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TL + DISTRIBUTION IN THE GRAMICIDIN ION CHANNEL 

DETERMINED BY X-RAY DIFFRACTION 

by 

GLENN ALLEN OLAH 

ABSTRACT 

Gramicidin is the best characterized transmembrane ion channel. An opulence 

of biochemical and physiological data exists and it is the only channel for which a 

relatively well-defined structure is known. Thus, it has been proven to be an ideal 

model for actual physiological channels by providing valuable insight into a channel's 

structural/functional properties. Although much is known about the gramicidin 

channel, there is still no solid experimental data on the channel molecular dimensions. 

Therefore, this thesis supplies a very crucial piece of experimental structural data; 

namely, the direct location of two symmetric cation binding sites within the channel by 

x-ray diffraction. The binding sites are located at 9.4±0.4 A about the midpoint of the 

channel. A previous 13C NMR study (Urry et al., 1982a,b; Urry, 1983) pinpointed 

cation binding between Trp-11 and Trp-13, and, based on rigid molecular models, this 

puts the binding sites at 11.0-11.5 A, which is at least 1.2 A larger than the value 

reported here. This suggests a considerable plasticity of the gramicidin channel 

consistent with conclusions drawn from recent molecular dynamic simulations (Roux 

and Karplus, 1988). Also, the smaller value leads to an elegant qualitative picture in 

which the flexible ends of the channel can conveniently provide the gating mechanism 

that transmits cations and blocks anions. 
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CD circular dichroism 
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GA major gramicidin analog, gramicidin A 

GD 
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IR 
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high pressure liquid chromatography 

infrared spectroscopy 
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I. INTRODUCTION 

Membranes composed of pure lipid molecules alone are practically impermeable to 

ions. For instance, the conductance of a pure phosphatidylcholine/decane membrane is less 

than 10-9 pS cm-2 in 0.1M NaCl (Haydon and Hladky, 1972). They would therefore 

prevent a cell from accessing necessary ionized substrates, expelling ionized waste, or 

regulating ion gradients necessary for vital cell function. Thus, in the course of biological 

membrane evolution a myriad of transport mechanisms also evolved. In particular, 

transport of ions across membranes became essential for important biological functions 

such as the excitability of nerve and muscle. With the advent of single channel conductance 

recording techniques, in particular patch-clamp methods (Hille, 1984 ), it was found that 

one way of achieving ion transport relies on integral membrane bound proteins called ion 

channels. (Other ion transport proteins such as ion carriers and pumps also exist; however, 

this thesis specifically deals with ion channel peptides and proteins. Comprehensive 

surveys of the various ionic transport mechanisms can be found in the literature [Gennis, 

1989; Jain, 1988; Finkelstein, 1987; Miller, 1986; Hille, 1984].) Ion channels are believed 

to be macromolecular pores which span the membrane through which ions can pass. See 

Fig. 1.1. Ion passage through these pores need not be passive diffusion (electro-diffusion, 

osmosis, etc ... ) but may be quite complicated. Biological ion channels therefore may 

possess complex properties such as ion selectivity, chemical- or voltage gating, H+ or 

water permeability, ion concentration saturation, and ion binding. 

Ion channels are also important in various regulatory cellular functions. Some of 

these regulatory functions include establishing a resting membrane potential, shaping 

electrical signals, gating the flow of messenger Ca2+ ions, controlling cell volume, and 

regulating the net flow of ions across epithelial cells of secretory and resorptive tissues 

(Hille, 1984; Miller, 1986). Before a detailed functional understanding of an ion channel 

regulatory or ion transport mechanisms can ensue, its structure must first be determined. 

However, in no case is the high resolution molecular structure of a biological ion channel 

and therefore its functional/structural relation known. For instance, the acetylcholine 

receptor is the best studied physiological channel and its structure has been solved only to 

20A resolution by using electron microscopy and image processing of tubular-crystals 

(Brisson & Unwin, 1985). (It consist of five similar subunits (a2~y8), all of 
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FIG .1.1. A typical cartoon of a biological ion channel showing some of its 
dominate features. (No detailed structural data is available.) The molecule forms 
a water filled pore spanning the lipid bilayer region. The external surface of the 
molecule is glycosylated. Its functional properties such as ion selectivity, 
gating, etc. have been characterized by using patch-clap methods. It is usually 
anchored to other membrane proteins or to the intracellar cytoskeleton. See Hille 
(1984) for a more detailed description. 
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which span the lipid bilayer forming a gated channel between them. Secondary structure 

determination was not possible at this poor resolution.) Lack of structural information 

concerning ion channels is in general due to the difficulty in making ion channel crystals 

suitable for x-ray diffraction studies. Because of these problems, a different approach was 

taken in our lab. This approach relies on coupling two ideas: 1) studying model ion 

channel peptides , which are smaller and have a simpler and better defined structure than 

actual physiological channels but which still exhibit many functional similarities; and, 2) 

using lyotropic liquid crystals (LLC) composed of perfectly stacked hydrated phospholipid 

multilayers in which the model ion channels are uniformly embedded. The model ion 

channel gramicidin embedded in stacked hydrated dilauroyl phosphatidylcholine (DLPC) 

multilayers was chosen for study. 
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Gramicidin is an ideal model for studying ion channels because of three reasons. 

Firstly, it possesses properties similar to actual biological channels such as gating and 

cation selectivity. Secondly, a wealth of kinetic data exist which describe the effect on the 

channel activities due to a great number of variables such as amino acid variation, 

membrane variation, ion valence variation, cation variation, etc. Thirdly, since it is a 

relatively simple molecule (see Fig. 1.2), a (probable) structure has been determined. By 

way of extensive NMR, fluorescence, and conductance measurements, the structural motif 

originally proposed by U rry in 1971 (U rry, 1971; U rry et al., 1971 a) has been 

convincingly shown to be correct. The motif is a single-stranded ~6.3 left-handed helical 

dimer in which two monomers associate via 6 hydrogen bonds at their N-terminus as 

shown in Fig. 1.3. The intramolecular-bonding pattern resembles that of a ~-pleated sheet. 

The peptide backbone lines the pore wall providing a hydrophilic channel while the 

hydrophobic residues project outward into the lipid region. The carbonyl oxygens which 

line the pore in this structure provide possible sites for ion coordination. Early 13C-NMR 

data also supports a left-handed helix (Urry et al., 1983); however, recent circular 

dichroism of 9,11, 13, 15-phenylalanylgramicidin A (GM) and its analog (GM-) and NMR 

studies of gramicidin in sodium dodecyl-d25 sulfate micelles contradict the earlier study and 

the actual handedness remains in dispute (Anderson, personal communication; Heitz et al., 

1986; Arseniev et al., 1985). 

Lyotropic liquid crystals of perfectly stacked hydrated DLPC multilayers with 

uniformly embedded gramicidin channels were chosen for study because: 1) DLPC allows 

highly oriented one-dimensional crystals to be made at room temperature (lower 

temperatures help prevent undesirable lipid degradation or peptide denaturation which occur 

at higher temperatures), 2) gramicidin has the correct 'channel' structure in hydrated DLPC 

vesicles and multilayers rather than the non-channel conformations which occur in organic 

solutions, in crystal structures, and in improperly prepared lipid containing samples, 3) 

higher concentrations of gramicidin in DLPC (molar ratio 1/10, GA/DLPC), important for 

adequate x-ray diffraction signal, were possible without phase separation problems, and 4) 

gramicidin in the shorter chain lipid and high concentrations will undoubtedly be in the 

dimeric conducting state as opposed to the monomeric non-conducting state therefore 

information concerning the conducting state is possible. 

The crystal axis for these samples is normal to the planes of the stacked bilayers. 

Within the bilayer planes the sample forms a two-dimensional liquid matrix in which 

gramicidin is located. These samples are accessible to various spectroscopic methods such 

as x-ray diffraction and circular dichroism (CD). X-ray diffraction can reveal one-
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dimensional variation in electron density in the crystal direction. CD is sensitive to any 

perturbation of the peptide backbone or to other chiral centers due to perturbants such as 

ions. 

Various methods for preparing these stacked multilayers have been developed since 

the late seventies (Powers, 1977; Asher and Pershan, 1979a,b; Clark et al., 1980). 

However, when the peptide and salt concentrations are high, none of these methods are 

capable of producing samples suitable for spectroscopic measurements. Therefore, a new 

method of sample preparation was developed in our lab which uses a combination of some 

of these earlier techniques (Huang and Olah, 1987). This alignment procedure is described 

in chapter II. 

Far and near ultraviolent CD was used to characterize qualitatively the 'channel' 

state of gramicidin in the presence and absence of ions in both vesicles and the LLC 

multilayers. CD showed the gramicidin structure not to change substantially in the 

presence of ions. However, an affect on the tryptophans in the presence of ions was 

noted. On the average, in the absence of ions, the tryptophan side chains appear to be 

oriented to some degree with respect to the bilayer plane and become slightly less ordered 

in the presence of ions. This implies that the tryptophans, though spatially distant from the 

binding sites, are involved in ion coordination. Details about this characterization are given 

in chapter II and III. 

The thallium ion distribution within the channel was determined by x-ray 

diffraction methods. From the difference electron-density profiles of samples with and 

without thallium, two symmetric binding sites were located at 9.4+0.4 A about the 

midpoint of the channel. The binding site locations remain approximately the same upon 

hydration/dehydration (water swelling) as did the whole bilayer structure. Potassium was 

also shown to bind to gramicidin with two binding sites approximately in the same location 

as thallium. The experiment using x-ray diffraction is described in chapters IV through VI. 

What does the ion-binding sites being located at 9.4.±0.4 A suggest? In an earlier 

experiment (Urry et al., 1982a,b, 1983), the 13C NMR chemical shifts of gramicidin 

syntheses, each with nc enrichment of a single carbonyl carbon at ten different peptide 

positions, convincingly showed that TI+ is bound to a site coordinated by the five carbonyls 

ofTrp-9, Trp-11, Trp-13, Leu-14 and Trp-15, with the site center located between Trp-11 

and Trp-13 (closer to Trp-11). Based on the ideal ~-helix ofUrry (Urry, 1971; Urry et al., 

1971a), the coordinate of the binding site was estimated to be 11.5 A from the channel 

midpoint. If the atomic coordinates of the ~-helical structures calculated by Koeppe and 

Kimura (1984) are used, then the distance would be about 11.0 A. These rigid models 
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give values significantly larger, by at least 1.2 A, than the value reported here. This, 

therefore, suggests that the deviation of the actual channel structure from that of the ideal 

rigid ~-helix structure is substantial. 

This interpretation of gramicidin as being fairly flexible is consistent with other 

results. The flexibility of the ~-helix structure has long been recognized (Urry, 1971; 

Ramachandran and Chandrasekharan, 1972a,b; Venkatachalam and Urry, 1983, 1984), 

and was emphasized by Mackay et al. ( 1984) and by Roux and Karplus ( 1988) as a result 

of their theoretical work. The most solid experimental evidence for the flexibility of the 

molecular structures of gramicidin comes from the recently determined structures of 

crystals grown from organic solvents (Wallace and Ravikumar, 1988; Langs, 1988). 

These antiparallel double-stranded ~-helical crystals are different from the membrane bound 

channel conformation, which is aN- terminus -to-N- terminus dimerized single-stranded 

~-helix; but, at the same time, the similarity of the single- and double- stranded ~-helices, if 

one considers the molecular dimensions as well as the pattern and orientation of the 

hydrogen bonds, is striking. The crystal structures show that the ion-free (uncomplexed) 

form and the cesium complexed form are different in the number of peptides per turn of 
helix: the former has 5.6, called ~5.6, latter 6.4, ~6.4. Even in the ~5.6 crystal, the 

molecule shows a deviation from a regular helix; e. g. the channel diameter fluctuates from 

3.85 A to 5.47 A along the helix so that tube-like structure appears to contain three pockets. 

In the ~6.4 crystal, it was found that the carbonyl bonds are in general parallel to the helical 

axis; but those nearest the cesiums are tilted as much as 40° with respect to the helical axis. 

The channel flexibility also suggest a possible gating mechanism that transmits 

cations and blocks anions. A qualitative scheme for this mechanism is given in the 

conclusion of chapter VI. 

A recapitulation of the main points contained in this thesis are as follows: 1) the 

technique for preparing one-dimensional lyotropic liquid crystals of hydrated dilauroyl 

phosphatidylcholine multilayers with the model peptide ion channel gramicidin embedded 

in them is described, 2) CD was used to characterize the gramicidin channel in both the 

phospholipid vesicles and LLC multilayers and thus validate using difference electron 

density profiles to locate the binding sites by showing that no dramatic structural change 

occurs when ions are bound to the channel, 3) CD also showed that the tryptophans 

reoriented in the presence of ions but the effect is relatively small, 4) the x-ray diffraction 

theory and methodology is outlined, 5) the x-ray diffraction methods were used to 

determine the thallium ion distribution within the gramicidin channel and in so doing two 

symmetric binding sites were located at 9.4± 0.4 A about the channel midpoint, 6) the 
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discrepancy of the smaller binding site value measured here from that which would be 

predicted from ideal rigid models, implies that the gramicidin channel is a very flexible and 

dynamic molecule, and 7) the flexibility of gramicidin suggests a plausible gating 

mechanism that would transmit cations and block anions. 
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HCO-L-VAL-GLY-L-ALA-0-LEU-L-ALA-0-VAL-L-VAL-0-

VAL-L-TRP-0-LEU-L-TRP-0-LEU-L-TRP-0-LEU-L-TRP-

NHCH2CH20H 

Fig 1.2. The primary sequence (Sarges & Witkop, 1965) of the major analog of the 
naturally occuring gramicidin know as gramicidin A (GA) is given above. It is a 
pentadecapeptide with alternating L and D configuration first isolated from Bacillus brevis 
by Hotchkiss and Dubos (1941). Two minor analogs also present in the naturally occuring 
gramicidin (GD) are gramicidin B (GB) which is L- PHE GAll, and gramicidin C (GC) 
which is L - TYR GAll. Also, a minor variation in residue 1 can occur as ILE. The 
naturally occuring product was used in this study and the analog makeup is characterized in 
chapter II. Interesting features to be noted about GD are the blocked termini where the 
N-terminal (head) is formylated and the C-terminal (tail) is ethanolamined. the high degree 
of hydrophobic residues, and the alternating L and D configuration. D amino acids are made 
in vivo by total enzymatic synthesis without the use of ribosomes or template RNA (Bauer 
et al., 1972; Akers et al., 1977). Exclusively L-amino acids are activated by ATP to 
enzyme-bound amino- acyladenylate, and then transferred to enzymic sulfhydryl groups and 
finally to peptide intermediates that are also covalently thioesterlinked to enzymes. 
D-amino acids appear in the final peptide by inverting the L-amino acid precursor at some 
step in the process. The biological role of gramicidin in B. brevis is actually unrelated to 
membrane channel activity. It has been shown to inhibit RNA synthesis by interfering 
with RNA polymerase (catalyzes DNA transcription) during sporulation (Paulus et al., 
1979). 
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SPACE-FILLING MODEL 

Fig. 1.3. (A) Schematic side view of the original head-to-head Iefthanded single-stranded ~6.3 dimer 
proposed by Urry (1971). The side chains have been omitted for clarity. (B) Schematic view of the 
molecule along the helical axis. (C) Space-filled model viewed along the helical axis. The pore diameter is 
- 4A and all of the non-polar sidechains point away from the pore into the membrane environment [(A) 
taken from Pullman (1987); (B) and (C) taken from Urry (1971)] 
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II. MATERIALS & ANALYTICAL METHODS 

SECTION 2.1 CHEMICALS & BIOLOGICAL MATERIALS 

Phosphatidylcholines, DLPC (lot# 64F-8375) and DMPC (lot# 88F-8365), were 

purchased from Sigma Chemical Company, St. Louis, MO. DLPC and DMPC were 

synthetically produced. They were each stored as a dry lyophilized powder in the dark at-

20°C and weighed out directly when used. Lipid purity was ascertained by thin-layer 

chromatography (TLC). TLC was performed using Silica gel G plates (5 x 20 em, 250 

!J.m) from Analtech along with an elution solvent consisting of chloroform/methanol/water 

in a volume ratio 65/25/4. The chromagrams were developed by placing them in a 

container lined with iodine. The lipid purity was assessed periodically (every couple of 

months) for each sample batch (each batch typically contained about 100mg of lipid). Only 

sample batches indicating a lipid purity better than 99.5% were used. 

Cholesterol (lot# 58F-7255) was purchased from Sigma Chemical Company, St. 

Louis, MO. Cholesterol was stored as a dry powder in the dark at -20°C. Since one 

dimensional electron density profiles have previously been determined for 

cholesterol/DMPC with a molar ratio of 2/3 (Franks and Lieb, 1979), this sample type was 

chosen as a standard for confmning the integrity of the data reduction computer programs 

developed and used in our x-ray diffraction experiment. 

Gramicidin (GD) (lot# 21007) was obtained from ICN Chemical Company, 

Cleveland, OHIO. It was stored as a dry lyophilized powder in the dark at -2Q<>C. GD is 

a 15 amino acid peptide composed of three major analogs known as gramicidin A, B, and 

C (GA, GB, and GC). These common analogs differ only in amino acid position 11 where 

GA has L-tryptophan, GB has L-tyrosine, and GC has L-phenylalanine. Also, each analog 

can have a variation in position 1 which can be either L-valine or L-isoleucine. L-valine is 

the dominate constituent at position 1 and L-isoleucine a minor constituent. High pressure 

liquid chromatography, HPLC, was used to determine the analog makeup of GD. A small 

aliquot (-20!J.g) of gramicidin, dissolved in methanol, was run on a Custom LC, Inc. 

