curvature are not uniform. A 

reasonable explanation for the differential distribution of cholesterol and 

dil8:0(9-10dibromo)PC in the Hus phase is that the association energy of a lipid 

component is most negative (most stable) when the local curvature matches the 

spontaneous curvature of the lipid molecule. Since the spontaneous curvature of 

cholesterol is more negative than that of dil8:0(9,10Br)PC) (as evidenced by 

cholesterol's induction of the hexagonal phases), it is most stable for cholesterol to reside 

in the highest curvature region. Note that the degree of hydration will influence the 

headgroup-headgroup interaction as well as the spontaneous curvature of a lipid molecule, 

so the energy of association also depends on the degree of hydration. This could explain 

why the Hns phase transformed to the Hn phase upon further dehydration. 

4.4.4 Cholesterol and Membrane Fusion 

Approximately 90% of cholesterol in animal cells is confined to the plasma 

membrane. Only small pools of cholesterol are in intracellular membranes, including 

endoplasmic reticulum, nuclear membranes, Golgi apparatus, mitochondria, lysosomes, 

and peroxisomes (Goldstein, 1990; Lange,1993). This is despite the fact that cholesterol 

transports rapidly in both directions between the plasma membrane and internal 

membranes. (It has been estimated that it takes ~1 h for the entire pool of plasma 

membrane cholesterol to pass through the endoplasmic reticulum and returns to the cell 

surface (Goldstein, 1990; Lange,1993).) This nonuniform distribution of cell cholesterol is 
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considered physiologically specified and functionally important. The homeostatic system 

that maintains the cellular cholesterol distribution has been described (Lange,1996; 

Radhakrishnan,2000). However, the function of cholesterol in each membrane is not clear. 

Commonly speculated functions of cholesterol include enhancing the rigidity and 

permeability-barrier properties of the membrane, inhibiting possible phase transitions of 

lipid bilayers, and participating in the formation of lipid rafts which, in turn, have been 

implicated in many biological functions (Alberts, 1978; Simons, 1997). Cholesterol has 

been known to impart a negative curvature to the lipid bilayer (Cullis,1978; Simon, 1982; 

Chen,Z., 1997). This property has been correlated to its ability to promote membrane 

fusion (Chernomordik 1995; Malinin 2002). The hypothesis is that cholesterol would 

lower the formation energy of the fusion intermediate state called a stalk (Markin 1984; 

Siegel 1993; Chernomordik 2003), hence facilitating the fusion. Cholesterol is, for 

example, required for the generation of high-curvature clathrin-coated buds in vivo— 

cholesterol-depleting compounds prevent maturation of a bud past a shallow level of 

curvature (Subtil 1999; Rodal 1999). 

There is now a substantial body of evidence supporting the stalk-pore model 

(Gingell 1978; Brunger 2001; Lentz 2002) for the fusion of viruses with cells 

(Chernomordik 2003; Subtil 1999) and for soluble n-ethylmaleimide-sensitive factor 

attachment protein receptors (SNARE)-mediated fusion (Lu 2005; Xu 2005; Giraudo 

2005; Reese 2005). All fusion reactions of lipid bilayers appear to proceed via an 

intermediate state in which the outer (proximal) leaflets of two contacting membranes 
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merge into an hourglass like structure (a stalk). This structure was found in the unit cell 

of the rhombohedral (R) phase of diphytanoyl phosphatidylcholine (Yang 2002; Yang 

2003a). It is reasonable to expect that the unit cell of the R phase of the 

cholesterol/dil8:0(9-10dibromo)PC mixture is also a stalk structure, but the phase 

problem of diffraction from this phase has not been solved. According to the 

experimental result presented above, we expect cholesterol to concentrate in the 

high-curvature region of the stalk. Compared with pure dil8:0(9,10Br)PC, which 

transforms to the stalk phase at 60% RH, the addition of cholesterol facilitates the 

transition to the stalk phase at a smaller osmotic pressure 70% RH. Thus we speculate the 

roles of high-curvature lipids in the stalk-pore membrane fusion as follows. 

It has been proposed that a heterogeneous distribution of lipids might be a 

precondition for fusion (Ostrowski 2004). Our results imply that such a precondition may 

be unnecessary. Starting with two homogenously mixed bilayers, the negative curvature 

lipid components might facilitate the formation of the first intermediate state of fusion by 

aggregating toward the high negative-curvature region of the stalk structure. The 

participation of the negative-curvature lipids would thus lower the energy of the stalk 

formation although paying a relatively small price of decreasing the entropy of mixing. In 

the final step of fusion pore formation, it is not clear whether the mean curvature of the 

distal leaflet is positive or negative. Nevertheless, since the most highly curved structure 

during fusion is the stalk structure, lipids of high negative spontaneous- curvature such as 

cholesterol will play the most important role. 
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Chapters 

Lipid Structure in Rhombohedral Phase: Membrane Fusion 

Intermediate State. 

5.1 Introduction 

Membrane fusion is one of the most fundamental processes in life. It occurs when 

two separate cell membranes combine and fuse into one. It's crucial to many important 

biological events such as fertilization, brain cell firing, and viral infection. There has been 

postulation that the fusion of membranes proceeds via an intermediate state in which the 

outer leaflets of two contacting membranes merge into an hourglass structure. (Lentz 

2000,Blumenthal 2003). The stalk model has been supported by a substantial body of 

evidence from the viral infection of cells (Zaitseva 2005) and from soluble 

n-ethylmaleimide-sensitive factor attachment protein receptors (SNARE) mediated fusion 

(Reese 2005). Previously it was discovered that the unit cell of Diphytanoyl 

(3,7,11,15-tetramethylhexadecanoic) phosphatidylcholine (DPhPC) exhibiting a 

rhombohedral symmetry contains this postulated 'stalk' structure. (Yang,2002). It's of 

interest to us to extend our MAD method to the R phase (rhombohedral phase) of the 

brominated lipids to gain better understandings of stalk-pore model of fusion process 

from structural perspective. 