(#215-254) Octyl5!J. reverse phase column (4.6 x 250mm). The column was isocratically 

eluted with 80% methanol at 1.5ml/min and the absorption detected at 281nm. Extinction 

coefficients are 20840 M-1cm-1, 15260 M-1cm-1, and 18600 M-1cm-1 at 281nm for GA, 

GB, and GC, respectively. The percent composition was determined by integrating under 

each absorption peak and then relatively scaling each integrated peak. GD used in this 
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experiment was determined to be 77% (GA), 5% (GB), and 18% (GC). See Fig. 2.1 for 

the elution profile. The analog makeup is comparable to that given in the Merck Index and 

in other literature material (Axelsen and Vogelsang, 1977; Glickson et al., 1972). 

Ultrahigh pure thallium acetate (lot# 060981) was purchased from Alfa Products, 

Danvers, MA. Two stock solutions, 26.33 mM and .6 M, were prepared using 

deionized/distilled water. The 26.33 mM solution was used in making the multilayer 

sample batches and the .6 M solution was used in making the vesicle suspensions. 

Ultrahigh purity potassium acetate (lot#EV04219A V) was purchased from Aldrich 

Chemical Company, Inc., Milwaukee, WI. A 18.5 mM stock solution in 

deionized/distilled water were prepared. Ultrahigh pure cesium chloride (lot#35F-0863) 

was purchased from Sigma Chemical Company, St. Louis, MO. A 4 M stock solution in 

deionized/distilled water was prepared. 

All solvents used were of spectroscopic or HPLC grade and always filtered before 

use. Only 2MQ distilled water was used. 

SECTION 2.2 SUBSTRATE MATERIALS 

Two different substrate materials were used in making multilayer samples; namely, 

fused silica and beryllium. Fused silica flats were used in the circular dichroism 

experiment because the CD signal of interest lies in the near and far UV (180-360nm) and 

fused silica is fairly transparent in this spectral region. Polished beryllium and fused silica 

flats were used in the x-ray experiment. Beryllium provides a suitably transparent window 

because of its low absorption coefficient for Cu Ka radiation. Described in this section are 

a temperature annealing procedure used for removing stress in fused silica and the 

procedure developed and used for polishing the beryllium windows. Also, the procedures 

used for cleaning both fused silica and beryllium are given. 

2. 2.1 FUSED SILICA 

Fused silica plates (lin. x lin. x 0.5mm; 17.3 mm x 17.3 mm x lmm) were 

supplied by Optical Instruments, Inc., Houston, TX. Also, fused silica plates (lin. x lin. 

x 0.16mm) were purchased from Esco Products, Inc., Oak Ridge, NJ. Either 0.5 or 

0.16mm thick plates were used successfully as substrates for the CD experiment. The 
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Fig. 2.1. HPLC resolution of the six gramicidin analogs found in commercial gramicidin D (lot# 21 007) 
from ICN Chemical Company, Cleveland, Ohio. HPLC was run as described in the text. The peak 
assignments are given as followings: AI, valine gramicidin A (GA); A2, isoleucine gramicidin A (ll...E
GA); B 1, valine gramicidin B (GB); B2, isoleucine gramicidin B (ll...E-GB); Cl, valine gramicidin C (GC); 
C2, isoleucine gramicidin C (ll...E-GC). Analog makeup was determined to be 77% (GA), 5% (B) and 18% 
(GC). No distinction was made between the valine and isoleucine analogs in determining the percent 
makeup. 
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lmm thick plate was used as one of the substrates in the x-ray experiment along with the 

beryllium substrate. 

2.2.1.1 REMOVING STRAIN 

Strain in the fused silica has an affect on the circular dichroism signal. Therefore, 

removal of the strain is necessary. The strain usually results from cooling the material too 

quickly during manufacturing. Cooling quickly can set-up temperature gradients in the 

material resulting in nonuniform cooling which in turn leaves the material with undesirable 

dichroic and birefringent properties. Thus, the strain can be eliminated by temperature 

annealing: The fused silica is first kept at 115Q<>C for 6 h. This temperature is high enough 

for any existing stress in the material to anneal away. It is then cooled at a slow rate of 

1 0°C/h down to 90Q<>C. This cooling rate is slow enough to prevent any strain from 

forming. It is then further cooled at a rate of 500Cih until room temperature is reached. 

2.2.1.2 CLEANING FUSED SILICA 

Before multilayer samples can be prepared, the fused silica must be scrupulously 

cleaned. Cleaning begins by soaking the substrate in methanol while swabbing with a Q
tip. The substrate is then transfered to a xylene solution, soaked and swabbed, followed 

by the same thing in acetone. The solvent cleaning is repeated: methanol-xylene-acetone. 

The substrate is placed in a hot (-l10°C) sulfuric chromic acid bath for approximately 5 

minutes, removed and rinsed thoroughly with deionized/distilled water. The surface is 

clean if the final rinse totally wets the surface with no water beading. If the water beads 

then the substrate is dried and the cleaning procedure is repeated. If the surface is clean 

then it is dried in an oven at -1500C. Since a clean substrate surface is polar, it will readily 

attract charged contaminants and dirt; therefore, substrates should be used as soon as 

possible after cleaning; typically no more than hour or so after cleaning. 
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2.2.2 BERYLLIUM 

DANGER! BERYLLIUM IS AN EXTREMELY HAZARDOUS ELEMENT. IN 
PARTICULAR, PRECAUTIONS MUST BE TAKEN TO PREVENT DUST, MISTS, 
OR FUMES CONTAINING PARTICLES SMALL ENOUGH TO ENTER THE LUNGS 
(TYPICALLY 10 J.1m OR LESS) AND POSSIBLY BEING INHALED FROM GETTING 
INTO THE AIR. ALL GRINDING MATERIALS SHOULD BE GREASE BASE. 
POLISHING EQUIPMENT WHICH USES WATER BASE POLISHING MATERIALS 
SHOUW BE DAMP WIPED PERIODICALLY TO PREVENT ACCUMUlATION OF 
DRY PARTICLES. FOR ADDITIONAL INFORMATION, SEE THE ARTICLE 
"TOXICITY OF METAL POWDERS" IN VOL. 7 OF THE 9th EDITION OF 'METALS 
HANDBOOK'. ALSO TOXICITY liTERATURE CAN BE OBTAINED FROM BRUSH 
WELLMAN, INC., ELMORE, OHIO. 

PF-60 grade beryllium (18mm dia. x 400J.1) was purchased from Brush Wellman, 

Inc., Elmore, Ohio. PF-60 is a high purity grade beryllium produced by hot rolling hot 

pressed beryllium blocks. The two surfaces of the beryllium foil are not polished but are 

striated in the rolling direction with striation depths roughly 2-15% of the total thickness. 

[Detailed specifications can be obtained from Brush Wellman, Inc.] In order to use the 

beryllium as a substrate, it is necessary to remove the striations by grinding both surfaces 

followed by polishing at least one surface. Having both a highly flat as well as a highly 

polished surface is very important. Large scale flatness of a material is limited by the ratio 

of its diameter to its thickness. This ratio is know as the aspect ratio and is about 40-60 for 

beryllium. Therefore, beryllium substrates with dimensions 17.3 mm (dia.) x .3 mm 

(thickness) were purchased and polished. After polishing, the dimensions and quality of 

each beryllium piece will vary. The piece with the best qualities (flatness, polish, etc.) 

was chosen out of five polished pieces and this one piece was used for making each sample 

used in the x-ray experiment in order to guarantee reproducibility. The beryllium piece used 

had dimensions of 17.3 mm (dia.) x 263 Jlm (thickness). 

Various beryllium polishing procedures can be found in the literature (Marder and 

Barich, 1976; Price and McCall, 1968). Some aspects of these other procedures were used 

as a guideline and a more reliable and safe procedure was developed appropriate for our 

lab. An outline of this procedure follows. It involves three steps: 1) sectioning and 

mounting the material on a work block, 2) grinding the two surfaces, and 3) polishing one 

surface. 



14 

2.2.2.1 SECTIONING & MOUNTING 

Five beryllium pieces are mounted on a fused silica optical flat (5 in. diameter x 1 

in. thick) as follows: A 1 part beeswax to 7 parts resin mixture is used to mount the 

pieces. This mixture has a fairly low melting temperature at approximately 1500C. First, 

the fused silica flat and the beryllium pieces are warmed separately on a hot plate above 

150°C. A very small amount of the wax/resin mixture is applied to four corners and the 

center of each beryllium piece. Application in this manner will help minimize stress in the 

beryllium when the pieces are cooled on the flat. The fused silica flat is removed from the 

hot plate and the beryllium pieces are placed on it. The five pieces are mounted in a circle 

on the flat because pressure applied during grinding and polishing will be more evenly 

distributed, and , thus, insure that each piece will maintain a uniform thickness. The five 

pieces are lightly pressed down on the fused silica flat mounting block by placing another 

fused silica flat (.5 lb) on top of them and the whole assembly is allowed to slowly cool. 

See Fig. 2.2 for some details. 

single beryllium 
substrate 

......... 
17.3mm 

(A) 

wax/resin 
mixture 

fused silica 
mounting 
block --+--..._ 

5 inches ..... 

(B) 

Fig. 2.2 (A) Single beryllium piece purchased from Brush Wellman, Inc., 
Elmore, Ohio. Wax/resin mixture is applied to four comers and in the center of 
each piece in order to minimize induced stress when placed and cooled on the 
fused silica flat mounting block as shown in (B). 

1 iJ 
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2.2.2.2 GRINDING 

NOTICE! GRINDING IS THE MAJOR STEP WHICH CAN GENERATE 
HAZARDOUS BERYLLIUM DUST. USING GREASE-BASED MATERIALS HELPS 
THE SITUATION BUT IMMEDIATE CLEANING AFTER EVERY USE IS GOOD 
PRACTICE. 

A cast iron flat (diameter approximately 6 inches) is mounted on a rotating wheel 

which can rotate at 750 rpm. Grease-based silicon carbide (GSC) in decreasing grit size 

400, 600, 800, 1000 is used as a grinding material. GSC was purchased from U. S. 

Products, Pittsburg, PA. An ample slurry of GSC should be used and smeared thickly 

onto the cast iron flat. Pressure should be medium-light and sufficient time must be 

allowed at each grinding step in order to remove damage caused by the previous operation. 

After the first side of the five beryllium pieces is ground, the working block is warmed and 

the pieces removed. The pieces are then flipped over and remounted as described 

previously. The second side is ground in the same manner. Approximately 20mJ.1 of 

material is removed from each side after each complete grinding. 

2.2.2.3 POLISHING 

Polishing is carried out using a 550 rpm wheel with a 5-6 inch diameter. Hard 

burgundy pitch (#750, melting temperature= 142°C) is used as a polishing surface. This 

pitch was purchased from Universal Photonics, Inc., Hicksville, N. Y. Pitch should be 

approximately .25 inches thick and cut with groves (groves are typically .125 inches deep). 

Thick water slurries of Baikalox deagglomerated Ah03 were used for polishing in 

decreasing grit size 1 J.Lm, .5 J.Lm, .3 J.Lm, .05J.1m. The alumina oxide powders were 

purchased from Optical Manufacture Company, Romero, lll. Only light pressure should be 

used in order to prevent pitting. The mount should be frequently rotated counter to the 

direction of wheel rotation. A small amount of india ink can be added to the slurry as a 

deagglomerator and wetting agent. The alumina oxide slurries should not be allowed to dry 

out or cake onto the mount or specimens. Dried alumina oxide will scratch the beryllium 

surface. All materials should be kept as clean as possible because dirt will also scratch the 

beryllium surface. Each polishing step requires a new pitch surface so no contamination 

from the previous polishing stage occurs. Shallow scratches and pits may appear in the 
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beryllium after using the coarser grit sizes (1 ~m and .5 ~m). However, after using the 

finer grit sizes (.3~ and .05 ~m), the specimen should appear flat and free of scratches. 

Very little material is actually removed during the polishing stage and, therefore, this stage 

does not pose a serious health hazard. Each polishing step takes approximately 5-15 

minutes. But, problems (dirt contamination, large pits, uneven pressure, dried alumina, 

etc.) may be encountered and require extra time and effort to eliminate. Polishing may then 

become a very time consuming task. 

2.2.2.4 CLEANING 

After polishing the beryllium as described above, it must be cleaned before use. 

The cleaning procedure is similar to that used for the fused silica minus the acid bath. 

Usually a few (3-5) cycles of the organic solvent sequence, methanol-xylene-acetone, must 

be done. A final deionized/distilled water rinse again should have no water beading. After 

the final rinse the piece is dried in an oven at -1500C. It is removed from the oven and 

allowed to cool and used immediately after cooling. 

SECTION 2.3 YESICLE SAMPLES USED IN CD 

EXPERIMENT 

Two different circular dichroism (CD) experiments were performed using vesicle 

samples: 1) gramicidin/DLPC (molar ratio 1/10) vesicles with/without thallium acetate, and 

2) gramicidin/DMPC (1/30) vesicles with/without cesium chloride. The experiment with 

thallium helped characterize the gramicidin channel by qualitatively assessing the affect 

bound thallium has on the channel conformation. This was necessary to justify using 

difference electron density profiles in determining the thallium ion distribution through the 

gramicidin channel. The experiment with cesium addresses the problem found in the 

literature concerning the variability of the 'standard' CD spectra for the gramicidin channels 

in vesicles. It has been speculated that the vesicle preparation method used by some groups 

(Weinstein et al., 1979; Wallace et al., 1981) does not result in gramicidin being completely 

incorporated into the channel state (LoGross et al., 1988). The degree of channel 

incorporation is thought to be solvent history dependent Therefore, this experiment began 

as a repeat of the vesicle preparation procedure used by Weinstein et al. ( 1979) and Wallace 

et al. (1981). A heat-incorporation step was then added and it was shown that without this 
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step the procedure of Weinstein or Wallace is indeed inadequate to totally induce the 

gramicidin channel state. (Also, this experiment showed the effect of cesium binding on 

the channel conformation.) The results of these two experiments are given in chapter III. 

2.3.1 VESICLE PREPARATION 

The vesicle preparation procedure for the experiment which used thallium acetate is 

given first. This procedure is similar to the one described by Huang and Olah (1987). The 

appropriate amount of polypeptide and lipid (- 100 mg) were codissolved in 

trifluoroethanol (TFE). Gramicidin mixed with lipid in TFE does not need heat in order to 

incorporate into the bilayer and form the channel state (LoGrosso, et al., 1988). The 

solvent was blown off with a stream of clean dry nitrogen at 4°C. The sample mixture was 

further left under vacuum (< 10 J.l.m) for 2 hr to ensure total solvent removal. 

Approximately 10 ml of distilled H20 was added to the mixture to give- 10 mg/mllipid 

concentration. The mixture was incubated at 300C with intermittent vortexing so as to 

hydrate the sample. This was done for approximately 1 hr. The suspension was 

transferred to a cup horn accessory attached to a Branson sonifier model 185. The 

suspension was flushed with nitrogen while being sonicated at power 6 for 30 minutes at 

40°C. The suspension was removed from the cup horn and x2 2.5 ml aliquiots were 

removed. To one of the aliquiots thallium acetate was added. The other aliquiot was salt

free. Each aliquiot was diluted such that the concentrations were approximately: (1) 4 

mg/ml DLPC, 100 mM thallium acetate, 1/10 peptide/lipid molar ratio, and (2) 4 mg/ml 

DLPC, 1/10 peptide/lipid molar ratio, no salt. Approximately 80 J.l.l of each aliquiot was 

removed for lipid concentration determination and 0.25 ml was removed for peptide 

concentration determination. CD was run immediately after preparation. 

The vesicle preparation for the second experiment using cesium chloride was done 

in the same manner as the first experiment. However, CHCh was used to codissolve the 

peptide and lipid instead of 1FE. This is the same solvent used by Weinstein et al. ( 1979) 

and Wallace et al. (1981). Unlike TFE, gramicidin codissolved with lipid in CHCh, 

benzene/methanol, or CHCl3/methanol is thought to require heat-incorporation (LoGrosso 

et al., 1988). The final resulting aliquiots were: (1) 4 mg/ml DMPC, 2M cesium chloride, 

1/30 peptide/lipid molar ratio, and (2) 4 mg/ml DMPC, 1!30 peptide/lipid molar ratio, no 

salt. Also, approximately 80J.1.l and 0.25 ml were removed from each aliquiot for 

subsequent lipid and peptide concentration determination, respectively. Both aliquiots were 
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incubated for 24 hours at 68°C. After incubation, the aliquiots were sonicated at power 6 

for 15 minutes at 400C. CD was run before and after the incubation period 

2.3.2 PEPTIDE & LIPID CONCENTRATION DETERMINATION 

The peptide concentration was determined spectrophotometrically using a Cary 17 

spectrophotometer. The 0.25 ml set aside was frozen and lyophilized. The lyophilized 

powder was dissolved in 2 ml of methanol. An extinction coefficient of 20,160 M-1cm-1 at 

281nm for GD in methanol was used. 

A modified Fiske-SubbaRow method (Dittmer and Wells, 1969) was used to 

determine the lipid concentration. The 80 ~1 set aside was placed in a 15 x 150 mm pyrex 

test tube. The suspension was frozen and lyophilized. 150 ~1 of 70% perchloric acid was 

added to the mixture. Lipids rapidly oxidize under acid reflux with the libration of 

phosphorus as inorganic phosphate. Therefore, the sample was heated with a Bunsen 

burner to allow acid condensation and reflux. Digestion of the lipid was continued until the 

sample color changed from clear to yellow to clear. This typically took about 10 minutes. 

After digestion, the sample was cooled to room temperature and 5 ml of distilled water and 

1 m1 of an acid molybdate solution (ammonium molybdate·4H20, 1.25 gm/dl, in 2.5 N 

sulfuric acid) were added. The sample was thoroughly mixed with a vortex mixer. The 

ammonium molybdate reacts with the inorganic phosphate to form phosphomolybdic acid. 

Phosphomolydic acid was reduced by adding 150 ~1 of Fiske-SubbaRow reducing agent 

(1-amino-2-naphtol-4-sulfonic acid, 0.8 %, sodium sulfite and sodium bisulfite). The 

sample was mixed by inversion and allowed to stand for 10 minutes. Using a Cary 17 

spectrophotometer, the inorganic phosphate concentration (proportional to lipid 

concentration) was determined by reading absorbance at 660 nm relative to a reference 

blank using a 1 em path lengh cuvette. The blank was prepared along with the sample 

aliquot and consisted of the same ingredients as the sample except without the sample 

sediment. Also, before the above procedure was used, a standard calibration curve was 

prepared. A slope of 0.0187 ~g-1 was found for a standard plot of absorbance versus 

amount of inorganic phosphate for a 1 em pathlength. 
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2. 3. 3 CD OF VESICLE SAMPLES 

CD spectra were measure with a Jasco J-500A spectropolarimeter. 0.06% (w/v) 

ammonium (+)-10-camphorsulfonate/H20 was used to calibrate the CD scale assuming a 

molar ellipticity of [9h90.5nm = +7879°. The 586 nm peak of neodymium glass and the 

287.7 nm peak of holmium glass were used to calibrate the wavelength scale. 

It has been known for some time that spectroscopic measurements of particulate 

systems (such as vesicle preparations) have inherent anomalous spectral distortions 

compared to non-particulate systems. Theoretical details concerning these distortions can 

be found in the literature (Duysens, 1956; Urry and Ji, 1968; Ji and Urry, 1969; Urry et 

al., 1970a,b; Urry et al., 1971b; Litman, 1972; Urry, 1972; Schneider and Harmatz, 

1976). These distortions are derived from two sources: (1) absorption-flattening 

(Duysens, 1956) and (2) light scattering artifacts. A suspension of particles each 

containing a certain number of absorbing molecules (particulate system) will have a CD (or 

absorption) spectrum which appears flatten compared to a homogeneous dispersion of the 

same absorbing molecules (nonparticulate system) (Duysens, 1956). The suspended 

particles will also scatter light which results in a decrease in the CD signal because there is a 

probability that the scattered light would have been absorbed by a molecule (chromophore) 

had there been no scattering. (When referring to absorption measurements, light scattering 

will increase the apparent absorption by scattering light away from the photodetector; 

however, CD is a difference measurement so the detected signal will be decreased since the 

chromophore concentration is obscured by the scattering process.) Differential scattering 

effects can also occur which results from the differential scattering of left and right 

circularly polarized light because of the slight difference in refractive index of the particle to 

each of the circularly polarized beams (Urry et al., 1970a,b; Urry and Krivacic, 1970). 

Differential light scattering is a minor distortion relative to the concentration obscuring 

effects for lipid vesicle suspensions. 

Experimentally, these distortions can be accounted for and eliminated. Absorption 

flattening effects and light scattering effects can be overcome empirically by using high cell 

concentrations and very short path lengths. The severity of scattering effects can be 

measured by using a variable detection geometry whereby the sample-to-detector distance is 

varied which in turn changes the light acceptance angle (Schneider and Harmatz, 1976). 

Measurements at different acceptance angles should give identical results if scattering 
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effects are negligible. Also, adequate sonication of the suspension as described in the 

previous section dramatically minimizes the scattering effects. 

For the experiment using thallium acetate, absorption flattening effects are 

extremely severe because of the strong absorption of thallium at- 212 nm. The problem 

was circumvented by using a specially made cuvette which has a very short path length of 

12.2 ± 1.0 J.lm. The cuvette could be placed either 1 in. from the photodetector which had 

a 1.25 in. diameter window corresponding to an acceptance angle of 0.41t or 8 in. away 

corresponding to an acceptance angle of 0.0061t. The spectra at the two positions gave 

identical results within error. The experiment using cesium chloride was less of a problem 

and a 0.1mm cuvette was used. All spectra reported here appear to be free of the artifacts 

described above. 

Also, phospholipids have carbonyl groups in the vicinity of an asymmetric carbon 

in the glycerol backbone. The carbonyl groups therefore give rise to a small CD signal 

from the lipid at -210 nm. Therefore, for appropriate background subtraction, identical 

suspensions without peptide were also prepared. 

SECTION 2.4 POLARIZED MICROSCOPY 

Polarized microscopy was used to monitor and judge the multilayer sample 

alignment quality. A Nikon Labophot-Pol transmission microscope was used for 

observing samples prepared between two fused silica substrates. For samples with one 

beryllium substrate, a Wild HeerBrugg reflection microscope was used. Beryllium serves 

as a mirror in the reflection microscope optical path. Both microscopes had the analyzer 

and polarizer crossed along with a x15 eyepiece and either xlO or x40 objective. Complete 

descriptions of the polarized microscopes and their application in crystal characterization 

can be found in Wahlstroms (1979). 

When using a polarized microscope, we must understand how a multilayer sample 

(uniaxial liquid crystal) interacts with polarized light. The relevent optical theory is outlined 

in the Appendix. In this section, a description is given of the possible microscopic 

observations seen with a polarized microscope when viewing a uniaxial liquid crystal 

which may or may not have LC defects. 

The index of refraction of a uniaxial liquid crystal can be written as 

no=nx=ny#:nz=lle where we have defined the z-axis to be parallel to the molecular optical 

axis of the sample. (The molecular optical axis for the multilayer samples is parallel to 
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bilayer stacking direction whether the sample is perfect aligned or not.) Under a polarized 

microscope the incident linearly polarized light will propagate differently through the 

sample depending on the orientation of the light polarization direction relative to the 

samples optical axis. If the optical axis coincides with the cylindrical symmetry axis of the 

optical system (i.e., the light propagation direction), then no path difference occurs and the 

image remains black or gray between crossed polarizers even during a complete rotation of 

the crystal about the optical axis. This would be the case if the sample were 

homeotropically aligned. If the sample was not properly aligned (i.e., a defect structure), 

then the incident linear polarized light would make some angle with respect to the molecular 

optical axis. The light would therefore be separated into mutually perpendicularly polarized 

ordinary and extraordinary rays. These two rays, depending on the phase relation and 

sample thickness, would emerge from the sample and when recombined would be 

polarized differently from the initial polarization direction. The recombined exiting light 

may be linearly polarized in a different direction, elliptically polarized, or circularly 

polarized. Therefore, the light will most likely not be totally extinguished by the second 

crossed polarizer and the defect structure would be visible. If the incident light were 

polarized such that its vibration were parallel to the molecular optical axis, then the sample 

would also appear dark under the microscope since the light would have only the one 

extraordinary ray component. Under this case, if the sample were rotated about the 

symmetry axis of the optical system, then light would not be extinguished by the second 

polarizer except when the light is exactly parallel or exactly perpendicular to the optical 

axis. 

Our multilayer samples typically had mosaic spreads from .2o - 1.5° and appeared 

completely dark under the polarized microscopes. 

SECTION 2.5 LIPID-WATER SYSTEMS 

The description of lipid-water systems given here was taken from my master thesis 

(Olah, 1987) and includes a few modifications. This section is included for the sake of 

completeness. 

In order to understand what is involved in aligning multilayer samples we must first 

know something about the smectic liquid crystal defect structures found in the samples. 

This will allow one to judge the degree of sample alignment especially when viewing the 
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samples by polarized microscopy. Before we describe the smectic defects, the phase 

behavior of a lipid-water system is presented. 

The phase diagram for DPPC-water system is given in Fig. 2.3. The lipid-water 

systems exhibit lyotropic mesomorphism (i.e., the phase behavior is concentration 

dependent). The system also shows thermotropic mesomorphism, which simply means the 

phase behavior is also dependent on temperature. The thermotropic phase transition 

temperature, T 1, shown in Fig. 2.3, can be understood if the water is seen as diffusing into 

the polar region of DPPC. This penetration of water affects the whole lipid structure and 

causes a reduction of the dispersion forces in the hydrocarbon chains. This transition 

temperature has been shown to correspond to the 'melting' of the hydrocarbon region (i.e., 

the hydrocarbon chain region becomes liquid-like with a large increase in mobility) but it 

also depends on the simultaneous weakening of the hydrocarbon chain interaction caused 

by the water (Chapman, 1975). At high water content(- 40wt% or greater), the transition 

temperature has a lower limit, T 1 *, which corresponds to the minimum temperature 

required for water to penetrate between the layers of the lipid molecules. The penetration of 

water will cause the bilayers to form structures other than the planar lipid bilayers separated 

by water such as vesicles or hexagonal structures (Pershan, 1982). The gel region, if 

attained by slowly lowering the temperature from the La phase, will be a state in which the 

hydrocarbon chains pack into an organized crystalline manner. (The phase diagram is 

actually more complicated below T 1 * than Fig. 2.3 suggests and the lipid molecules have 

been shown to have at least 3 different hexagonal packing geometries which depend on the 

water content; see Sirota et al., 1988). The gel region may be metastable. If it is, then the 

system will transform into micro-crystals of amphiphiles in water which are stable and 

independent of the samples thermal history. 

The DLPC-water phase diagram would be similar to DPPC-water except everything 

would be shifted down in temperature for the shorter chain molecule (i.e., T 1 * - 42°C for 

DPPC while T 1 * - OOC for DLPC). Differential scanning calorimetry measurements have 

shown that other ingredients such as gramicidin or cholesterol smear out the phase 

transition regions making them rather ill-defined (Chapman, 1975). 

The mesomorphic lamellar region labeled La in Fig. 2.3 is referred to as the smectic 

A phase in the liquid crystal literature (De Gennes, 1974). In this phase, the system readily 

forms stacked planar lipid bilayers separated by water layers. Since the lipid bilayer 

hydrocarbon chains are 'melted ', each bilayer plane forms a two-dimensional liquid 

(Levine et al., 1968). See schematic in Fig. 2.4. The lipid-water systems used in this 
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research project are always in this phase. Homeotropic (stacked bilayer planes with a 

single stacking direction normal to the substrate surfaces) alignment of lipid-water systems 

require the sample to be in the smectic A phase because it is in this phase that the lipid can 

acquire enough flow during mechanical stressing to allow defects to surmount the energy 

barriers necessary to form aligned domains. Defects are defmed as any structure within the 

sample which is not homeotropically aligned. 

The various smectic A defects found in lipid-water systems are fairly well 

understood. Friedel and Grandjean (1910) were the first to recognize that the energy 

required to change the distance between layers in a smectic A phase is much greater than 

that required to bend layers (see De Gennes, 1974). Hence they proposed focal conic 

defect structures which preserve a uniform layer spacing where the layers can form Dupin 

cyclides with line discontinuities lying on a hyperbola or ellipse. See Fig. 2.5. This type of 

defect is common in may smectic systems; however, it is rarely found in the lipid-water 

system. The most common defect is the undulating paired disclination or 'oily streak'. As 

shown schematically in Fig. 2.6, the 'oily streak' defect does not necessarily maintain 

uniform spacing between adjacent layers as is the case for the focal conics. This structure 

could be viewed as two equal and opposite dislocations with large Burgers vectors 

(Kleman et al., 1976; Asher and Pershan, 1979b; Benton and Miller, 1983; Schneider and 

Webb, 1984). (Schneider and Webb give an excellent optical analysis of the 'oily streak' 

in thin, fully hydrated lyotropic LC of DMPC.) Other common defects appear as 

birefringent polygonal arrays under a polarizing microscope with crossed polarizers. The 

least birefringent of these polygonal structures have been labeled parabolic focal conics 

(PFC) (Rosenblatt et al., 1977; Asher and Pershan, 1979a,b; see Fig. 2.7 for a schematic 

of the PFC). The highly birefringent polygonal arrays are not as well understood and can 

pose a problem in alignment. While PFC readily anneal away when the sample temperature 

is lowered or if the sample is just allowed to sit, this is not always the case for the more 

complicated arrays. 'Oily streaks' and polygonal arrays are by far the most common defect 

structures encountered; however, dirt and dust impurities in the sample can also be a 

serious problem. Dust particles seem to get trapped in the 'oily streaks' and usually can be 

mechanically swept out of the sample but not always. Also, dust has been seen lodged in 

the core of the PFC structures and, occasionally, a dirt speck can get wedged between the 

substrates and become totally immobilized. 
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In this section, the following is covered: 1) preparation of the multilayer sample 

batches, 2) sample alignment method, and 3) CD method for characterization of gramicidin 

in the multilayer system. 

2. 6.1 MULTILAYER SAMPLE BATCH PREPARATION 

Gramicidin and DLPC (-200mg) were codissolved in benzene to give a 

peptide/lipid molar ratio of 1/10. Approximately 1 ml of benzene was added to the mixture. 

DLPC is fairly hygroscopic and may absorb a little H20 before benzene is added. It 

therefore will not dissolve readily and a few drops of methanol can be added to the solution 

in order to facilitate in solvation of the lipid. The mixture was frozen and lyophilized. 

Lyophilization usually was done for 24 hr at < 5 ll vacuum in the dark. Salt, in acetate 

form, was added in a third portion at a time. During the addition of each third portion salt, 

the H20 content was kept at 1-2 ml. The suspension was incubated for 18 hr at 68°C. The 

suspension was also vortexed intermittently during incubation. The suspension was again 

frozen, lyophilized, and the next third portion of salt added. Incubation and lyophilization 

was repeated three times until the final desired salt concentration was attained. This 

procedure was sufficient to totally mix the salt into the sample batch and the heat-incubation 

period was sufficient to induce the gramicidin into the channel state. Final salt 

concentrations for four different batches had ion/peptide molar ratios as follows: 1/1 

(Tl+/peptide) and 1.5/1 (K+/peptide). These ratios were high enough to ensure -80% of the 

gramicidin ion-binding sites were bound during the final incubation assuming the binding 

constants given by Hinton et al. (1988). All the above mixing was done in a flask with a 

large flat bottom (-1 in. dia. x -2 in. height) which was sealed and purged with nitrogen 

during each incubation period. 

In order for the sample batches to be in the smectic A (or La) phase before 

alignment they must be hydrated to some degree. Hydration of the sample mixture requires 

it to come in to physical contact with water. Depending on the diffusion constant for the 

water into the sample mixture, the water will hydrate the sample mixture and after a period 

of time equilibrate with the mixture and atmosphere. Addition of water was done by 

exposure of the sample mixture to an inert atmosphere (N2) and 100% relative humidity 
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(r.h.) at -23°C. Close to maximum hydration (17-30% H20 by total sample weight) 

results after equilibration under these conditions for all sample types. 

The 100% r.h. was maintained in a squat jar with 2-5 ml of H20, darkened, and 

purged with nitrogen. The flask containing the sample mixture and with no lid was placed 

in this jar and the jar sealed. Using a flask with a large flat bottom allowed a large sample 

area to be exposed to the water vapor and thus decrease the H20 equilibration time. Water 

absorption was usually inhomogeneous and equilibration time at room temperature took on 

the order of one week. Hydration was complete when the initial lyophilized fluffy white 

powder changed into a clear gel. Also, care must be taken in keeping the sample 

environment free of dust. Dust contamination can make sample alignment exceedingly 

difficult. 

2.6.2 MULTILAYER ALIGNMENT TECHNIQUE 

Alignment of the sample refers to two things: 1) preparing stacked bilayers in the 

smectic A phase such that the bilayer planes run parallel to the substrate surfaces, and 2) the 

elimination of all smectic LC defects. Various methods can be found in the literature for 

aligning these types of samples. Some of the more popular methods include evaporation 

(and dipping) (Libertini et al., 1969), shearing between flats (McFarland et al., 1971; 

Kleman et al., 1976), centrifugation (Clark et al., 1980), temperature annealing (Powers 

and Clark, 1975), compression/dilation (Asher and Pershan, 1979a,b), and wiping (Clark 

et al., 1988). However, when salt and gramicidin concentrations are high, none of these 

methods are capable of preparing aligned samples suitable for spectroscopic measurements. 

Therefore, a new method, first pioneered by Asher and Pershan (1979a,b), was further 

developed in our lab which relies on a combination of low temperature annealing, shearing, 

and compression/dilation. 

The elastic free energy for non-planar configurations of a two-layer smectic liquid 

crystal with surface tension is higher than it is for the planar configuration when 

appropriate stabilizing boundaries are present (Olah, 1987). For example, if one beryllium 

substrate plus one glass substrate or two glass substrates are prepared as previously 

described, and the sample batch is sandwiched in between the two substrates, then the 

substrates will impose an appropriate boundary such that a system in the planar 

configuration will possess the lowest free energy. This is the physical basis behind our 

sample alignment technique. The mechanical shearing or compression/dilation presumably 
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induces flow and stress in the sample. The slightly elevated temperatures ( -5Q<>C) puts the 

sample higher up in the phase diagram of the smectic A phase where sample flow is even 

easier. Under these conditions, the defects (nonplanar structures; 'oily streaks', polygonal 

arrays, etc.) can literally be squeezed out of the sample or layers not coplanar with the 

substrate can break and upon rehealing they adopt the energetically favorable planar 

configuration. Dirt and dust seem to aggregate in the defects and are also swept out of the 

sample along with the smectic defects. 