We reconstructed the electron density profiles of the intermediate state (stalk 
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structure) of di 18:0(9,10dibromo)PC and dil8:0(6,7dibromo)PC by x-ray MAD method 

and swelling method. The fully hydrated multiple bilayers of brominated-lipids were 

induced at dehydrated conditions into a periodically ordered lattice of rhombohedral 

symmetry. The Br density distributions of both lipids are confirming to the theoretically 

expected stalk structure. However the diffraction resolution poses a difficulty to resolve 

the structures so as to distinguish the two opposing leaflets in the central region of the 

unit cell. In the case of dil8:0(6,7dibromo)PC, the non-vanishing density in the vicinity 

of the central region of stalk was explained by a resolution limitation due to debye-waller 

factors and demonstrated by using reverse monte carlo (RMC) simulation. The simulation 

result agrees with the conjecture that lipids are more flexible and disordered in the 

bending region where the lipid monolayers merger than those of the planar segments in 

the unit cell. The work also shows that for lipid membrane forming three dimensional 

structured complexes (such as rhombohedral phase) the refinement would be a necessary 

step to fully reveal structural features that may be hindered by the resolution limitation 

due to the intrinsic disorders in the samples. By all means, it still requires many more 

efforts to completely solve the problem of fusion stalk structure. 

5.2. Experimental Procedure 

Two brominated lipids were used in the experiments for the study of 

rhombohedral phase. 1,2-distearoyl(6-7dibromo)-sn-glycero-3-phosphocholine 

(abbreviated as dil8:0(6,7dibromo)PC) and l,2-distearoyl(9-10dibromo)-sn-glycero-
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-3-phosphocholine (abbreviated as dil8:0(9,10Br)PC) were purchased from Avanti 

Polar Lipids Inc. (Alabaster, AL). They differ in their labeling positions on the carbon 

chains of the lipids. The data analyzed for dil8:0(9,10Br)PC was measured at 25°C and 

44%RH. The swelling series data analyzed for dil8:0(6,7Br)PC were measured at 25°C 

and a hydration range of RH level 40%~50%. The rest of the details about the 

experimental procedure could be found in the previous chapters. 

5.3. Data Analysis 

5.3.1. Data Reduction and MAD Analysis 

Fig. 5.1 shows the reflection patterns of R phase produced by dil8:0(9,10Br)PC 

and dil8:0(6,7Br)PC. For the purpose of phase determination, several data sets of 

diffraction amplitudes measured at various hydration levels were collected for 

dil8:0(6,7Br)PC to utilize swelling method. To illustrate the procedure of the data 

reduction and MAD analysis, one data set for the hydration level (RH=40%) was chosen 

as the example for the following analysis. The same procedure applies to data sets at 

other hydration levels and data for di 18:0(9,10)PC as well. 

The symmetry of rhombohedral phase has been described in details in Yang,et 

al 2003a. The rhombodedral diffraction pattern in Figure 5.1 A or 5.IB is described by the 

set of reciprocal vectors b, =(l/a,l/V3a,-2/3c) b2 =(0,2/V3a,-l/3c) . and 

b3 =(0,0,l/c) indexed by (h,k,l) , which correspond to the crystal axes 
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ay=(o,0,0) a2 = (-a/2,V3a/2,0) and a3 = (a/2,a/2-\/3,c). Base vectors of lattice 

{a, ,a2 ,a3) define the primitive unit cell of R phase. The lattice constants a and c are 

100 200 300 400 500 600 700 800 900 1000 B 

Figure 5.1 Raw Images of diffraction patterns recorded at reflection mode. A.) R Phase of 
dil8:0(9,10Br)PC at T=25°C RH=42%. B.) R phase of dil8:0(6,7Br)PC at T=25°C 
RH=40%. 
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Table 5.1 Results of MAD analysis of data set with qr°=0.1027A"1, 3qz°=0.0444A"1 for 
dil8:0(9,10dibromo)PC. The phases in the last two columns of F2 and therefore of Fo are 
given from the model building shown in Fig 5.3. 
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Figure 5.2 MAD plot of the peaks in the order listed in Table 5.1. 
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a = 6.16nm , c = 4.67nm . The unit cell of R phase can be equivalently described by 

three primitive unit cells positioned at (0,0,0), (a/2,a/2y/3,c) and (0,tf/V3,2c). The 

corresponding lattice is then described by the reciprocal vectors B, =(l/a,l/V3a,0) 

B2 =(0,2/V3a,0) and B3 =(0,0,l/3c) indexed by (H,K,L) and the crystal axes 

Aj = (a,0,0), A2 =(-a/2,V3a/2,0) and A3 = (0,0,3c). 

Diffraction peaks were integrated from the raw data after the removal of 

background. The integrated intensities were then reduced to the relative magnitudes of 

the diffraction amplitude FX(H,K,L) (refer to procedures previously described in 

previous chapters). Diffraction peaks with integrated intensities substantially above the 

background are used. The symmetry-related peaks are grouped as one independent peak 

and their intensities averaged. 

5.3.2. Density Distribution in the Unit Cell of dil8:0(9,10dibromo)PC 

Before constructing the density distribution of the unit cell of 

dil8:0(9,10dibromo)PC, the Patterson function is built with the diffraction amplitudes 

IF2I2 obtained from MAD analysis. 