The alignment procedure for the samples used in the CD experiment differs slightly 

from the x-ray experiment. First, I will describe the procedure used in the CD experiment 

The two fused silica substrates are cleaned as previously described. After a 

sample batch is appropriately hydrated, a small amount of the batch (-5-15 mg) is 

sandwiched between the two substrates and shearing is used to spread the sample 

uniformly over the whole 1 in. x 1 in. substrate area. Since the peptide and salt 

concentrations are very high, absorption can be a problem in the far UV below -230 nm 

unless the sample can be made very thin. Therefore, no spacer is used to define the sample 

thickness. Very heavy compression is applied. Shearing is usually done while 

compressing. If the sample does not appear to align quickly then the sample can be 

warmed to - 5Q<>C for 5-10 minutes in an oven. After removing the sample from the oven, 

the sample is again sheared and compressed. Alignment should take approximately 30 

minutes. Since no spacer is used, the samples are not sealed along their edges. Samples, 

after being aligned, should therefore be stored in a controlled environment so they can be 

equilibrated uniformly. All samples were kept at 100% r.h. at 23°C for at least 48 hr 

before running CD. Samples are thought to be fully hydrated under these conditions with 

-20-30% H20 by total weight. The effect on the CD spectra due to having samples at a 

different degree of hydration was also measured. Therefore, after equilibration at the high 

humidity and CD measurement, the samples were stored at 50% r.h. at 23°C for 72 hr and 

CD was measured again. H20 content under these conditions is -10-15%. See chapter III 

for details. 

In order to determine the actual thickness of the sample, another sample with a well

defmed thickness was prepared concurrently with the sample without a spacer. The sample 

thickness is defined by using a 19.05 J.lm mylar spacer which has a 8 mm diameter hole cut 

out of it. The mylar piece is placed on one of the substrates and approximately 10-20 mg 

of the sample batch is placed in the hole. The second substrate is quickly placed on top and 

shearing and compression are applied. Also, the sample can be warmed in an oven 
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followed by shearing and compression. Warming and shearing/compressing is repeated 

until the sample is completely aligned. Thickness of the no spacer sample was determined 

by scaling the near UV CD spectrum (320 nm - 230 nm) with the sample with known 

thickness. This works because the CD, like light absorption, is directly proportional to the 

thickness, t, for samples with the same concentration, C: M oc Ct. Samples prepared 

without spacers were typically 1.5-2jlm thick. 

Samples used in the x-ray experiment were aligned in a similar manner. The 

beryllium substrate and fused silica substrate were cleaned as previously described. The 

beryllium substrate is placed on top of a second fused silica plate. A small amount of the 

batch - 5-20 mg is placed on the beryllium and the fused silica substrate is quickly placed 

on top. No spacer is used. The assembly therefore consists of fused silica-beryllium

sample-fused silica. The fused silica on the back side of the beryllium allows uniform 

pressure to be applied to the assembly. Beryllium is a very stiff metal and may 

permanently bend if non-uniform pressure is applied. Very light to no compression is 

used. Compression would thin the sample too much and x-ray signal would be lost. 

Warming the sample and shearing are done, and sample alignment should take anywhere 

from 15 min to roughly 1 hr. Typically, samples made this way are 12± 2jlm thick. The 

thickness was determined as done for the CD multilayer samples: A sample was prepared 

in a identical fashion as the samples with a beryllium substrate except now two fused silica 

substrates were used. The near UV CD spectrum of this sample was then scaled with a 

sample with known thickness. 

2.6.3 CD OF MULTILAYER SAMPLES 

CD spectra were measured with a Jasco J-500A spectropolarimeter. Machine 

calibration was done as described for the CD of vesicle samples. 

A computer-controlled 360° rotator with a stepping motor was mounted in the 

spectropolarimeter sample compartment. The rotator allowed 3600 rotation of the sample 

about the light direction ft Multilayer samples were mounted on the rotator such that their 

optical axes are parallel to~. Thus, the incident light was always incident normal to the 

stacked bilayer planes. With this geometry, as far as the light is concerned, the sample 

would appear isotropic even though it is an uniaxial crystal. If any linear dichroic artifacts 

due to the sample or the substrates are present then they can be averaged out by rotating the 

sample about~. One scan is typically the average of 16 equally spaced angles (00, 22.5°, 
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45°, ··· , 337.5°) rotated about~ (Olah & Huang, 1988). (For details concerning the CD 

measurement of oriented system see Wu et al., 1990.) Ideally, if the incident light is along 

the optical axis then rotation about f{ should be unnecessary. However, slight shifts in the 

baseline due to spurious linear dichroic and linear birefringence occurs and these effect 

needs to be eliminated. Rotation can get rid of the linear dichroic artifacts if they are 

already small and linear birefringence, which is usually already small ( < 1 % ), can be 

minimized even more. Similar problems may arise from the cuvettes used to measure the 

vesicle samples, but the cuvettes were always mounted in the same way for both the 

samples and their blanks. Therefore, all vesicle samples including the blanks would have 

similar distortions, if any. Linear dichroic artifacts can be subtracted out because they are 

additive; however, linear birefringence (already < 1%) is additive and multiplicative so it 

can not be totally subtracted out, but it can be minimized (Wu et al., 1990). 

Unlike the vesicle samples whose CD spectra were put on an absolute scale, the 

multilayer samples CD spectra were only put on a relative scale. Different sample batches 

were assumed to have the same peptide concentration, same peptide/lipid molar ratios 

(1/10), and the same sample hydration. Only scaling corrections for variable sample 

thicknesses were considered. 
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Fig. 2.3. Phase diagram of the 1,2-dipalmitoyl-L-phosphatidylcholine-H20 (DPPC-H20) system. In the 
gel phase water separates the double layers of lipid, and the hydrocarbon chains are packed in an organized 
crystalline manner. The mesomorphic lamellar phase (as known as the La or smectic A phase) also has 
H20 separating the double layers of lipid; however, the hydrocarbon chains are now in a liquid state 
(melted). DLPC-H20 system has a similar phase diagram as DPPC-H20 system but with a lower value 
forTi, T {- OOC. In order for the alignment technique used by our lab to work, the lipid-H20 system must 
be above the gel transition temperature in the La phase. It is in this region that the lipid acquires enough 
flow so defects can be swept away or annealed. [From Chapman et al., 1967.] 
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Fig. 2.4. Schematic representation of cross-sectional view of the molecular geometry of lipid liquid 
crystals in the La or smectic A phase with gramicidin channels. [Taken from Olah (1987).] 
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Fig. 2.5. Generation of the focal conic texture. (A) Simple 'jelly-roll' or 'myelinic' arrangement 
generating a tube. (B) Tube closed into a torus: note the two singular curves (a circle and a straight line). 
(C) Generalization: the circle becomes an ellipse, the straight line becomes a hyperbola and the smectic 
layers form Dupin cyclides. [From DeGennes (1974)] 
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Fig. 2.6. 'Oily streak' defect or paired disclinations. (A) Established structure of defect in section 
perpendicular to the nominal disclination axes. The intersection of the edges of the molecular layers with 
the plane of the drawing is indicated by the solid lines. (B) Schematic diagram of the 'oily streak' defect 
shown in longitudinal section through the z = 0 plane. The cross-hatched areas mark the two central layers 
of each disclination. [From Schneider and Webb (1984).] 
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Fig. 2.6. (continued). (C) Optical properties of the structure in (A) and (B) as seen with a polarized 
microscope with crossed polarizers. Polarizers are oriented as shown by the double ended arrows. Crossed 
hatching indicates areas with little light intensity. (D) Photomicrograph of an 'oily streak' defect in a fully 
hydrated DLPC multilayer sample with gramicidin A. Molar ratio was 1/40, thickness is 23.4 J.Un, and 
temperature is 23°C. [Photomicrograph was taken from Olah (1987).] 
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Fig. 2. 7. (A) Three-dimensional structures of the locus of the cusps of the parabolic focal conics (PFC). 
[After Rosenblatt et al., 1977.] (B) Schematic of the curvatme of bilayers in PFC. (C)Boundary between 
the highly birefringent (brighter arrays) and PFC (dimmer arrays) polygonal arrays in a fully hydrated DLPC 
sample with gramicidin A. Molar ratio is 1/40, thickness is 23.4 J.Un, and temperature is 65°C. The 
sample was in the process of being aligned. The microscope was focused at the center of the sample and the 
polarizecs were oriented as shown by the arrows. [Photomicrograph was taken from Olah (1987).] 
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III. RESULTS FROM CIRCULAR DICHROISM 
CHARACTERIZATION OF GRAMICIDIN 
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Care must be taken in preparing gramicidin containing samples because gramicidin 

possesses a high degree of polymorphism. Therefore, in section 3.1, the variability of the 

gramicidin conformation is discussed. The channel conformation has been identified with 

circular dichroism whereby a unique (standard) CD spectrum has be attained. In section 

3.2, this 'standard' spectrum is given along with existing support for it. It is shown in 

section 3.3, that the vesicle preparation procedure used by Weinstein and coworkers (1979) 

does not result in gramicidin being completely in the channel state. Only when a heat 

incubation step is added to their procedure is the 'standard' CD spectrum attained. Finally, 

in section 3.4, CD was used to characterize qualitatively the channel state of gramicidin in 

the presence and absence of ions in both vesicles and the LLC multilayers. 

SECTION 3.1 POLYMORPHISM OF GRAMICIDIN CONFORMATION 

It has long been known that the conformation of gramicidin is dependent upon its 

solvent environment. Early infrared (IR) and CD spectroscopic measurements imply 

gramicidin in alcohol and dioxane forms a family of parallel and antiparallel intertwined 

~LD helical dimers (Veatch and Blout, 1974; Veatch et al., 1974). (These workers even 

isolated four different helical conformers for gramicidin in methanol by thin layer 

chromatography.) Recently, using IR and NMR methods, the molecule was proposed to 

have a more complicated structure in dimethylsulfoxide forming a succession of ~-turns 

and to adopt a hybrid structure in chloroform where a double helix terminates by two 

single-stranded helices involving theN- and C- terminal parts (Heitz et al., 1986). 

Gramicidin crystals grown from various organic solvents have also shown a 

variability in structure. Early attempts at crystal structure determination ran into difficulties 

because gramicidin fell into the intermediate size range for which x-ray crystal structure 

determination are difficult: the asymmetric units were generally too large for direct methods 

and are rather small for multiple isomorphous replacement. However, in 1978-79, gross 

features of the molecule were discerned from the Patterson maps, one for gramicidin 

crystallized in the absence of salt (length 32 A), the other for salt- (KSCN or CsSCN) 

containing crystals (length 26 A, luminal diameter 3.8 A) (Koeppe et al., 1978, 1979). 

These crystals were grown from either methanol or ethanol. Koeppe and Schoenborn 

(1984), undertook a neutron diffraction study using hydrogen-deuterium exchange to 



36 

obtain single isomorphic replacement phase information on uncomplexed organic solvent 

grown crystals. Their results indicated, at 5 A resolution, the gramicidin molecule to be a 

-32 A long cylinder. 

Although these earlier attempts were either unfruitful or had poor resolution, 

recently, because of improvements in data processing techniques, direct methods were 

finally used successfully to determine the structure to 0.86 A resolution of uncomplexed 

GD crystals grown from benzene-ethanol (Langs, 1988). This feat is undoubtedly the 

most spectacular to date: gramicidin is the largest molecule for which direct methods have 

positively determined a structure with 315 nonhydrogen atoms being located. The structure 

was already mentioned in the introduction: it forms a left-handed antiparallel double

stranded ~LD helix; its overall length is 31 A with 5.6 residues per turn and an average pore 

diameter of 4.80 A. The ion-free pore is void of solvent molecules and its diameter varies 

from a minimum of 3.85 A to a maximum of 5.47 A and contains three pockets where the 

cross-pore contacts are 5.25 A or more. 

Also, recently, by using single wavelength anomalous scattering techniques, which 

permit phasing without relying on isomorphous derivatives, x-ray diffraction of GA

cesium complexed crystals grown from methanol (Wallace and Ravikumar, 1988) has 

allowed structure determination to 2.0 A resolution. In this complexed structure gramicidin 

forms a 26A long tube comprised of antiparallel double-stranded ~LD helices with a left-

handed helical sense, 6.4 residues per turn, and an average pore diameter of 4.9 A (van der 

Waals-to-van der Waals). The polypeptide backbone forms the interior of the hydrophilic, 

solvent-fill pore and the side chains form a hydrophobic and relatively regular surface on 

the outside of the pore. Two Cs+ ions are bound within the pore and are separated by 11.6 

A. Several carbonyl groups nearest the cesiums are tilted in toward the center of the pore 

by as much as 400 to permit ion coordination. Also, surprisingly, three counterions (Cl-) 

are located within the pore. 

In the membrane environment, it has been accepted that the main ion channel form 

is not the same as the structures purported for the forms found in organic solvents or the 

structures determined from crystals grown from organic solvents (Wallace et. al., 1981). 

[However, these crystal and organic solvent structures are thought to makeup a very minor 

ion conducting species and some propose they function as an intermediate conformation 

during channel incorporation into the bilayer.] As already alluded to in chapter I, extensive 

spectroscopic and conductance studies have led to the conclusion that the channel structural 

motif is a single-stranded ~LD helical dimer in which two monomers associate via 6 

hydrogen bonds at their N-terminus (Urry, 1971; Urry et al., 1971a; Urry et al., 1979; 
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Weinstein et al., 1979). Also, a large amount of experimental results argue that the channel 

is the ~Ln6.3 structure, with 6.3 residues per turn, an average luminal diameter of about 4 

A, and a length of about 26-28 A (see review articles: Andersen, 1984; Hinton and 

Koeppe, 1985). The single-stranded membrane-bound structure is now referred to as the 

'channel' form while the double-stranded helices found in organic solvents have been 

designated as the 'pore' forms. See Fig. 3.1. 

SECTION 3.2 'STANDARD' CD SPECTRA OF GRAMICIDIN IN 

VESICLES 

The 'channel' conformation has been fingerprinted by way of circular dichroism 

(CD). See Fig. 3.3. In micellar-packaged lyso-phospholipid and phospholipid vesicles the 

CD spectrum shows a variability (solvent history) but a 'standard' spectrum is obtained in 

both systems after an extensive heat treatment regardless of solvent history (Lograsso et 

al., 1988; Masotti et al., 1980; Urry et al., 1979; Olah, this work). (This 'standard' 

spectrum does show slight differences upon environmental variations including variables 

such as peptide/lipid ratio, lipid type, temperature , and , in some cases, addition of ions; 

however, the effects are relatively small and the overall structural motif is thought to be 

unchanged.) In general, the CD spectrum is distinct from any spectra obtained for 

gramicidin in organic solvents and it is not a linear combination of such spectra. By using 

13C-NMR, it has been demonstrated that gramicidin in a membrane environment causes, 

only after an extensive heat treatment, a decreased mobility in the lipid carbon chain region 

indicative of peptide incorporation into the bilayer (Urry et al., 1979). And, 23Na-NMR 

and 205TI-NMR chemical shifts imply gramicidin interacts with sodium and thallous ions in 

such a way which are indicative, again only after heat incubation, of the channel state (Urry 

et al., 1979). Therefore, this 'standard' CD spectrum attained only after the sample has 

been extensively heat treated is convincingly shown to be that of the channel state. 

SECTION 3.3 IMPORTANCE OF HEAT INCUBATION DURING 

SAMPLE PREPARATION 

When we use the same vesicle preparation procedure as Weinstein and coworkers 

(1979), we get a CD spectra as shown in Fig. 3.2. The spectra deviate from the 'standard' 

CD spectrum with the main difference being a much larger dip at 229 nm. The dip can 

even go further negative. However, when we include a heat incubation step, the dip at 229 
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nm becomes less pronounced relative to the peaks at 217nm and 239 nm. See Fig. 3.3. 

The spectra in Fig. 3.2 are thought to arise from a mixture of the channel species and some 

other as yet undefined conformations. We conclude that the preparation procedure used by 

Weinstein and coworkers does not guarantee that gramicidin is completely in the channel 

state and the addition of a heat incubation step is necessary. 

SECTION 3.4 GRAMICIDIN WITH/WITHOUT SALT 

Only small differences were measured for the CD spectrum of gramicidin in DMPC 

vesicles upon binding Cs+. See Fig. 3.3. Also, there are only slight differences in the CD 

for gramicidin in DLPC vesicles upon binding Tl+. See Fig. 3.4. This means that ions 

only slightly perturb the channel structure and we are justified in comparing the electron 

density proflles of gramicidin with and without ions. 

CD measurements of the LLC system in which the light was incident normal to the 

stacked bilayer planes also showed only slight differences (see Fig. 3.5 and Fig. 3.6.). 

However, the CD in the near ultraviolent spectral region (which was nil for the vesicle 

samples) had a non-zero CD signal for the LLC system. In this spectral region, which is 

dominated by the tryptophan indole transitions, two different spectra (though the difference 

was small, it was still notable) were revealed for samples with and without ions. For 

samples without ions, the 296 nm dip is always smaller than the 286 nm dip. The broad 

peak at 240 nm is also more pronounced without ions than with ions. With thallium 

present, the dips at 296 nm and 286 nm are always roughly the same in amplitude. These 

results were interpreted as tryptophan reorientation during ion coordination. Since CD can 

not distinguish between the eight tryptophan residues of the channel, the orientation of any 

single tryptophan is lost. However, from this composite signal, it can still be qualitatively 

concluded that the tryptophans, as a whole, are slightly more ordered in the absence of ions 

than in the presence of ions with respect to the stacking direction. Also these results 

support the idea that the tryptophan sidechains are important components for ion binding. 