P(x,y,z)= ^ |F 2 ( / / , i i : ,Z) | 2 cos( ( / /5 1 +XB 2 +^ 3 ) - r ) (5.1) 
(H,K,L) 

The 3D view of the constructed Patterson map with unit cell dimension 3c, c 

being the height of a primitive unit cell, is shown Fig 5.3.A. The ID profile P(u) along 

y-axis (x,z=0) is shown in Fig.5.3.B. The central strong peak indicates there is a structure 

in the unit cell; The profile P(u) along z-axis (x,y=0) is shown in Fig.5.3.C,exhibiting fine 
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structures within the distance of 3c. Note that the rhombohedral phase consists of 2D 

hexagonal lattice stacking up in (ABCABC.) alternating fashion, the profile is not 

symmetric within the period of one primitive unit cell from 0 to c. In order to build a 

model for the unit cell in rhombohedral phase, two parameters extracted from Patterson 

profiles were used. One is the width of the central peak in Fig 5.3.B which provides an 

estimate of width of Br density distribution in real space; the other is the peak position Z3 

in Fig 5.3.C which indicates a layer-layer inter-correlation of Br monolayers in the stalk. 

Note that the Br monolayers in the unit cell of stalk is presumably in the bended 

conformation, i.e., the correlation peaks from the convolution of continuous densities 

along z-axis are not reflecting the exact distance of separation along vertical dimension 

for Br monolayers. The model was therefore built with the geometry parameters varying 

near the values obtained from Patterson profiles. One simple way of modeling the 

bending configuration of Br monolayers in the unit cell was using elliptic shape geometry 

to represent the Br distribution. 

The shape of Br monolayers in the unit cell is described by an ellipse rotating 

along z-axis as: 

, - ( ( ( V ^ - V + ^ - D / , , ) * 
pmod(x,y,z) = e a < (5.2) 

Where geometry parameters a,b,c are defined as a= DJV3~ -R/2, b=D/-j3 , c=H/2. D is 

the lateral lattice constant of the unit cell, R is the distance of separation of two opposing 

ellipses in the lateral plane at z=0. H is the maxim height of the curved Br monolayer 
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B 

Figure 5.3. A.) Patterson function constructed in 3D for dil8:0(9,10dibromo)PC. B.) ID 
Patterson profile P(u) vs y plotted from origin, (dotted line in blue); The Gaussian fit to 
the Patterson profile (solid line in red) G(u)=Aexp(-u2/o2) with A=30.7 and CT=12.7A. The 
width of Gaussian curve a provides an estimate of width of Br density profile in real 
space related by o=or V2. C) ID Patterson profile P(u) vs z plotted from origin. The 
central peak at zi=0 is due to density self -correlation; other inter-correlation peaks are at 
Z2=14.3A,Z3=33.3A,Z4=48.0A. The peaks (zi~Z4) within the period of one primitive unit 
cell are not symmetric. The peaks are symmetric with respect to the center of the unit cell 
due to rhombohedral symmetry. 
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along the direction of z-axis. a is the Gaussian distribution width of the ellipse curve. The 

diffraction amplitudes of the model could be calculated as: 

Fmo\H,K,L) = fHK<L f Pnoi(x,y,z)cos2x H\-
unit cell |_ \ a J 3a J V3a 3c 

(5.3) 

Where/HKL is the structure factor for the positioning of the three primitive unit cells: 

r _i + e-i(2x/3X2H+K+L) + e-i(2x/3)(H+2K+2L) / ^ ^ 

The phase of Br diffraction amplitudes F2 by the model with H=34A, R=20A,c=10A are 

listed in Table 5.1. The reconstructed density distributions of the unit cell are shown in 

Fig 5.4. 

C? 
c- X 

A -x \ . 

H 

\ 

R 

• > 

Figure 5.4 3D Ellipse model of unit cell in R phase. An elliptical curve is rotated along 
z-axis to make a 3D structure. The boundaries are set by the dimensions of unit cell in R 
phase. The height H and the width of the stalk R was given in the text above. The 
phases obtained with model of using H=34A, R=20A,cr=10A are listed in Table 5.1. 

The electron density maps of the unit cell could be constructed with the model phases as, 

p(r) = YjF(H,K,L)cos[27r(HBj +KB2+LB3) r] (5.5) 
H,K,L 
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The results for the Br distribution (F2, in A and B panels) and for the distribution of 

lipids with Br (Fo, in C and D panels) are shown in Fig 5.4. The Br distributions in the 

unit cell resemble the previous results of stalk from DPHPC lipids in R phase in that the 

two monolayers of lipids bend continuously to form an hour-glass like 

shape.(Yang,2002). 

Figure 5.5 Density distributions of Br atoms and distributions of lipids without Br atoms 
in the unit cell of the R phase. White color represents the high density region in the unit 
cell while Black color represents the low density region. (A) 2d view of the Br atoms in 
the yz slicing plane taken from the center of unit cell along the z-axis. (B) 2d view of the 
Br atoms in xz plane. (C) 2d view of yz plane for the lipids. (D) 2d view of xz plane for 
the lipids. 
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It's notable that in Fig 5.5.A (or 5.5.B) the density distribution of Br monolayers 

merge at the center of the stalk as opposed to a clear separation of density for the two 

lipid monolayers seen in Fig 5.5.C (or 5.5D). In other words, the density distribution 

showing lateral packing of lipid chains in the unit cell was obscured by the smear of 

density of Br atoms at the center of stalk. It could be accounted for by the fact that our 

lipid samples are of liquid crystalline nature and the diffraction resolution is limited by 

the experimentally measureable diffraction orders. This issue of diffraction resolution in 

relation to disorder will be addressed in more details in the following sections for the R 

phase of di 18:0(6,7dibromo)PC lipid. 

It needs to be pointed out that for the phase determination by modeling of the 

stalk unit cell, it's far more difficult than those for one dimensional phase (La phase) and 

two dimensional phases (HH or Has phase). Without predetermined constraints on the 

stalk configuration, the possibilities of modeling the geometry of higher dimensional 

shapes are virtually unlimited. Also the refinement procedure is not as direct as for La and 

Hn phases—the structural features extracted from the resultant distribution built with the 

phases of model may not be so evident or well-defined and be applied to refine the model 

in a straightforward manner. Structural modeling with various geometries of monolayers 

in the unit cell (e.g., by beizer curve) didn't produce better results of phase choices in 

terms of density distribution. Therefore, after trying out phase choice alternatives for 

major peaks in Table 5.1, the density distribution obtained with ellipse modeling appears 

to be the most reasonable choice for the unit cell structure. 



110 

5.3.3. Density Distribution in the Unit Cell of dil8:0(6,7dibromo)PC 

The results of reconstructing the density distribution in the unit cell of 

dil8:0(9,10dibromo)PC suggests that for the given diffraction limits, the Br atoms 

labeled on the hydrocarbon chains of lipids are not positioned far apart enough to provide 

a well-resolved image of stalk in the R phase unit cell. It's expected that by raising the 

labeling positions of the Br atoms towards the phosphate headgroup, the distance of 

separation between two bending Br monolayers opposing at the center of the stalk could 

be increased. To that end, we investigate the structure of unit cell for 

dil8:0(6,7dibromo)PC in the R phase. The Br atoms positions in brominated lipid 

dil8:0(6,7dibromo)PC are three carbon-atom higher on the lipid chain towards the PC 

headgroup than those of di 18:0(9,10dibromo)PC. The structure of unit cell as revealed by 

Br distribution is determined by MAD analysis in combination with swelling method 

which has been successfully applied to the R phase of DPHPC lipid (Yang,2002,2003a). 

The data reduction for the MAD analysis has been shown in the section 5.3.1 

above. The results are listed in Table 5.2. and Table 5.4. They are used for phase 

determination by swelling method. 

5.3.3.a. Swelling Method for R phase 

Phase determination for the diffraction of lamellar phase is conventionally solved 

by the swelling method. This method relies on the swelling of the water layers and makes 

use of the changes in the stacking distance to phase the bilayer structure. 



Il l 

3qz/qz° 
1 

-2 

4 

7 

0 

3 

6 

1 

-2 

4 

-5 

7 

-8 

-11 

3 

6 

9 

12 

15 

qr/qr° 
2 

2 

2 

2 

V3 

V3 

V3 

0 

0 

0 

0 

0 

e(Std of 

|F2|) 
0.36 

0.09 

0.15 

0.05 

0.22 

0.09 

0.06 

0.11, 

0.12 

0.02 

0.11 

0.05 

0.07 

0.03 

3.34 

1.86 

0.46 

0.16 

0.10 

F0/F2 
-0.36 

-2.15 

1.05 

0.38 

1.40 

3.44 

0.69 

2.96 

12.13 

0.73 

0.69 

0.89 

0.51 

-1.19 

-1.98 

0.65 

0.37 

-11.97 

1.37 

R 

-0.8179 

-0.6224 

0.7137 

0.9890 

0.8692 

0.5605 

0.9576 

0.8954 

0.3958 

0.9995 

0.9977 

0.9351 

0.9942 

-0.9401 

-0.4048 

0.9202 

0.9780 

-0.1633 
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0.84 
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750.35 
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356.23 

4.10 

33.00 

3.92 

2577.03 

2426.44 

199.23 

30.93 

20.10 

Phase 

ofF0 

-1 

-1 

-1 
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-1 

1 

-1 

-1 

-1 

-1 

-1 

1 

1 
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0fF2 
1 

-1 

1 

-1 

-1 

1 

1 

-1 

1 

1 

-1 

1 

-1 

1 

1 

-1 

-1 

-1 

1 

Table 5.2 Results of MAD analysis of data set with qr°=0.1074A"1, 3qz°=0.0449A"1 for 

dil8:0(6,7dibromo)PC. The last two columns list the phases for Br and lipids determined 

from swelling method as to be shown in the following section. 
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0.10 0.12 

0.10 0.12 

0.10 0.12 

Figure 5.6. MAD analysis for the diffraction peaks shown in Table 5.2. The five energy 
points used were shown in Table 5.3. It's desirable to reduce number of energies since 
collecting swelling data extends the duration. Similar analyses were done for all the raw 
data taken at other hydration levels (Table 5.4). For each independent peak, the 
square-root of the integrated intensity,|FjJ, is plotted as a function of \fi\/f. The data are 
fit with a straight line, from which |Fo|,|F2|, and the ratio F0/F2 are obtained. The results 
are in Table 5.2 and Table 5.4. 
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n 

1 

2 

3 

4 

5 

En(eV) 

13449.8 

13434.8 

13409.1 

13366.3 

13294.1 

f 

-5.50 

-5.00 

-4.50 

-4.00 

-3.50 

f" 

0.51 

0.50 

0.51 

0.52 

0.51 

Table 5.3. Anomalous scattering factor at 5 sub-K edge x-ray energies (K edge at 13.474 

keV) 
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Dataset I 
qr°= 
0.1074A"1 