In conclusion, we note that the tryptophans in gramicidin are affected by the presence of 

ions and that this effect is relatively small. 

Comparing Figs. 3.5 and 3.6, we found that the CD of gramicidin in the LLC 

system shows a slight hydration dependence. This effect is not detectable in the 

reconstructed electron density profiles given in chapter VI. Whether the cause of this 

hydration dependence arises from a reorientation of the tryptophan, a structural change in 

the gramicidin peptide backbone or an orientational change of the gramicidin helix with 
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respect to the bilayer plane is not known. Investigation of this hydration dependent 

phenomenon will be addressed by future experiments. 



A 

B c 

Fig. 3.1. Schematic diagrams indicating the folding motifs of gramicidin in phospholipid bilayers (A), in 
organic solvents (B) and (C), and in crystal form (B). (A) is known as the 'channel' form (head-to-head 
single-stranded dimer) and (B) is referred to as the 'pore' form (antiparallel double-stranded dimer). 
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Fig. 3.2. Circular dichroism for gramicidin in DMPC vesicles. Vesicle suspensions were prepared by the 
same method used by Weinstein and coworkers (1979) which is described in chapter II. The gramicidin 
concentration was .35 mM and the gramicidin/DMPC molar ratio was 1/30. The spectra were recorded at 
26°C. The solid line is with no salt and the dotted line is with 2M cesium chloride. 
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Fig. 3.3. Circular dichroism for gramicidin in DMPC vesicles. After the CD spectra in Fig. 3.2 were 
measured, the vesicle suspensions were heat incubated for 24 h at 68°C, resonicated, and the CD spectra 
remeasured. The solid line is with no salt and the dotted line is with 2M cesiwn chloride. Note that the dip 
at 229 nm is not as pronounced as their counterparts in Fig. 3.2. Also, the addition of salt does not 
dramatically change the spectra. The spectrwn for the sample without salt is the 'standard' channel 
spectrum. 
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Fig. 3.4. Circular dichroism for gramicidin in DLPC vesicles. Vesicle suspensions were prepared and the 
CD measured as described in chapter IT. The gramicidin/DLPC molar ratio was 1/10. The solid line is 
without salt and the dotted line is with 100mM thallium acetate. If ions induce any changes in gramicidin 
then CD would be sensitive to these changes. At the salt concentration used, we would expect the channel 
to be doubly occupied. The spectra show only a slight difference due to the addition of thallium; therefore, 
we conclude that the gramicidin is not significantly affected when thallium is added. We further conclude 
that we are justified in using difference electron density profiles (difference between with and without 
thallium) in determining the thallium ion distribution through the channel. [The solid line can also be 
called the 'standard' channel spectra for gramicidin in DLPC and the slight differences between this spectra 
and the 'standard' spectra in Fig. 3.3 results from an unknown effect which depends on lipid chain length.] 
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Fig. 3.5. Circular dichroism for gramicidin/DLPC multilayers with thallium acetate (molar ratio 1/10/1) 
(dashdotted line), with potassium acetate (l/10/1.5) (dotted line), and without salt {1/10) (solid line). The 
incident light was normal to the plane of the stacked bilayers. The samples were aligned as described in 
chapter II and equilibrated at 100% RH at 23°C for 48 h before measuring the CD. Under these conditions 
the samples are fully hydrated and in the La phase(- 49 A bilayer repeat distance; -20-30% H20 by 
weight). Since gramicidin contains 4 TRP residues per monomer, the far UV CD (200 - 240 nm) will be a 
composite signal arising from the peptide and TRP chromophores. The slight spectral differences between 
with thallium and without salt are most prominent in the spectral region from 240 - 320 nm where the 
contribution from the TRP are dominant The 229 nm dip can also be attributed to TRP if one 
qualitatively -compares the spectrum above with poly-L-TRP (Peggion et al., 1968; Sears and Beychok, 
1973) or with gramicidin which has the TRP replaced with PHE (Heitz et al., 1986). Therefore, at least 
Part of the difference caused by thallium is due to a reorientation of the TRP. This affect is small and does 
not alter the x-ray diffraction results. CD of the potassium containing samples are even more similar to the 
thallium containing samples. 
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Fig. 3.6. Circular dichroism for the same samples described in Fig. 3.5; namely, for gramicidin/DLPC 
multilayers with thallium acetate (molar ratio 1/10/1) (dashdotted line), with potassium acetate {1/10/1.5) 
(dotted line), and without salt {1/10) {solid line). The incident light was again normal to the plane of the 
stacked bilayers. After measuring the CD in Fig. 3.5, the three samples were equilibrated at 50% RH at 
23°C for 72 h and the CD were remeasured. Under these conditions the samples are not fully hydrated but 
are still in the La phase(- 42 A bilayer repeat distance; -8-15% H20 by weight). These spectra can be 
compared with their counterparts in Fig. 3.5. Upon comparison, we note that there is a hydration 
dependence. This dependence is not understood and requires further investigation. 
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IV. THEORY FOR X-RAY DIFFRACTION STUDY 

The basic diffraction theory is developed in section 4.1. The continuous structure 

factor, Fu(k) , of a single bilayer sheet and the one-dimensional electron density, p(x), are 

shown to be related by a Fourier transform relation. Because of the periodic nature of the 

samples, it is shown that p(x) can be easily reconstructed by using a Fourier series where the 

discrete structure factors, {Fu(21th/D) with repeat distanceD and where h = 0, ±1, +2, ··· }, 

are the coefficients. Because of the centrosymmetry , i.e. p(x) = p(-x), of the system, the 

phase factor for each of the diffraction orders of {Fu(21th/D)} are shown to be either+ 1 or -1. 

In section 4.2, the method for determining whether the phase factor is + 1 or -1 is 

outlined. Included are a derivation of Shannon's sampling theorem and Blaurock's scaling 

method. 

The connection between the observable diffraction intensity and 1Fu(k)l2 is given in 

section 4.3. The measured intensities (after background removal) must be corrected for 

various factors such as Lorentz factor, polarization factor, absorptions, etc ... 

SECTION 4.1 DIFFRACTION THEORY 

The theory outlined here was applied to the analysis of myelin sheaths of nerve by 

Blaurock (1967). In the case of myelin sheaths the symmetry is cylindrical instead of 

rectilinear as is the case here. Levine (1970) also published the following principles and used it 

in analysis of pure hydrated phospholipids. We present the same theory as previously 

developed by Blaurock and extend it by applying it to a different sample type 

(ions/gramicidin/DLPC). 

Aligned hydrated phospholipid multilayers with or without other ingredients are stacked 

bilayer sheets separated by water layers. Bilayer thickness depends on various physical 

parameters such as water content, lipid chain length, temperature, etc ... and is approximately 

38-39 A (phosphate group to phosphate group) for DLPC in the smectic A phase. The water 

layer can be swollen from roughly 2 to 10 A. The total repeat distance, d, between each 

stacked bilayer would therefore vary from about 41 to 49 A. Other ingredients (such as 

gramicidin, alamethicin, mellitin, cholesterol, salt, etc.) can dissolve in the bilayer matrix, in 

the water or in the interface region between the water and bilayers. X-ray diffraction reveals 

only the one-dimensional variation in the stacking direction. If p(x) is the electron density for a 

single bilayer sheet, then the periodicity of the N stacked bilayers, each with a total separation 

of d, can be represented by 



p(x+nd,y,z) = p(x,y,z) 
-d d ·-<x<' 2- -2 ; n = 0, 1, 2, ···, N-1 . (4.1) 

The structure factor is given by the Fourier transform of eq. (4.1) 

oo oo (N-1/2)d 

F(k,k',k") = J J J p(x,y,z) exp[-i (k·x + k'·y + k"·z)] dx dy dz. (4.2) 
-oo -oo -d/2 
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The integration over y and z are taken to be infinite because the sample is much larger in 

these directions than the x-ray beam size. Since p is independent of y and z, we can 

perform the integrations over these two coordinates separately 

00 00 

F(k',k") =[J exp(-ik'·y)dy ].[J exp(-ik"·z)dz] 
-00 

= 21t o(k') . 21t o(k") . (4.3) 

The 8 stands for the Dirac delta function. Therefore, eq. (4.2) collapses into a one

dimension function along the k direction in reciprocal space 

(N-l/2)d 

F(k) = J 
-d/2 

F(k,k',k") 
p(x) exp( -i k·x) dx = 

41t2 

Using the periodicity condition given by eq. (4.1), we can rewrite eq. (4.4) 

F(k) = 
N-1 

I { 
(n+1/2)d 

J p(x) exp ( -i k·x) dx}, 
n=O (n-112)d 

d/2 N-1 

= [ J p(x) exp(-i k·x) dx] [ 
-d/2 

L exp ( -i k·n·d)] , 
n=O 

N-1 

= F0 (k) L exp (-i k·n·d) . 
n=O 

(4.4) 

(4.5) 

; ! 
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From eq. (4.5), we see that the Fourier transform reduces to the product of the structure 

factor of a single bilayer (including water) unit cell and the sum of interference terms. The 

sum of interference terms is a geometric series and can be rewritten as 

N-1 

F1(k) = L exp (-i k·n·d) 
n=O 

. (Nkd) 
sm2 d 

= . kd · exp [-i k (N-1)·2] 
sm(2) 

(4.6) 

The function F1(k) has a maximum when the terms in the summation are all either + 1 or all 

-1. Therefore, the conditions to be satisfied are either 

knd = 21tm ; m = 0, ±1, ±2, ±3, ··· 

or 

knd=(2m+ 1 )1t ; m = 0, ±1, ±2, ±3, ···. 

In turn, eq. (4.7a) is satisfied for all integer values of n if and only if, 

k - 21th 
- d ; h =0,±1, +2, +3, .... 

(4.7a) 

(4.7b) 

(4.8) 

Eq. (4.7b) cannot be satisfied for all values of n. Eq. (4.8) is an equivalent expression of 

the Bragg condition, h/2d= sine/A., where A. is the x-ray wavelength and e is the Bragg 

angle. This can be seen when we express the magnitude of the scattering vector, k, in 

terms of A. and e, i.e., k -~1t sin e. 

For large N, F1(k) gives only appreciable values at the points for which eq. (4.8) 

holds. This can be more readily seen from eq. (4.6), where the exponential factor gives 

the phase of F1(k) and whose modulus is given by 

. (Nkd sm-2--) 
IF1(k)l = . kd 

sm(2) 
(4.9) 

,l 
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At each integral value of h, the function has a maximum N with a half width of 27t/N d 

centered at the points k = 21th/d, h= 0, ±1, ±2, ···; in between there are regular oscillations 

of small amplitude. 

In a diffraction experiment, we measure the integrated intensity near each Bragg 

order h. Thus, we have 

; h = 0, + 1, ±2, ±3, ... (4.10a) 

and the integrated intensity is given by 

(4.10b) 

Therefore, due to the interference term, we sample the structure factor of a single unit cell at 

equally spaced points in reciprocal space for which k satisfies eq. (4.8). The advantage of 

using aligned bilayers versus vesicles is clearly shown to be the enhancement in sampling 

the structure factor of the single unit cell by the scalar factor N. However, by the same 

token, the drawback is that the unit cell structure factor is only sampled at equally spaced 

discrete points. 

In order to gain the phase information, we look at the structure factor for the unit 

cell 

dr 
Fu(k) = p(x) exp( -i k·x) dx = A(k) + i B(k) . (4.11) 

-d/2 

where A(k) and B(k) represent the real (cosine term) and imaginary (sine term) components 

of the complex quantity Fu(k). We can express Fu(k) in terms of its modulus and a phase 

angle a, 

and 

Fu(k) = IFI cos a+ i IFI sin a 

B 
a= tan-1 A. (4.12) 
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We see from eq. ( 4.10) that the phase information is lost in a diffraction experiment. 

However, aligned multilayers used in this experiment are centrosymmetric, i.e. p(x) = p(-

x). This restriction means that the structure factor is real and given by the cosine term only 

so that B(k) = 0. We therefore have from eq. (4.11) 

d/2 

Fu(k) = J p(x) cos(k·x) dx = IFI cos a 
-d{l 

and, from eq. (4.12), 

a= 0 or 1t. 

We see that the structure factor can have a phase factor of either + 1 or -1. 

(4.13) 

(4.14) 

Assuming we know Fu(27th/d) and their phases, we are then able to reconstruct the 

electron density profile. Because of the repeating nature of the aligned multilayers, it is 

convenient to represent the relation between the p(x) and Fu(27th/d) by a Fourier series 

instead of a Fourier transform. Thus, we use the periodicity of the electron density 

function and expand it in a Fourier series 

00 

p(x) = b(O) + ~ L b(27th) cos (27thx) 
d d h=l d d 

where 

p(x) = p(x+nd) n = 0, ±1, +2, +3, ··· . 

d/2 
27th 27th J 27thx 

b(d) = Fu(d) = p(x) cos(-d-) dx . 
-d/2 

(4.16) 

Therefore, we can determine p(x) from the expansion 

00 

Fu(O) 2 " 27th 27thx 
p(x) = -d- + d LJ (±) IFu(d)l cos (-d-) 

h=l 
(4.17) 
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where the phase factor of each reflection is explicitly shown to be either + 1 or -1. It is 

important to note that the forward scattering direction, k= 0 (or the Fu(O) term), is not 

measured. Therefore, the first term in the series, Fu(O)/d, is undefined. The relative 

electron density is actually what we measure 

00 

- 2 "' 27th 27thx 
p(x) - p = d £.J (±) IFu( d)l cos (-d-) 

h=l 

where 

p = ~ J p(x) dx = J p(x) cos(O) dx = F10) 
-d/2 -d/2 

(4.18) 

Absolute scaling was done as described in section 5.3.5. 

SECTION 4.2 PHASE DETERMINATION 

Phase factor for each Bragg order has already been shown to be limited to the 

values + 1 or -1 because the multilayer specimens are centrosymmetric. How do we 

determine which of these two possible values is correct for each diffraction order 

Fu(27th/d)? By H20 swelling of the specimen, its repeat distanced can be varied. If the 

bilayer structure does not change during this swelling, we would guess that the different 

swelling sets {Fu(27th/d)} with various values of d will map out the continuous structure 

factor Fu(k). Assuming this to be true, the correct phases can then be determined by 

choosing values for which the scaled structure factors fall on a unique continuous curve 

consistent with the minimum wavelength principle (Perutz, 1954). Therefore, in order to 

analyze the data from a swelling series experiment, we need to do the following: 

1) Show that a unique continuous curve can be obtained from all the degrees of 

swelling. 

2) Show that the transform Fu(k) of a unit cell is this unique curve. 

3) Properly scale the different swelling series {Fu(27th/d)} with one another so this 

curve can be reconstructed. 

These three points are addressed in the section titled Blaurock's Scaling Method. But first 

we derive Shannon's sampling theorem. This theorem is used later in the analysis when 

addressing point (3). 
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4.2.1 SHANNON'S SAMPLING THEOREM 

In the field of communication theory it is well known that if a function is known to 

exist only within some specified interval and vanish outside this interval, then its 

continuous Fourier transform can be completely specified by the values which it assumes at 

a set of points equally spaced along the reciprocal coordinate axis (Sayre, 1952; Shannon, 

1949; Blaurock, 1967). Since p(x) as defined in eq. (4.1) is such a function, we can use 

this theorem to reconstruct the continuous structure factor, Fu(k), from {Fu(2nh/d); h = 0, 

+1, ±2, +3, ···}. 

We derive the sampling theorem as follows. We can write a one dimensional 

periodic function with N repeating units and a repeat distance din the form of eq. (4.1) 

where the y and z coordinates are ignored. The Fourier transform of p(x) has been shown 

in eq.(4.5) to result in two terms: an interference term and the Fourier transform of a single 

unit cell. As a result we have from eq. ( 4.1 0) 

IF?~h)l2 "" 1Fu?~h)l2 ; h = 0, ±1, ±2, +3, ··· 

"" I dr p(x) exp(-i k·x) dx 12 
-d/2 

[dl( 2nhx ]2 [dJ . 2nhx ]2 "" J p(x) cos (-d-) dx + p(x) sm (-d-) dx 
-d/2 -d/2 

"" [ b?~h)2 + a?~h)2] (4.19) 

where 

d/r 21th . 2nhx 
a(d) = p(x) sm (-d-) dx , 

-d/2 

dr 21th 2nhx 
b(d) = p(x) cos (-d-) dx. 

-d/2 

Note: We digressed a little here and did not use the centrosymmetry property of the system. 

We keep the sine term here because the algebra is simplified by doing so. 

The coefficients { a(h)} and { b(h)} resemble those of a Fourier series. Therefore, 

we can redefme the periodic function p(x) : 



p(x+nd) = p(x) 
-d d ·-<x<' 2- -2 

53 

; n = 0, 1, 2, ... , oo (4.20) 

where p(x) is now periodic over the entire x-axis. We can express p(x) in a Fourier series 

where 

00 

( ) b(O) 2 "" { b(21th) (21thx) (21th) . (21thx) } p x =-+- L.J -cos-- +a- sm --
d d h=l d d d d 

1 
=d "" (21th) (i 21thx) 

L.J c d exp d 
h=-oo 

21th 21th . 21th -i 21thx df 
c(d) = b(d) - z a(d) = p(x) exp( d ) dx . 

-d/2 

(4.21) 

Since p(x) is real, we also have c(h) = c*(h) = c(-h) [also, a(h) = a(-h) ; b(h) =- b(-h)]. 