3qz -
0.0449A-1 

10.25 

7.55 

7.51 

5.29 

86.06 

12.37 

5.78 

118.48 

123.67 

91.51 

356.23 

4.10 

33.00 

3.92 

2577.03 

2426.44 

199.23 

30.93 

20.10 

Dataset II 
qr°= 
0.1047A-1 

3 q z -
0.0443 A-1 

7.81 

5.71 

5.13 

3.55 

-

7.33 

5.76 

80.87 

83.29 

69.23 

327.08 

4.46 

31.06 

2.62 

2012.97 

2350.33 

213.66 

28.96 

26.26 

Dataset III 

qr°= 
0.1013A-1 
In 0 -

3 q z -
0.0440A-1 
11.63 

4.31 

3.05 

3.19 

-

5.18 

5.27 

48.15 

51.34 

61.72 

265.33 

4.33 

29.83 

1.71 

1741.94 

1737.43 

186.98 

16.17 

24.09 

Dataset IV 

qr°= 
0.0099 A-1 
In 0 -

3qz -
0.0441A-1 12.68 

4.76 

2.60 

2.76 

18.40 

3.68 

5.31 

37.52 

42.86 

52.07 

252.42 

4.20 

25.86 

1.17 

1740.38 

2593.04 

230.91 

25.37 

46.20 

Table 5.4 MAD deduced lipid diffraction intensity |Fo|2 at various hydration levels 

RH=[40%,44%,46%,48%]. (Peak (3qz/qz°,qr/qr°)=(0, V 3) was collected by transmission 

mode for the lowest hydration Dataset I and the highest hydration Dataset IV. This is to 

reduce the duration of radiation of the sample and to adequately phase the peak with 

swelling method.) 
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The rhombohedral phase of lipid (DPHPC) containing membrane fusion stalk 

structure was previously phased using the swelling method. The method was also applied 

successfully to solve structures for brominated lipid in La phase. Here the swelling 

method experiments were performed to help determine the individual phases of bromine 

diffraction F2 and whole lipid diffraction F0 with their ratio relation - F01F2 given by 

MAD analysis. 

We start with the form factor of the unit cell F0 (q) and the diffraction amplitude 

^W(Yang,2003a): 

F0(q)=j\liceiiAp(r)cos(q-r)d3r (5.6) 

and AHKL=F0(qHKL) 

Without having the zeroth order diffraction (q=0) which is not experimentally 

measurable, the electron density contrast Ap rather than the electron density p itself could 

be constructed from the diffraction amplitudes AH,K,L : 

A/?(r) = - — - XAH,K,L cos(<7 • r) (5.7) 
"unit.cell H,K,L 

By separating the q vectors into in-plane r and out-of-plane z components, i.e., 

the form factor FQ (qHKL ) for the given qr=qH,K, could essentially be written as 
F0 (<lH,K> tfz ) = Z AH*J- S m C 

• L 

where d is the stacking distance. 

<q2-qL) (5.8) 
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The best choice of phase for each column of peaks qr/qrO=0,l, V3,2 is shown in 

Fig 5.7. The uncertainty of relative phases within each column allows for eight possible 

electron density profiles. For lipid-water assembly system, it's expected for lipids to form 

continuous monolayers with the high-density phosphorous headgroup region separating 

the low-density water region from chains regions. 

fcOM 
-0.6 -0.4 

^(A"1) 

11. CD 

0.1 0.2 0.3 0.4 0.S 

q*(A-) qz(A-*) 

Figure 5.7: Three-dimensional swelling method for phase determination of lipid form 
factors |Fo| at rhombohedral phase. The panels from top to bottom show the swelling 
method applied to each column a, b, c, d, (which correspond to qr/qr°=0,l, V3,2) using 
the diffraction amplitudes |Fo| from Table 5.4. The vertical scales are relative. The solid 
curves are Fo(qH,K, qz) of Eq.5.8 constructed from one set of data measured at one relative 
humidity. 

It turns out that for brominated lipids to pack into a structurally complex phase such as 
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rhombohedral phase, the recognition of lipids arrangements could easily be obscured by 

the presence of high density bromine, in addition to the high density phosphorous 

headgroup in the unit cell. The electron density profile of bromine alone seems to be 

much more recognizable as representing a rational electron density distribution of lipid 

bilayers. For that reason bromine alone distribution was constructed for eight possible 

choices to help decide on the most reasonable phase choice. It shows clearly that choice 

#1 has a continuous and distinct distribution of bromine monolayers indicative of a 

regularly-packed lipid arrangement. Other choices were rejected due to the 

non-physical density features in the distribution. The choice 1 was selected as the most 

reasonable phase choice and the resulting electron density profile was consistent with the 

previous finding of stalk structure on DPHPC lipid. 

Choice # 
Relative phase of |Fo| 
forqr/qr°=(0,l,V3,2) 

0 1 
+++-

2 
++-+ 

3 

++--

4 
+-++ 

5 
+-+-

6 
+--+ 

7 
+— 

Table 5.5 Br electron density maps from relative phase combination of each qr/qr
0 line for 

|Fo| (choice #1 was chosen and phase of |FQ| was tabulated in the Table 5.2). 
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Figure 5.8: Electron density maps of Br atoms constructed using diffraction amplitudes 
IF2I (Table 5.2) and eight possible choices of relative phases (Table 5.5). The choice #1 
is considered as the most reasonable configuration of lipid chains. Others are showing 
either uneven densities along lipid monolayers or non-characteristic distribution between 
lipid monolayers and thus are not accepted as reasonable phase choices. 

The density of bromine label distribution provides a complimentary view of the 

fusion stalk structure as was previously identified. It suggests the merging of two lipid 

monolayers to form hourglass shaped stalk structure. In comparison to the results of 

distribution of dil 8:0(9,1 Odibromo)PC shown above, the density of Br monolayers are 

much more separate in the center of unit cell, indicating a greater distance of separation 

for Br atoms labeled at lipid chains opposing at the center of stalk. However the 

non-vanishing density in the vicinity of the center of the unit cell suggests a resolution 

limit due to the disorder present in the liquid-crystalline sample. We then explained the 

effect of disorder by the reverse monte carlo simulation in the following section. 
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Figure 5.9: Electron density maps of Br and whole lipid. White color represents high 
density region and black color represents low density region. A.) (Left) yz-slice view of 
Br in unit cell. (Right) xz-slice view of Br. Green dash lines outline the dimensions of the 
unit cell. Vertical dimension c = 4.67nm, horizontal dimension a=6.76nm (yz view on the 
left) and a'=2a / V 3=7.8lnm (xz view on the right). B.) (Left) yz-slice view of whole 
lipid distribution. (Right) xz-slice view of the whole lipid. 

5.3.3.b. Reverse Monte Carlo Simulation for R phase 

In contrast to protein crystallography that could obtain thousands of diffraction 

peaks from protein crystal and describe the protein structure in terms of the atomic 

position, the x-ray diffraction on ordered lipidic structure is significantly different. The 

fluidity or the softness property of the lipids assembly under physiologically relevant 

conditions considerably reduces the number of diffraction orders observable from x-ray 

measurement. The structural information obtainable from liquid-crystalline lipidic 

structures is indeed described by a continuous electron density distribution rather than 
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individual atomic positions of the containing molecules. The necessity of structural 

refinement on the disordered lipid systems depends on the property of the system itself 

and the desired structural information from the system. For instance, the refinement for 

the fluid bilayer system in lamellar phase may not be considered as essential since the 

phosphorous headgroup of lipids are usually well separated in the unit cell and the 

membrane thickness could be unambiguously deducted from the peak positions in the 

density profile. It will be more relevant when the lipids pack into three-dimensional 

ordered structures and the structural information may be partially lost due to the low 

resolution diffraction data resulting from the disorder of unit cell. 

Reverse Monte Carlo (RMC) method is a general method of structural modeling 

that has been applied to many different types of system (liquids, glasses, polymers, 

crystals) (McGreevy,1992;2001). It's essentially a variation of the standard Metropolis 

Monte Carlo (MMC) method with an inverse modeling approach, i.e., the modeling is 

driven by the agreement with experimental data while on the contrary MMC method 

doesn't rely on or may not agree with experimental data. Realizing its general 

applicability to both crystalline and non-crystalline systems, RMC simulation was thus 

performed here in an attempt to demonstrate the influence of debye-waller factors on the 

three dimensional structured fusion stalk in rhomohedral phase. 

The degree of disorder in the crystal is usually expressed by debye-waller factors. 

If the displacements of atoms from their average positions are small or following a 

gaussian distribution (Warren, 1990), the reduction in the diffraction amplitude Fq could 
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be written as, 

P =^re-^
2<^"smd/Afe2m(hx„+ky„+lztt)_e-<T2q2p (5 9) 

n 

where the debye-waller factor an
2 is the measure of disorder, i.e., the averaged 

displacement <Ar2> for n type atoms in the crystal from their mean positions. Eq.5.9 

shows that with the attenuation factor expf-o^q2) the reduction in the diffraction intensity 

becomes more pronounced for a large degree of disorder a and for high values of 

diffraction orders. The attenuation effect of the crystal disorder accounts for the low 

resolution x-ray images of the lipid samples. We thus attempt to demonstrate the model 

structure from RMC simulation by removing the effect of debye-waller factors as shown 

below. 

The implementation of RMC basic algorithm (McGreevy,1992;2001) for the stalk 

unit cell is described in the following steps: 1.) Start with an initial configuration for 

stalk structure. N atoms are selected randomly from the uniform lattice grids with 

in-plane coordinates (xi,yi) in the rhombohedral unit cell. The z coordinates (zi) are 

assigned to each atom according to the maximum density ridgeline seen on the 

experimentally constructed bromine density map. Linear extrapolation is used to fit 

regions without traceable ridgelines. The purpose of initializing the model to some extent 

to resemble the experimental stalk shape is to practically reduce the simulation time 

though in principle the simulation outcome is independent of the configuration of initial 

model. The model is further adjusted by displacing the atoms vertically in either direction 

along z axis to avoid overlap between atoms. Note that the atoms here are indeed 
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referring to a 'super-atom' or 'the glued atoms' with a finite size. Two bromine atoms 

attached adjacently on each lipid chain are treated as one atom with an effective volume 

size Vc=2VBr- The coordinates of the atom (xj,yi,Zi) could be taken as the position of the 

center of mass for two bromine atoms. The two carbon chains of lipid are treated as 

independent monomers. The coarse modeling in this way may gain benefits of 

significantly cutting down the computation time and simplifying the complexity of 

simulation without practically affecting the available information obtainable from the 

results. After a non-overlapping configuration is generated, calculate the form factors by 

Fourier transform, 

^ ( ^ , J = ^ E / e M w ? ) (5.10) 

Where N=222 is the number of atoms in the unit cell and f is the atomic scattering factor. 

Because rhombohedral phase has three-fold rotation symmetry and centro-symmetry as 

well, it's very difficult to produce every single configuration satisfying those symmetry 

constrains simultaneously when allowing the atoms to move freely. Therefore it's 

assumed that the running configuration and its five symmetry images statistically have 

equal probability of being sampled. The averaged form factors will be used here to take 

into account the contributions of all symmetric image copies. 

_ 1 M-\ 1 M-\ 1 

nqH,K,L) = ^FMH,K,L) = ̂ ^ T J f ^ q " ^ (5.11) 

M is the number of all symmetric image copies (M=6). 