Assuming that k is not a whole multiple of 21t/d , we can substitute eq. (4.21) into 

eq.(4.11) [the Fourier transform of a single unit cell] : 

Fu(k) = J p(x) exp( -i k·x) dx 
~ 

dJ (!) ~ { (h) rJ 21thx) } ( . k ) d = -d/2 d h~oo c exp, d · exp -z ·x x 

00 d/f 
"" c(h) ( . [ k·d h ] 2x) dx = L.J d exp -l 2 - 1t ·cr 

h=-oo -d/2 

00 

"" 21th . k·d Fu(k) = L.J c( d) · smc(2- 1th) 
h=-oo 

. sin(x) 
where smc(x) = --. We also have 

X 

lim 
k-+27th'/d 

{ "" (21th) . (k·d h) } = cr.21tdh') L.J c d · smc 2 - 1t , 
h=-oo 

(4.22) 

(4.23) 
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Therefore eq. (4.22) is valid even when k is a multiple of 2n/d. 

We have shown in eq.(4.22) that the continuous structure factor whose Fourier 

transform is given by a function of the form p(x) can be reconstructed if we know the 

structure factor at the reciprocal lattice points, k = 2nh/d ; h = 0, ±1, ±2, ···. 

4.2.2 BLAUROCK'S SCALING METHOD 

Before the different H20 swollen structure factors can be used to help determine the 

phases, they have to be put on the same relative scale. Blaurock (1967), in studying 

myelin, was the first to suggest an appropriate scaling method . 

lamellar 

I~ 
i L dry 

0 D/2 

.....--swelling 

~---+--- fluid, c 

Fig. 4.1 A simplified one-dimensional lamellar model. The structure 
of the lamellar does not change when it is swollen by a fluid which is 
assumed to have a density c. 

swollen 

Consider a one dimensional model lamellar structure as shown in Fig. 4.1. We 

assume that the lamellar can be swollen with an imbibing fluid which has a constant 

electron density, c. We also assume that the imbibing fluid does not modify the lamellar 

structure. The lamellar is periodic in the x direction and the space coordinates 

perpendicular to x are ignored. The periodic electron density function for the unswollen 
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(dry) specimen is again represented by eq. (4.1) (ignoring they and z coordinates) where d 

is the lamellar thickness. We represent the periodic electron density function for a swollen 

specimen with repeat distance D (> d) by 

s(x+nD) = s(x) -D D ·-<x<' 2- -2 ; n = 0, 1, 2, ···, N-1. (4.24) 

The relation between p(x) (given in eq.(4.1)) and s(x), assuming the imbibing fluid has a 

density c, is 

s(x) = p(x) 

s(x) = c (4.25) 

The Fourier transform for a single lamellar is given by eq. (4.11) and, similarly, the 

Fourier transform for a single swollen lamellar is given by 

Su(k) = Df s(x) exp( -i k·x) dx 
-D/2 

-d~2 dr 
= J s(x) exp( -i k·x) dx + s(x) exp( -i k·x) dx 

-D/2 -d/2 

+ Dr s(x) exp( -i k·x) dx 
d/2 

k·D k·d 
= Fu(k) + c · { D · sinc(2) - d · sinc(T) } (4.26) 

where the relations between p(x) and s(x) in eq. (4.25) was substituted. We showed in 

eqs. (4.5- 4.10) that when N is large, the interference terms restrict observable diffraction 

to the reciprocal lattice points k = 21th/D ; h =±1, ±2, ±3, ··· . Diffraction in the forward 

direction was not observed so h = 0 is ignored. Substituting the allowed values for k into 

eq. (4.26) gives 

; h =+1, ±2, ±3, ... (4.27) 
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If d is treated as a variable, then we can set ~ = diD. The redefined variable ~ is 

continuous and varies in the range 0 < ~::; 1. Substituting~ into eq. (4.27) we have 

21th~ 21th~ . 
Su(-d-) = Fu(-d-)- c·d·smc(1th~) ; h =±1, ±2, ±3, ... (4.28) 

Eqs. (4.26) and (4.28) are inconsistent at the origin where h=O. This arises 

because the term c·D·sinc(k·D/2) in eq.(4.26) does not vanish for h=O. Although the 

forward scattering Su(O) is not measured, it is still desirable to have a function which is 

consistent at the origin. In particular, consistency is necessary if we wish to use the 

sampling theorem derived in the previous section to reconstruct a continuous transform. 

Therefore, we wish to define a function, Su'(k), which has Su'(O) equal to the right 

hand side of eq. (4.28); i.e., Fu(O) - c·d = (p - c)·d where p is defined in eq. (4.18). 

Also, Su'(k) should be equal to Su(k) for h i= 0. The inconsistency can be removed if we 

define the imbibing fluid electron density cas a reference level. Therefore, we define 

s'(x) = s(x) - c (4.29) 

which has a Fourier transform 

Su'(k) = Su(k)- c·D·sinc(kf) (4.30) 

Note that eq. (4.30) has the properties Su'(O) = Su(O)- c·D and Su'(21th/d) = Su(21th/d) -

c·d·sinc(1th) = Su(21th/d). If we substitute eq. (4.26) into eq. (4.30), we have 

Su'(k) = Fu(k) - c·d·sinc(~d) (4.31) 

Eq. (4.31) has the desired properties; i.e., Su'(O) = Fu(O) - c·d = (p - c)·d and 

Su'(21th/D) = Fu(21th/D) - c·d·sinc(21thd/D). In eq. (4.31), we see that Su'(k) gives 

values for a unique transform for all degrees of swelling. (Eq. (4.27) and eq. (4.28) are 

valid when Su is replaced with Su'.) 

So far, we have shown that the structure factors for different repeat distances which 

have a fixed concentration c for the swelling liquid lie on a unique curve, i.e. eq. (4.31) 
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(point ( 1) ). The value of this cuzve at the origin reflects the difference ( p - c). Also, this 

cUIVe is equal to the unit cell transform when D=d (point (2)). Therefore, by collecting the 

various diffraction patterns for different swelling states, we can possibly determine phases. 

Since the values Su'(21th/D) for different values of D lie on a unique cuzve, we 

would also expect 1Su'(21th/D)I2 to lie on a single CUIVe, the square modulus of eq. (4.31): 

2 k·d 2 
ISu'(k)l = IFu(k)- c·d·sinc(T)I (4.32) 

From its definition, Su'(k) is independent of the degree of hydration; therefore, we have 

00 

f 1Su'(k)l2 dk =A (4.33) 

where A is the area underneath 1Su'(k)l2. In the previous section, it was shown that a 

function which is zero everywhere outside a finite intezval can be reconstructed by the 

sampling theorem. The function Su'(k) is such a function so we can write 

S '(k) ~ S '(21th) . k·D u = £..J u D · smc(2-1th). 
h=-oo 

(4.34) 

We substitute eq.(4.34) into eq.(4.33) 

00 00 

A = J I L Su'(2~h) · sinc(kf - 7th) 12 dk . 
h=-oo 

(4.35) 

where we made use of the orthogonality property of the function sinc(x) 

00 

f k·D k·D 21t 
sinc(T- 7th') · sinc(T- 7th") dk = 0 8h'h" 

-oo 
(4.36) 

We can rearrange eq.(4.35) 
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(4.37) 

From eq.(4.37) we see that two different swelling states with repeat distances d and D will 

be properly scaled when 

"" I 2Jth 2 or, arbitrarily letting L.. I Su (d) I = 1, when 
h=-oo 

D <cr). 

(4.38) 

(4.39) 

All the data for a particular swelling series are scaled to the data set with the minimum 
N 

measured repeat distance Dmin where we set LISu'(27th/Dmin/ = 1. We approximate 
h=l 

by summing only over the measured integrated diffraction intensities, so the scaling relation 

is 

N 

L I Su'(2D7th) 12 = (DD· ). 
h=l mm 

(4.40) 
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SECTION 4.3 CONNECTION BETWEEN OBSERVED DIFFRACTION 

INTENSITY AND I Fu.fkl.l 

The observed integrated diffraction intensity for the hth order reflection Ih is related 

to the corresponding structure factor Fu(27th/D) ( = Fh) by the relation 

(4.41) 

where Io is the initial x-ray intensity impinging on the sample, L refers to polarization and 

Lorentz correction factors, A5(8) is the correction for sample absorption, ABe(8) is the 

correction for beryllium absorption, S(8)2 is the correction for atomic scattering, B(8) is 

the correction for having a finite vertical slit, and V is the diffraction volume element. A 

correction not explicitly shown in eq. (4.41) was needed to eliminate the 2nd harmonic 

wavelength contamination. Each one of these correction factors are discussed in the 

following sections. Since some of these factors depend on the experimental geometry, it 

suffices to say for now, the method of data collection was 8-28 scans. The geometry is 

described in detail in section 5.1. 

Various articles can be found in the literature concerning some of these corrections 

(Levine, 1973; Yeager, 1977; Franks and Lieb, 1979). 

4.3.1 POLARIZATION CORRECTION 

Since Cu Ka radiation (A. = 1.542 A) and a graphite monochromator are used, the 

radiation impinging on the sample will be partially polarized. The sample itself will also 

partially polarize the radiation before detection. See schematic in Fig. 4.2. 

Let Ao represent the electric vector of the incident x-ray. Also, let its components 

parallel and perpendicular to the plane of reflection be, Ao,ll and Ao,J.., respectively. After 

reflection from the graphite monochromator, the II and j_ components of the electric vectors 

are given by 

AR,II = K Ao,ll cos 28M 

A R,J.. = K Ao,J.. 

where K stands for the diffraction coefficient(= L ). Since we keep the plane of 

(4.42) 



A'R,II 

graphite 
....... ......, monochromator 

8M = 26.5 degrees ....... 

multilayer 
sample 

Fig. 4.2. Schematic showing the polarization of the incident x-ray beam. 
Polarization results from x-ray reflection off of the monochromator and the sample. 

reflection off the sample the same as that of the monochromator, we have 

A'R,II = K' AR,II cos 28 = K' K Ao,ll cos 28M· cos 28 

A 1R,.l = K' AR,.l = K' K Ao,.l . 

The detected intensity is therefore given by 

A'R2 = K'2K 2·(A'R,u2 + A'R,.l2) 

= K'2K2·(Aoi cos2 28M · cos2 28 + Ao,.l2) • 

(4.43) 

(4.44) 
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Since the initial x-ray varies randomly in direction with respect to time, we would expect 

2 1 2 
Ao,u = 2Ao 

2 1 2 
Ao,.l = 2 Ao (4.45) 