The coordinates of symmetric copies ri=(xj,yj,Zj) could be obtained by multiplying 
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rotation and inversion matrix to the running configuration ro, 

rt =U> -/-ro, wheni=[0,l,2]; r,=U' • ( - / ) • r0, when i=[3,4,5]; 

I is unit matrix, ^ is rotation matrix U = 

Thus the form factors could be written as 

cos a -sin a 0 

sin a cos a 0 

0 0 1 

, witha=27i/3. 

1 M-x 1 ,• 0 2 

^ ^ ) = ̂ E ^ S / ^ w C / ' ) =l^YLf™^L-U'-r0) (5.11) 

2.) Move atoms at random. Periodic boundary conditions are applied. If the atom being 

moved approaches any other atoms closer than the cut-off distance, the move is then 

rejected and a new atom is selected randomly to make a new move. In practice there is a 

maximum move distance to balance the rejection and acceptance rates. The maximum 

move distance dmax is set to 4A along each direction of (x,y,z) and the cut-off distance 

dcut-off is set to 2r with r being the effective atomic radius 2.3A. If the move renders a 

non-overlapping configuration, then some other constrains need to be further considered. 

Without prior knowledge of the dynamics governing the atoms movements, we require 

the calculated form factors Fmod(qH,K,L) have the same phases as those determined from 

experimental measurement FeXp(qH,K,L)- Note that the main purpose of RMC here is to 

de-smear the stalk structure by removing the effect of disorder (or Debye-Waller factor) 

which supposedly only diminishes the diffraction amplitudes without altering their phases. 

Demanding both model and experimental data to have the same phases is equivalent to 

imposing an overall geometry constrain on the model structure. Therefore the move will 
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be finally accepted if the calculated form factors change towards the direction of having 

same phase with experimental data. In the end the model will arrive at a configuration 

with its phases matching that of experimental data. 

3.) Calculate the average form factors of the initial configuration F°mod(q) and compare 

the difference between those and the measured form factors Fexp(q): 

xlld=^\FLM)-F^q)\2ls\q) (5.12) 
IH.K.L S 

Where the sum is over all experimental diffractions and s is the standard derivation of 

bromine diffraction amplitudes from MAD analysis. F°mod(q) is the calculated form 

factors multiplied with debye-waller factor, 

FUQ) = Fiq>-[{a'^+{a^f] (5.13) 

where ar and az are lateral and horizontal debye-waller factors respectively. When taking 

into account the heterogeneity of debye-waller factor, i.e., ar and az have positional 

dependence, a more general form is put forward as, 

O d ^ I I / c o s f t ^ -V . r 0 ) . e ^ ^ ^ ^ (5.14) 

F0
mod(q) is normalized relative to the measured form factors Fexp(q) by total scattering 

power, i.e., 

T}FL{q)\2= 2 X P ( < ? ) | 2 (5.15) 
1H,K,L IH.K.L 

4.) Continue to move one atom at random. If the 'new' configuration fulfills the volume 

exclusion constrain and phase constrain, then the difference between the 'new' 
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configuration Fn
m0d(q) and data Fexp(q) is calculated as: 

XL=Y,\FLM)-Fe^q)\2le\q) (5.16) 
1H,K,L 

5.) IfZnew <xlm> t n e n the move is accepted, i.e. the 'initial' or 'old' configuration is 

updated to the 'new' configuration. If xlew > xlid > it's accepted with 

probability e^^"™" '̂̂ '2^. Otherwise the move is rejected. The^2 is in analogy to energy 

while scale factor 2s is in analogy to temperature and found to be 2e4 by trial and errors. 

6.) Repeat from step 4. 

Figure 5.10. One example of an initial configuration of Br atoms in the unit cell. 
Coordinates of atoms are randomly generated from regular hexagon grids and displaced 
along z axis to avoid possible overlap between them. 

The accepted configurations are saved and collected for an ensemble average after the 

simulation eventually comes to a good agreement with the experiment data. To evaluate 

the merit of agreement between modeling and data, the coherence function T as given 

below has been used persistently in the previous work (see Chap. 3 and Chap. 4), 

^ c2 1 ' ' < 1 
J=(h,k,l) £j 

2 

i=(h,k,l) £j i=(h,k,l) £ , 
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where Ej is the standard deviation for bromine diffraction amplitude \F2\ given by MAD 

analysis. Here we use T function as the criteria to accept configurations for the ensemble 

average with T > Tc, where the threshold Tc is set as 0.90. It's noticed that setting higher 

T values prolongs the computation time significantly. It's a tradeoff between the cost of 

computation and acceptable agreement between the model and experiment data. Because 

the configurations by the model may produce large diffraction amplitudes for high orders 

that are not observed in experiments, an extended set of peak orders was used to calculate 

the T function, i.e., the model is constrained to produce small peaks on the high orders to 

account for the fact these high orders peaks were too small to be detected in experiments. 

The miller index (HKL) for the extended set of high order peaks are[0 0 1 8 ; 0 0 2 1 ; 1 0 

10; 1 0 13; 1 1 9; 1 1 12; 2 0 5; 2 0 8]. Their diffraction amplitudes were set to zero in the 

experimental data. The symmetry pairs due to multiplicity of rhobomhedral phase were 

also included for the calculation but not listed above. After the configurations are 

collected (symmetry images are included), the density distribution p(r) could be built 

from the 3-dimensional histogram of all the coordinates in real space. The bin used for 

the histogram is a (2A,2A,2A) rhombohedral volume block. The number of the collected 

individual copies for the ensemble is typically 3 x 104. The typical time duration for the 

simulation ranges from a day to a week, depending on the choice of parameters used. 