'' 
,i'• 

~~~ 
,''; 

!,11
' 
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We can substitute eqs.(4.45) into eq.(4.44) 

(4.46) 

or 
1 2 2 Lpolarization oc: 2 ·(cos 28M· cos 28 + 1) (4.47) 

We see that the relative observed diffraction intensities are attenuated by the factor given in 

eq. (4.47). For a graphite monochromator, SM = 26.5°. 

4.3.2 LORENTZ FACTOR 

The Lorentz factor is a geometric correction which takes into account the different 

amount of time different reciprocal lattice points spend intersecting the Ewald sphere (Arndt 

and Willis, 1966; Jeffery,1971). The correction therefore depends on the measurement 

geometry. If we define ro as the uniform angular velocity of the multilayer sample rotating 

about an axis normal to the plane of incidence, and Vn as the component of the velocity of 

the reciprocal lattice point along the radius of the Ewald sphere, then the Lorentz factor is 

defined as 

(I) 

LLorentz =Vn 
(4.48) 

In our case, we use a 8-28 scan of a one-dimensional system, so the geometry is greatly 

simplified and results in a zeroth-level normal beam equatorial geometry. See Fig. 4.3. 

We see that the linear velocity for which the point Q moves is ro~. Therefore, the angular 

velocity normal to the Ewald circle is 

Vn =~COS 8 . (4.49) 

The sphere has a radius of 1, so 

~ = 2sin 8 . (4.50) 
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Substituting eq.(4.50) into eq.(4.49), we have 

0) 1 
LLorentz =- = -----

Yn 2 SinS COS9 

1 
(4.51) =---

sin 29 

Therefore, we see that the measured diffraction intensities are attenuated by the factor 
(sin29)-1 . 

e 

rotation 
axis 

Fig. 4.3. The Lorentz factor for the zeroth level normal 
beam equatorial geometry. 
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4.3.3 ATOMIC SCATTERING CORRECTION 

The coherent scattering ofx-rays from an atom is described by the atomic scattering 

factor which is defined as the ratio of the amplitude of x-rays scattered by an atom to the 

amplitude of x-rays scattered by a single electron where both scatterers are under the same 

conditions according to the classical theory. The atomic scattering factor is a function of 

the electron density of the atom in question. Since only the hydrogen atom has an exact 

solution for its electron-density function, all wave-functions of the other atoms have to be 

approximated and calculated numerically. The various methods for approximating the 

wave functions are described elsewhere (McWeeny, 1951). Volume 3 of the International 

Tables for X-ray Crystallography contains the calculated atomic scattering factors for all 

atoms and for various scattering angles. 

The atomic scattering factor depends on sin 8()..., where 8 is the scattering angle 

and A. is the incident x-ray wavelength (James, 1982). The highest Bragg reflection 

recorded in our diffraction experiment has sin 8()...- .11 A-1 • Atomic scattering at this 

angle will result in -15-20% correction relative to the lower orders. Therefore, atomic 

scattering is not negligible and it must be included in the intensity corrections. 

4.3.4 BERYLLIUM ABSORPTION CORRECTION 

The incident and diffracted x-rays will transverse the beryllium substrate and in the 

process be attenuated because of beryllium absorption. Since the pathlength through the 

beryllium differs for different angles of incidence, we must correct the diffraction intensity 

of each measured angle for beryllium absorption. Since the beryllium is relatively thick, 

256 Jlm, the x-ray pathlength can be fairly long, in particular, for the first reflection. 

Absorption corrections [both beryllium and sample (see next section)] were applied to each 

measured data point before integrating under each diffraction peak. This was done because 

the beryllium absorption is large and it changes considerably with 8; therefore, beam 

divergence must be considered for each measured data point. 
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Consider a divergent x-ray beam impinging on the sample as shown in Fig. 4.4. 

We defme the following parameters: 

L1 - distance from x-ray source to sample center 

2a5 - length of sample 

2a8 e - diameter of Be foil 

tse - thickness of Be foil 

~Be - linear absorption coefficient of Be foil 

8 - Bragg diffraction angle 

R(8) -diffraction coefficient 

I0 - intensity of incident x-ray beam 

I - intensity of diffracted x-ray beam 

~ -angle between center of x-ray line and x-ray line studied 

s 

~8 -full angular width of x-ray beam. 

t(~) - total path of x-ray line into and out of the beryllium 

L1 

sample 

Fig. 4.4. Geometry for beryllium absorption correction. Because 
the x-ray path length through the beryllium can be large for the lower 
order Bragg reflections, we have to take into account that the incident 
beam is divergent. 

X 
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We defme the incident and diffracted beams as 

'incident' 

(4.52) 

and 

I .1912 

I = -.1912 i(~) d~ 

'diffracted' (4.53) 

where R is defined above and c2 = 2.7726/1182. (We have assumed the incident beam has a 

gaussian profile with full width 118.) If no beryllium were present then 

(4.54) 

The beryllium absorption coefficient is therefore given by 

(4.55) 

We can evaluate the integrals in eq. (4.53) and eq. (4.54) numerically so we only need to 

calculate t(~): 

where 

(4.56) 

t 1 (~) -transmission length of incident x-ray beam through beryllium. 

t2(~) - transmission length of diffracted x-ray beam through beryllium. 



CASE 1 (incident beam): 

Consider a certain x-ray incident line. The equation for the line can be approximated 

L -~ 
y = [ - 1 - - x]- tan e 

sine 

or 

L -~ 
X = - 1 - - y·cot 8 

sine 

Let y1 =0, x1 = L1 ·~ , then 
sine 

(4.57) 

(4.58) 

if lx11 > 3.g, then the x-ray beam line projects outside of the sample and i(~) = 0, 

if lx11 ~as , then we let 

Ll·~ 
Y2 = tBe• x2 = -.- - tBe cote 

sill e 

if x2 ~ -aBe• then we have 

(Y2- Yl) =~ 
sine sine 

and we have 

(y3- Y1) = [ L1·~ + a ]--1-
. 8 . 8 Be 8 Sill Sill cos 

CASE 2 (diffracted beam): 

(4.59) 

(4.60) 
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Consider a corresponding diffracted x-ray beam line. The equation for the line is given by 

or 

y = [ X - Ll·~ ]- tan e 
sine 

L ·~ 
X = y·COt 8 + _l -

sine 

(4.61) 

(4.62) 



Let y1 = 0, x1 = ~1 ·~ , then 
sm e 

if lx11 >as, then i(~) = 0, 

if lx11 ~as, then we let 

(y4- Y1) =--.!lk_ 
sin e sin e 

(4.63) 

L ·~ 
if x4 > aBe• then let Xs = aBe• Y5 = [aBe+ -.-1 -] tan e 

sm e 
and, we have 

t2(~) (Ys- Y1) =[a + L1·~ J.-1-
. 8 Be . 8 8 sm sm cos 

(4.64) 

4.3.5 SAMPLE ABSORPTION CORRECTION & SAMPLE VOLUME 
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X-ray absorption by the sample will depend on the path of the incident and 

diffracted beams through the sample. We let As(8) denote the amount by which the 

intensity is reduced because of absorption. In general, As(S) is given by 

fv exp(-Jl·x) dV 
A 8(8) = V (4.65) 

or, upon rearranging 

As(8) · V = f V exp( -Jl·x) dV . (4.66) 

dV is the diffracting sample volume element, V is the total irradiated sample volume, ll is 

the sample absorption coefficient, and x = t1 + t2 (Arndt and Willis, 1966). Referring back 

to eq. (4.41), we see that A5(8) and V are explicitly given as a product, so we need only 

evaluate the expression on the right hand side of eq. (4.66). 
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We temporarily assume the incident x-ray to have a uniform cross-sectionS and the 

sample to have thickness d and infmite planar extent. See Fig. 4.5. We then have 

fv exp(-IJ.X) dV = _S_f dz exp(~) · exp(~) 
sin 8 0 sin e sin e 

s -2~J:d = -2 · [1 - exp( . ) ] 
J.l. sine 

1 -2J.J:d 
oc -2 · [ 1 - exp( . ) ] 

J.l. sine 

S, beam cross-section 

a1. beam diameter 

X 

d dx, volume element 

I sample 

Fig. 4.5. Geometry for sample absorption correction. In deriving 
As(9), we first assume the incident x-ray to be non-divergent and that the 
sample has infmite extent in the x direction. 

(4.67) 

X 

In deriving eq. (4.67), we assumed that the sample had infinite planar extent 

compared to the incident x-ray beam. This assumption is not necessarily valid; in 

particular, for the 1st order diffraction peak. We must take into account the finite size of 

\ 
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the sample. Therefore, we included eq. (4.67) in the integration over~ used to correct for 

the beryllium absorption (i.e., eq. (4.53)). When carrying out the integration, if the x-ray 

beam falls outside the sample then i(~) = 0. This is a good approximation (-5% error in 

the 1st order) because the sample is very thin -12um. 

4.3.6 CORRECTION DUE TO HARMONIC CONTAMINATION 

Under our experimental conditions (HV = 50 kV; I =180 rnA; Nal scintillation 

detector with SCA system), the 2nd harmonic of Cu Ka (A.= . 771 A) in the incident x-ray 

beam is approximately .2% of the total intensity. Since we are in a small angle regime and 

since our samples use a beryllium substrate, the x-ray transversing the long beryllium 

pathlength will result in the fundamental wavelength (A. = 1.542 A) being absorbed more 

than the harmonic (~1.542A- 2.81 cm-1; ~.771A- .63 cm-1). Therefore, the 2nd harmonic 

contribution to the measured diffraction intensity will not be negligible. In particular, it can 

be as high as a - 20 % correction for the first diffraction order. 

Consider the incident x-ray to consist of Cu Ka. and its 2nd harmonic with their 

percentage of the total intensity given by a and ~'respectively. We can write 

(4.73) 

The measured diffraction intensity of the ith order Bragg reflection is given by 

(4.74) 

where ~1 and ~2 are the absorption coefficients for the Cu Ka. and the 2nd harmonic, 

respectively, and Ai (= 1/10 oc 1Fil2) are the diffraction coefficients of the ith order. From 

eq. (4.74) we can set up an iteration for subtracting out the harmonic contamination. The 

iteration goes as follows: 

lo = lo1 + lo2 = a·lo + ~·10 =(a+ ~)·10 ; a+~= 1 

11' = a·e-ll1·tl ·lo·A1+ ~·e-ll2·ti ·Io·A2 = a·e-lli·ti ·11(81)+ ~·e-Jl2·tl ·12(81) 

12' = a·e-ll1·t2 ·lo·A2+ ~·e-ll2·t2 ·lo·A4 = a·e-ll1·t2 ·12(82)+ ~·e-Jl2·t2 ·4(82) 

13' = a·e-ll.I·t3 . lo·A3+ ~·e-ll2·t3 ·Io·A6 = a·e-ll.I·t3 ·13(83)+ ~·e-Jl2·t3 . 16(83) 

14' = a·e-ll1·l4 ·lo·A4+ ~·e-ll2·t2 ·lo·As = a·e-ll1·l4 ·4(84)+ ~·e-ll2·t4 ·ls(84) 

Is'= a·e-lll·ts ·lo·As = a·e-lli·ts ·ls(8s) 
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I6' = a·e-Jll·t6 ·Io·A6 = a·e-Jll·l6 · I6(86) 

I7' = a·e-Jl1·t7 ·Io·A7 = a·e-Jl1·t7 · 1?(87) 

Is'= a·e-Jll·ts ·Io·As = a·e-Jli·ts ·Is(8s) (4.75) 

We assume that beyond the 4th order that the 2nd harmonic contributions are negligible. In 

our experiment, we observe only 8 orders so we stop the iteration as such. Each intensity 

I2i(8i) can be related to its corresponding value I2i(82i) by 

I2i(8i) = ( 1 +cos2 28i·cos2 53°) . cin 282i )·(Vi) 
I2i(82i) 1 +cos2282rcos2 53° sin 28i V 2i 

(4.76) 

where each of the terms in eq. (4.76) is an angular dependent correction factor already 

discussed. [The last term is the ratio of the irradiated volume elements.] If we set the 

right-hand side of eq. (4.76) equal to K2i, we have 

The harmonic corrected intensities can now be obtained 

Is= ( 1.. )Is'. e Jll·ts 
a 

I7 = ( 1.. )I7'. e Jll·t7 
a 

I6 = ( 1.. )I6' . e Jll ·t6 
a 

Is= ( 1.. )Is'. e Jll·ts 
a 
, eJli·4 [ eJli·ts ~ Is'] 

I4 =4 · ( -) · 1- K4·(-)·(-)·-, 
a eJl2·4 a I4 

(4.77) 
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(4.78) 

Note: The terms in the square brackets of eq. (4.78) are the 2nd harmonic corrections. 

Terms in the square brackets are for integrated (summed under each peak) intensities at 

each order. However, the exponential term outside of the square brackets is due to the 

beryllium absorption correction. Only the terms in the square brackets represents integrated 

quantities and the terms outside of the the square brackets represent each data point under 

the corresponding diffraction peak before integration. 

4.3.7 FINITE VERTICAL SLIT CORRECTION 

If the incident x-ray beam has a angular divergence, E, then the vertical size of the 

Bragg reflections will increase with increasing order. If the sample also has mosaic spread, 

Ttsv, then this effect becomes even more pronounced. In the vertical direction (z-direction) 

the vertical detector slit width, 2r, may be smaller than the width of the Bragg reflection; 

therefore, a correction factor has to be introduced that accounts for the loss in intensity. 

Saxena and Schoenborn ( 1977) developed a method for determining this correction factor 

B(9) given the sample mosaic spread and the beam divergence. The result of their 

calculation is: 

B(S) = lo(2r) 
10 (oo) (4.79) 

10 (2r) represents the observed intensity for a system with vertical detector slits extending 

from z = -r to z=r and 10 (oo) is the same except with no vertical detector slits. The 

observed intensities are obtained by integrating the intensity distribution function over the 

limits of the vertical slits assuming that the incident beam has a gaussian profile: 

r 00 

lo(2r) = J l(z) dz ; and, 10 (oo) = J l(z) dz with 
-r 

'intensity distribution' (4.80) 



where we have defined 

a - 2·R·1lsv·sin 8 

~ =E·R. 

(4.81) 

(4.82) 
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C is a normalization constant, R is the sample to detector distance, e is the angular 

divergence of the incident x-ray beam (half width at half maximum), and Tlsv is half the 

sample mosaic spread (HWHM of an ro-scan). Using eq. (4.79) and eq. (4.80), we 

express B(8) as 

r 

B(8) = (21t)112.(a2 + ~2)1/2. J exp (- 2z2 2 ) dz. 
-r 2(a. + ~ ) 

(4.83) 

We see from eq.(4.83) that the correction factor B(8), if given Tlsv and R, depends one 

only through a as defined in eq. (4.81). 

The correction factor B(S) in our experiment turned out to be negligible. We 

typically have Tlsv -.5°, E- .15°, and R = 635 mm. The largest acceptance correction will 

be less than - .1 % (for intensity of the 8th order). Therefore, the detector was open 

sufficiently wide so as to intercept the whole Bragg reflection for every order. 



V. EXPERIMENTAL METHODS FOR X-RAY 
DIFFRACTION STUDY 

SECTION 5.1 DIFFRACTOMETER 
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The x-ray diffraction experiment was performed on a RIGAKU AFC-5 four circle 

single crystal diffractometer equipped with a RU-200 12kW rotating anode at the Howard 

Hughes Medical Institute, Baylor College of Medicine in Houston, TX. The RU-200 

generator was equipped with a copper anode. A tungsten cathode filament with dimensions 

of 5 x 10 mm2 allowed a point focus of 0.5 x 1.0 mm2 at a 6° take-off angle. Power was 

kept at 9kW (180 rnA, 50 kV). A single flat graphite crystal (0002 reflection plane) 

monochromator with dimensions of 12 x 12 x 2 mm3 was employed. Pinhole collimation 

was used with a .3 mm diameter collimator (located 15mm from sample center). The x-ray 

optical geometry is shown in Fig. 5.1. Sample to detector distance was 635 mm. 

Detector slit dimensions were kept at 22 mm vertical (wide open) and 5mm horizontal. 

Considering the sample mosaic spread (typically .5 - 1.5°) and the point focus size, the 

above detector slit dimensions are optimal (Schmatz et al., 1974). 

A Nai scintillation counter was used for detection. A discriminator was used to 

window (set lower and upper energy limits) the Cu Ka radiation and a pulse height 

analyzer converted output to scalar counts. Instrument control and data collection were 

done using a microvax-II. 

The whole x-ray system was in a room kept at 18.9 ± 0.5 °C. Therefore, all data 

was collected for samples at this temperature. 

SECTION 5.2 SAMPLE MOUNTING & ALIGNING 

Samples were mounted on a goniometer head as schematically shown in Fig. 5.2. 

Also, shown in Fig. 5.2 is the humidity chamber in which alittle H20 (1-2 ml) or saturated 

salt solutions could be added. The x-ray beam center was 17 mm from the base of the 

goniometer head. The flat top, A, was 15 mm from the goniometer base. The sample was 

stuck on a movable platform with double-sided tape and it could be moved vertical with the 

vertical adjustment of the goniometer head. Two of the diffractometer angles where always 

kept fixed: X was set at 90° and <1> was set at -90°. 
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1. x-ray tube 

2. graphite monochromator, 8M = 26.5 degrees 

3. automatic attenuator 
4. beam collimator, .3mm diameter at L 
5. X circle 
6. detector slits, 22mm vertical (out of page), 5mm horizontal 
7. detector, Nal scintillation counter 

Fig. 5.1 Schematic of x-ray optical geometry. 

dimensions 

S- M: 116mm 
M -C: 245mm 
L- C: 15mm 
C -R: 635mm 
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There are two steps in aligning the sample: (a) making sure that the incident beam is 

exactly parallel to the plane of the sample at 8=()<>, and (b) making sure the sample is in the 

center of the incident x-ray beam. During these steps, the humidity chamber was removed 

and placed on after alignment completion. 

First, we consider step (a). We close down the horizontal detector slit to< .5 mm. 

We measure the direct beam Io without sample; ro = 0, and 28 = 0. We then mount the 

goniometer plus sample and vertically move it into the x-ray beam until the direct beam (I) 

is attenuated to -1% ( =~). This should be roughly the sample center. We set the detector 

angle (28) at 0° and perform an ro scan from -1° to 1°. If the beam is parallel to the sample 

plane then the ro scan should have a peak at 28 = 0°. See Fig. 5.3. The height is adjusted 

until this condition is met 



goniometer /head sample beryllium 
fill plug 

mJlar window 
/ _ humidity ._ ....... .,..., 

- -~ aluminum 

_I H20 or 

15mm from bottom goniometer to ftxed platform top 
drain plug 

~ .... 
16.5mm from bottom of goniometer to beam center 
~ .... 

Fig. 5.2. Sample on goniometer head. The plane of incidence would be out of 
the page. X-rays enter the chamber through two mylar windows. 
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Consider step (b). We already roughly have the sample in the center of the x-ray 

beam from step (a). We would expect if the sample is properly centered that all diffraction 

peak centers will be related by Bragg's law: nA. = 2Dsin 8. If it is improperly centered 

then we would see a systematic deviation from Bragg's law. See Fig. 5.4. Deviations 

would be less troublesome for the higher order reflections than for the lower orders. We 

open up the horizontal detector slit a little(- 1 mm) and perform a 8-28 scan around the 

first Bragg reflection. The same is done for a higher order; typically, the 6th order. By 

comparing the repeat distances calculated from the two orders we can adjust the sample 

height into the x-ray beam appropriately. After step (b) is complete, an ro scan of the direct 

beam is redone as was done in step (a). If the center of the ro scan has changed then the 

goniometer head is readjusted and step (b) repeated. 
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(A) 4 z direction 

.... 

.... 
incident 

I ( £gxllium ) 

"sample 

I~ 

1
1 ~detector 

x-ray 

(B) 

incident 
x-ray 

.... 
incident 
x-ray 

BE+ sample 

Not aligned Aligned 

Fig. 5.3. (A) If the sample is properly aligned on the goniometer head, then the 
incident x-ray should be parallel to the plane of the sample. (B) If the sample is not 
aligned, then an ro scan about the direct beam, 29=0, will be off center. On the 
otherhand, an aligned sample will be centered. 

Since we used the same beryllium piece for all samples and all samples were 

supposedly under identical conditions, we only need to do step (b) for one sample. After 

this sample is aligned, we set the diffractometer angles to co= 0 and 28 = 0. We again 

close down the horizontal slit to < .5 mm and measure the the direct beam both with Clo) 

and without (I) the sample present. The ratio 1/10 should be the same for all samples. 

Therefore, we need only perform step (a). We found for our samples that if 10 is 27000 

counts then I should be approximately 270 counts for properly aligned samples. 



incident x-ray 

z direction 

I sample 
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~ detector position 

~ 
too high 

centered 

too low 

Fig. 5.4. If the sample is centered properly in the direction normal to the bilayer planes (z-direction), then 
all Bragg orders will give the same repeat distance, D = nA/(2sin6n). If the sample is too high, then lower 
order Bragg reflections will give values forD which are systematically smaller than the true value (detector 
will be at some position B larger than the correct position A). [The error becomes less of a problem as you 
go to higher orders.] The opposite happens if the sample is too low; D values for the lower order Bragg 
reflections will then be systematically larger than the true value (detector will be at some position C smaller 
than the correct position A). 

SECTION 5.3 DATA COLLECTION & REDUCTION 

5.3.1 INCIDENT X-RAY BEAM PROFILE (GAUSSIAN FIT) 

Since we assumed the incident x-ray beam to be slightly divergent and to have a 

gaussian profile (i.e., eq. (4.51)), we need to know its actual profile. The profile is given 

in Fig. 5.5 along with its gaussian fit. The profile was measured with a 28 scan under the 

same geometric conditions as used during sample data collection. The measured 28 angle 

values were converted to the~ angle values by using the geometry depicted in Fig. 5.6. 

The x-ray focal point and the distance from this point to the sample L1 were also 

determined from Fig. 5.6. Fitted parameters were: x-ray center, ~o = .31 mrad, and full 