In general the debye-waller factors are directional and heterogeneous for the 

atoms in the unit cell, i.e., the deviation of the atom positions from their average positions 

depends on where the lipid is and how the lipids are packed into the unit cell. Two 
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different schemes were attempted in terms of how to apply debye-waller factors to the 

structure. 1.) directional debye-waller factors: use one overall debye-waller factor in both 

lateral and horizontal dimensions,i.e., cr and az. 2.) both directional and positional: 

debye-waller factors are position dependent or region dependent. The unit cell is roughly 

divided into two regions: central region R1(0 = |z|<c/4) and top region R2(c/4 = |z|<c/2),c 

being the distance of the lamellar stacking of the unit cell (-46.7A), and regional 

debye-waller factors were used in these two regions. It turned out that the scheme of 

using one debye-waller factor to all Br atoms didn't render good results or didn't proceed 

after the initial model is set up during the simulation, suggesting a heterogeneous 

distribution of debye-waller factors is required for the modeling of Br atoms. It is 

suspected that for our multilayered lipid samples, the arranging of lipids is less restricted 

in the horizontal dimension than that in the vertical dimension, i.e., the lipids or the unit 

cells are more mobile in the lateral planes than in the stacking direction. In turn the 

combination of the positional variability of the stalk structure within the unit cell and the 

positional variability of atoms within the stalk structure diminishes the diffraction 

intensities in the in-plane direction, limiting the in-plane diffraction to only a few orders. 

Therefore we would expect that lipids in Rl region where merging of lipid monolayers 

occurs possess more disorder in chain packing, i.e., larger debye-waller factors than those 

of R2 region. We thus assume that debye-waller factor in lateral direction is larger than in 

horizontal direction. (a r=a z) and debye-waller factors in Rl region is larger than in R2 

region, ar(Rl) = CTr(R2); az(Rl) = oz(R2). For the RMC simulations, debye-waller factors 



127 

were varied between 0 and 7A at an incremental of lA with different combinations. 

The density maps considered as the most reasonable result was shown in Fig 5.11. The 

debye-waller factors used are ar,Ri=2A,Cr,R2=3A, aZsRi=lA,o-Z;R2=2A. It largely resembles 

the density maps reconstructed from the experimental data while the Br distribution is 

shown as two well-separated bending monolayers in the unit cell as opposed to a more 

diffusive distribution in the central region as seen from experimental data. 
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Figure 5.11 The RMC result of Br in the unit cell of dil8:0(6,7dibromo)P for R phase. 
The maps were accumulated over 3xl04 individual images of model structures, (loop 
number nloop=5,accumulation within loop nAC=le3symmetric copies M=6). The 
debye-waller factors used are or,Ri=2A,arsR2=3A, CTZJRI=1A,OZJR2=2A. Panel A and B are 
the xz view and yz view of the unit cell respectively. Two opposing Br monolayers are 
well separated in the center of the unit cell as shown by the high density color (red and 
yellow). 

In comparison, some examples of model structures from other combinations of Rl 

and R2 debye-waller factors considered as bad choices are shown in Fig 5.12. They are 

characterized by the segregation of densities in the central region of the unit cell which 

are unrealistic configurations for the lipids in the stalk unit cell since the lipid chains are 

not supposed to interdigitate in the central region of stalk unit cell and the lipids volume 

would exceed the space available for lipid packing. 



128 

n map, sffli=1.0,2.0 tigr=2.0,4.0 irioop=S*nAC=1000 yz map, Stgz°1.0,2.0 dgp£.0,4.0 lUOOpaSTlACalOOO 

xz map, afgz"l .0,2.0 slgr°2.0.5.0 ntoop=5*nAC=1000 yz map, ^0^1.0,2.0 5^2.0.5.0 rfOOp=5'TlAC,»1000 

- 3 0 - 2 0 - 1 0 0 10 20 30 H . -30 -20 -10 0 10 20 30 

Figure 5.12. Examples of Br density maps considered as unphysical distribution. Panels 
A.) and B.) are xz view and yz view of the model structure with debye-waller factors 
Cr,Ri=2A,arsR2=4A, aZ;Ri=lA,az>R2=2A. C.) and D.) debye-waller factors ar,Ri=2A,ar,R2=5A, 
<Jz,Ri=lA,az>R2=2A. E.) and F.) debye-waller factors ar>Ri=4A,cr,R2=7A, 
Cz,Rl=3A,0-z>R2=4A. 

5.4. Conclusion 

In summary, by using the multi-wavelength diffraction method on the brominated 

lipids, the density distribution of the lipids in rhombohedral phase is clearly revealed by 

the Br atoms labeled on lipid chains. Lipids with various label positions on the chains 

provide consistent pictures with hypothesize stalk structure of membrane fusion which is 
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characterized by continuous interbilayer connections. However the structure resolution is 

limited by the experimentally observable diffraction orders. It's believed that the 

variability of the unit cell position and the variability of atomic positions in the unit cell 

diminish the high orders of in-plane diffraction. The limitation of resolution is governed 

by the inherent nature of the lipids assembly which is soft matter lattice. The reverse 

monte carlo simulation is used to demonstrated the effect the disorder of unit cell lattice 

by applying both directional and positional debye-waller factors to the model structure 

and comparing the calculated diffraction amplitudes to those of experimental data. The 

best result obtainable from simulation is consistent with the speculation that the actual 

distribution of Br atoms in the stalk structure is likely more diffused in horizontal 

direction than vertical direction and the regularity of lipid chain packing may fluctuate 

more in the bending region near the center than the planar region near the top of the stalk 

unit cell. To resolve the lipid chains which pack with close approaching distance at the 

location of merger of two monolayers, it requires continuous investigations into the lipid 

configurations of the fusion intermediate structure to achieve a better understanding the 

energy landscape of the membrane fusion process. 
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