width at half maximum, !::..8/2 = 5.4 mrad. L1 was calculated to be 40.8 mm. 



78 

X>< 

X 

15 

/~ 

C0 
I 
0 
-r-1 

10 
~ 

'-"' 

Pl 
......_,J 
• r--1 

r.n 
!=! 
Q) 5 

-+-> 
!=! 
·~ 

0 ~~~~~~L_~~_L_L~~L-~~~~ 
-0.010 -0.005 0.000 0.005 0.010 

~ (radians) 

Fig. 5.5. Incident x-ray beam. Beam profile was fit with a gaussian function. Fitted parameters were: 
x-ray center,~ = .31 mrad, and full width at half maximum, .M = 6.9 mrad. See eq. 4.52. 
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Fig. 5.6 Since the incident beam is divergent, we fit it with a gaussian. See Fig. 5.5. The 
gaussian is fit with respect to the angle,~. We therefore convert the measured 29 angles into~ 
angles which are measured from the focal point P to the detector. From the above geometry this is 
easily done. 

L1 = x + 15 mm = 40.8mm, where 

x = L/2 · [L/2 + R·cos(L19/2)]/[R·sin(L19/2) - L/2] 
and, 

~=arctan (R·sin(29)/[Ll+R]). 

Here we defined 119 as the full width. 

5.3.2 ro SCAN (MOSAIC SPREAD, 2·1lsv) 

After the sample is aligned, an ro scan is performed on the 4th order reflection. The 

sample is considered OK if the ro scan is fairly symmetric after correction for the irradiated 

volume element. Also, the full width at half maximum (FWHM) should be around 1.5° or 

less. The FWHM of the ro scan will be determined by the convolution of the incident 

beam profile (Fig. 5.5) and the mosaic spread of the sample (assuming detector slits wide 

open). If both the incident beam and the mosaic spread of the sample are assumed to be 

gaussian, then the convoluted profile will also be gaussian with a FWHM given by 

(~82+4Ttsv2) 1'2 where ~e and 2Ttsv are the FWHM of the incident beam and sample 

mosaic spread, respectively. ~e was measured to be - .4° (see Fig. 5.5). 
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A quick 8-28 scan of the 1st order reflection is performed. Counts should be 

greater than- 3000 counts/sec. If the 1st order is weaker than this, then the higher orders 

will be extremely weak; in particular, the 7th and 8th order reflections would be 

unmeasurable. 

5.3.3 DATA COLLECTION (9-29 SCANS) 

The humidity chamber is placed on the goniometer head plus sample and alittle H20 

added to the chamber resulting in 100% r.h. at 18.9 °C. The 8-28 scan data collection 

was performed as follows: The sample hydration typically begins high(- 48 A repeat 

distance). The humidity control in the chamber was such that the sample was allowed to 

slowly lose H20 so that the repeat distance decreased approximately 5 A in 48 h. The 8-28 

scans were repeated every- 3.7 h. To control the relative humidity, after the first couple of 

scans the H20 in the chamber was replaced with a saturated N aCl salt solution. This gives 

approximately 79% r.h. at 18.9 °C (O'Brien, 1948). Another couple of scans are 

performed. The humidity chamber is then removed (- 50% r.h. at 18.9 °C) and the 

remainder of the scans are completed over a 20 - 30 h interval. The time interval depends 

on the quality of the sample, i.e., radiation damage, air bubbles creeping into the sample, 

LC defects increasing, mosaic spread changing, etc... Each 3.7 h scan samples the 

structure factor at a different repeat distance. The repeat distance never decreased more 

than 1% during each 3.7 h scan. The 3.7 h scans were broken up into 3 sets. Each set 

was 1.23 h long and they were averaged at the end of the entire 3. 7 h scan. Each 1.23 h 

scan was further broken up into 2 scan regions. For all GA/DLPC samples with and 

without salt, the first scan region covered the peaks 1-4 and the second region covered 

peaks 5-8. Longer time was spent scanning peaks 5-8 because the peaks were so weak. 

We usually scanned with the following angular settings: 

1st scan range - 10 s spent on each collected data point 

beginning angle: 28=.8°,8=.4°,X=90°,cj>=,..90° 

ending angle: 28=9 .2° ,8=4.6° .x=90° ,cj>=-90° 

increment size: .128=.1 ° ,.18=.05° ,.1x=0,.1cj>=O 

2nd scan range - 40 s spent on each collected data point 

beginning angle: 28=9.2°,8=4.6°,X=90°,cj>=-90° 

ending angle: 28= 18.2° ,8=9.1 o .x=90° ,cj>=-90° 
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increment size: 

Of course, in the case of DMPC/cholesterol (3/2) the settings were different since the 

structure factor and repeat distance range are different. In this case, the 1st range covered 

peaks 1-7 and the 2nd range covered peaks 8-13. 

5.3.4 DATA REDUCTION 

Each 3. 7 h scan was reduced as follows: Background was removed by fitting the 

between peak background data with a variable knot spline routine from the IMSL library. 

Typically from 7-9 knots were used. The spline fit was extrapolated under each peak and 

subtracted. The absorption (both for beryllium and sample) corrections plus volume 

element described in section 4.3 were applied at each collected data point. After these 

corrections, each peak was fit with a gaussian function. The areas under each gaussian fit 

(product of the height times the width) were taken as the partially corrected (only 

absorption correction) integrated intensities. The remaining corrections were then applied 

to each integrated peak to give the corrected integrated intensities 1Fhl2. 

The 1Fhl2values for each 3.7 h scan (different repeat distance) were then scaled by 

using the Blaurock scaling method described in section 4.2. The phases are easily 

determined since, when gramicidin or cholesterol is present at the high ratios used in our 

experiment, the bilayer structure remains approximately the same despite the hydration 

change. Therefore, within the hydration range the scaled 1Fhl2 values fall on a single 

smooth curve and appropriately satisfy the minimum wavelength principle (Perutz, 1954; 

Franks and Lieb, 1979). 

5.3.5 ABSOLUTE SCALING 

Difference electron density profiles were used to determine the thallium distribution 

in the gramicidin channel. Therefore, the two profiles, GA/DLPC samples with and 

without thallium, were put on the same absolute scale before taking the difference. [Note: 

Even if the two profiles are not scaled together, the location of the thallium binding sites is 

unaffected. The absolute scale, however, does give the true thallium distribution across the 

whole repeat distance and allows easier data presentation.] If the total number of electrons 

and the total volume of a single unit cell is known, then we can scale the area under an 

electron density profile and thereby put it on an absolute scale. The relative electron density 
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profile, Pr would be related to the absolute electron density profile,pa , by Pa=c·pr+b. To 

determine the two constants b and c, we need to know the composition of the sample (#of 

electrons), the molecular areas (along the plane of the membrane) of lipid and gramicidin, 

and the value of Pa at one point, e.g., the density minimum at the bilayer center. The 

following values and assumptions were made for determining the number of electrons, 

molecular area and volume of a unit cell: 

1) The number of electrons per molecule of DLPC, GA, and HzO is 342, 1011, 10, 

respectively. 

2) The volume per molecule of DLPC in the La phase, GA (crystal) and HzO is 992 

A3, 3096 A3 (GA without ions) 3259 A3 (GA with CsCl), 29.9 A3, respectively. The 

volume for DLPC was taken from the data of Knoll (1981). The volume for GA without 

ions was taken from Lang (1988) and GA with CsCl from Wallace and Ravikumar (1988). 

3) When DLPC/GA (10/1) membrane is relatively dry at 18.9 °C, we have Dmin = 

41.5 A (this is roughly the headgroup to headgroup distance). We assume one DLPC 

molecule has 3 HzO molecules associated with it (8% HzO by weight), the cross-section 

for the DLPC molecule is then roughly 2·(992 A3 + 29.9 A3 x 3)/41.5 A= 52.1 A2. 

4) The length of the GA dimer in membrane is 26 A (Urry, 1971). 

5) Assuming the volume of GA in membrane is about the same as the crystals, the 

cross sectional area is about 250 A 2. 

6) The area parallel to membrane surface per GA/DLPC unit is then - 52·10 + 250 

=770A2. 

7) We assume there are 10 HzO molecules in the channel of GA dimer and HzO 

fills all of the outside of the mouth of the GA channel. 

We have the following number of electrons for each sample type for different repeat 

distances, d: 

i) pure DLPC, 
10 52 

electron# = 342 + 30 + y(d-41.5)·29.9 = 372 + 8.70·(d-41.5) 

ii) GA/DLPC (1/10), 
10 250 10 770 

electron# = 3420 + 300 + 2·(41.5-26)·29.9 + 2 ·(d-41.5)-29.9 

= 5429 + 128.8·(d-41.53) 
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iii) K+JGA/DLPC/K (1.5/1/10) {potassium as acetate salt, 42 electrons), 
10 250 10 770 

electron# = 3420 + 300 + 42·1.5+ 2·(41.5-26)·29.9 + 2 ·(d-41.5)·29.9 

= 5492+ 128.8·(d-41.53) 

iii) n+JGA/DLPC/K (1.5/1/10) {thallium as acetate salt, 104 electrons), 
10 250 10 770 

electron# = 3420 + 300 + 104+ y(41.5-26)·29.9 + 2 ·(d-41.5)·29.9 

= 5492+ 128.8·(d-41.53) 

From the above information, we estimated the electron density at the center of the bilayer, 

Pa. to be 0.22 electrons/A3. This value assumes that there are no ions in the center of the 

bilayer. Since the central regions of the bilayers for all gramicidin containing samples were 

the same within error (see results in chapter VI), we took this to validate our assumption 

that there are no ions in the bilayer center and to justify our choice of the same p minimum 

for all samples. We determined the constants c and band used numerical methods to scale 

appropriately the area beneath the relative electron density profiles. 

SECTION 5.4 DMPC/CHOLESTEROL (3/2) fSTANDARDl 

Cholesterol is a common constituent of mammalian membranes. In particular, 

nerve cell membranes contain as high as 40% (molar) concentrations of cholesterol (Hubbel 

and McConnell, 1968; Camejo et al., 1969; DeVries, 1976). Plasma membranes also have 

about the same high cholesterol content (Camejo et al., 1969; DeVries, 1976). Because of 

its preponderance in membrane systems, many research endeavors have tried to learn what 

role cholesterol plays (see Oldfield and Chapman (1972) for a good review). Cholesterol 

has been shown: (1) to buffer the bilayer thickness regardless of lipid chain length 

(Mcintosh, 1978), (2) to lower and broaden the gel-La. transition temperature relative to 

the pure lipid case as well as lower the heat of transition (Oldfield and Chapman, 1972; 

Darke et al., 1971), and (3) to limit H20 penetration into the hydrocarbon chain region 

(Simon et al., 1982). Overall, cholesterol acts as a lipid stablizing element, i.e., it buffers 

thickness, maintains fixed fluidity of bilayer in La. phase, etc ... 

Because of the physiological significance of a cholesterol containing membrane 

system, Franks and Lieb (1979) studied hydrated DMPC/cholesterol (3/2) stacked 

multilayers used x-ray diffraction methods. They were able to reconstruct the one-
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dimensional electron density profile (- 4 A resolution) of the bilayer. They were interested 

in the effects general anaesthetics have on the bilayer structure; see note below. The data 

presented by Franks and Lieb are of very good quality, so we decided to use their sample 

type and reconstructed profile (without anaesthesia present) as a standard check for our 

correction computer program. In our case, the use of a beryllium substrate results in a 

large correction due to the beryllium absorption. This is an extremely large correction and 

using a standard as a check gives us confidence that it was done correctly. 

In the following pages, we present the DMPC/cholesterol (3/2) data as an example 

to show the typical data reduction steps and we compare our results with those of Franks 

andLieb. 

In Fig. 5. 7, we show the ro scan of the 4th Bragg reflection. Sample repeat 

distance was 57.39 A. Mosaic spread for samples were usually less than 1°. Fig. 5.8 

shows a typical 8-28 along with the 7 variable knot spline fit for background removal. 

Notice that there is a relatively large background signal around the first order which tapers 

off as you go to higher scattering angle. This comes from specular reflection off of the 

beryllium surface as well as small-angle scattering from the sample. We always closed the 

horizontal detector slit down such that the background around the 1st reflection was less 

than 1% of the signal. Fig. 5.9 shows the data after background 

removal and beryllium and sample absorption corrections (also sample volume element) 

applied. We detected 13 orders which translates to -4 A resolution. The gaussian fits to 

each of the reflections is given in Fig. 5.10. The height times the width (FWHM) gives the 

integrated intensities for each of the peaks. The remain corrections were then applied to 

each of the peaks to given the corrected integrated intensities, 1Fhl2. The hydration series is 

given in Fig. 5.11 in terms of the various intensities 1Fhl2. The various data for the 
different repeat distances were scaled together using Blaurock's scaling method, t 1Fhl2 = 

D/Dmin where Dmin = 51.34 A was the minimum repeat distance measured. The phase for 

each of the reflections of the structure factor is either + 1 or -1. The continuous structure 

Note: They ascertained the affects general anaesthetics (nitrous oxide, halothane, and cyclopropane) have 
on the bilayer structure. Electron density profiles were constructed for bilayers both exposed and not 
exposed (control) to each of the anaesthetics. They found that at physiological concentration levels (1 
atmosphere) that the anaesthetics had no effect on the bilayer structure. This is contrary to what most 
theories on how general anaesthesia work would predict. Only at extremely high concentrations (30 - 50 
times surgical dosages) did the anaesthetics have an effect on the bilayer in which case detailed structure was 
washed out 



85 

factor is mapped out as shown in Fig. 5.12. Since the bilayer structure does not change 

much with the different hydration levels, the curve is fairly smooth. In Fig. 5.13, three 

different reconstructed 

density profiles are given for three different repeat distances. A is 55.90 A, B is 53.32 A, 
and C is 52.02 A. Notice that the lower the H20 content the more ordered the same 

becomes; in particular, the head group region is less washed out. Finally, in Fig. 5.14, 

we compare the profile from Franks and Lieb (dotted line) with our result (solid line). 

Their repeat distance was 51.79 A and ours was 52.02 A. The profiles are the same within 

error and the integrity of our correction computer program is proven. 



FWHM = .56° 

1 2 3 4 5 

CJ (degrees) 

Fig. 5.7. The ro scan of the of the 4th order Bragg reflection of DMPC/cholesterol (molar ratio: 3/2). 
The ro scan was run immediately after the sample was aligned when the sample was still fully hydrated. 
The sample mosaic spread is 2·1'\sv- .390. Repeat distance is 57.39 A. 
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Fig. 5.8. A typical 9-29 diffraction pattern (dotted line) of the DMPC/cholesterol sample. The 
background was removed by fitting it with a 7 variable knot spline function from the IMSL library (solid 
line). Repeat distance was 52.02 A. 
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Fig. 5.9. The partially corrected intensity data of the raw data shown in Fig. 5.8. Corrections for 
beryllium and sample absorption, 2nd harmonic, and volume element were applied to each collected data 
point as described in chapter IV. Inlet A shows orders 9 through 13. 
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Fig. 5.1 0. The partially correction data in Fig. 5.9 were then fit with a gaussian function (solid line). 
The total integrated intensity for each peak was taken to be the height multiplied by its width (FWHM). 
The remaining corrections (Lorentz, polarization, atomic scattering, and vertical slit) were applied to each 
diffraction order after the integration. Inlet A shows orders 9 through 13. 
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Fig. 5.11. The hydration series given in tenns of the relatively corrected intensities, 1Fhl2. Each of the 
various hydration states i (repeal distance Dj) were scaled together using Blaurock's scaling method, t 1Fhl2 

= Di/Dmin where Dmin = 51.34 A. was the minimum repeat distance measured. The various hydration 
states map out the square of the continuous structure factor. The various peaks for each hydration state can 
have a phase of either +1, -1 or 0 because the system is centrosymmetric. The phase will change signs 
only if the structure factor crosses zero. Inlet A shows orders 9 through 13. 
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H20 swelling states. The different swelling states were scaled together as described in the figure caption of 
Fig. 5.11. Since cholesterol is present, the bilayer structure remains approximately the same despite the 
hydration change; therefore, within this hydration range the data points fall on a single smooth curve 
(Shannon's sampling theorem) and appropriately satisfy the minimum wavelength principle (Perutz, 1954; 
Franks and Lieb, 1979). 
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Fig. 5.13. The reconstructed electron density profiles for three different repeat distances: A, 55.90 A; B, 
53.32 A; C, 52.02 A. Note that the cholesterol buffers the bilayer thickness (head group -to- head group 
distance remains the same regardless of degree of hydration). Also, when the sample loses water the various 
peaks become better resolved due to the decrease in disorder. 
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Fig. 5.14. Comparison of our electron density profile (solid line) with the profile measured by Franks 
and Lieb (1979) (dotted line). Our repeat distance was 52.02 A and theirs was 51.79 A. The profiles are the 
same within error and the integrity of our data reduction computer program is validated. 
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Typical 8-28 scan for pure DLPC is given in Fig. 6.1. The repeat distance was 

45.13 A. This shows 9 orders and usually 9-11 orders were recorded. The mosaic spread 

was around .7o. 

In Fig. 6.2, the structure factors for the various swelling states does not lie on a 

single curve because the lipid structure changes with hydration. This makes phasing of the 

higher orders difficult. Also, the sample could only be swollen from -45 A to -47 A and 

the structure factor was therefore not sampled very well. However, the phase of each 

diffraction order could be determined by using three methods: 1) Square well models were 

constructed and the phases obtained for these models can be used, 2) the phases can be 

systemically changed and the electron density profiles constructed to see if the electron 

density profile changes in a physical or unphysical way, and 3) samples with gramicidin or 

cholesterol which had no phase determination problems can be used as a guideline for 

phasing the pure DLPC since the structures are similar in many respects. 

Fig. 6.3 shows the constructed electron density profiles of the bilayers for three 

different degrees of hydration. The top curve (A) is the wettest with a repeat distance of 

47.31 A, the middle (B) has 45.98 A, and the bottom (C) has 45.13 A. The change in the 

bilayer structure is more evident here. The structure is what would be expected for a 

bilayer construction with the two peaks, due to the high electron density polar headgroup 

regions (-.45 electrons/A3), being separated by a low density region, due to the lipid chain 

region (-.27electrons/A3) and the methyl groups (-.17 electrons/A3). As the sample loses 

H20, the phosphate-to-phosphate distance increases. This makes sense since the bilayer 

carbon region becomes more ordered and thus the carbon chains become more extended on 

the average. The dryer samples also have less disorder over the whole unit cell and the 

glycerol backbone of the lipid is starting to be resolved and appears as a shoulder to the 

phosphate groups. The methyl groups also are more localized and appear as a narrower 

trough for the dryer samples. 

Fig. 6.4 is the pure DLPC profile put on an absolute scale for a repeat distance of 

45.13 A. 
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SECTION 6.2 GRAMICIDIN/DLPC 

Typical 8-28 scan for gramicidin/DLPC (molar ratio 1/10) is given in Fig. 6.5. 

The repeat distance was 43.4 A. 8 orders were recorded. The mosaic spread was around 

.40. 

In Fig. 6.6, the structure factor for three different samples were scaled together 

using Blaurock's scaling method where Dmin = 41.88 A. The phases were easily 

determined. Since the structure factors for all repeat distances fall on one curve, we 

conclude that gramicidin at this concentration buffers the bilayer thickness regardless of 

degree of hydration. This is quite amazing but reasonable since gramicidin in the channel 

state has a fix length (-26 A) and it would completely span the bilayer. 

Three difference electron density profiles (A: 47.02 A, B: 44.74A, C: 41.87 A) are 

shown in Fig. 6.7. Note that the phosphate-phosphate distance does not change with 

hydration. For the wetter sample, gramicidin appears to stabilize the bilayer by fixing it as 

similarly done when cholesterol is present (liquid ordered state). On the other hand, the 

dryer sample appear to be a little more disordered when compared to the pure DLPC sample 

since the methyl groups are not localized as well. 

SECTION 6.3 Kt/GRAMICIDIN/DLPC 

Typical 8-28 scan for K+Jgramicidin/DLPC (molar ratio 1.5/1/10) is given 

in Fig. 6.8. The repeat distance was 43.4 A. 8 orders were recorded. The mosaic spread 

was around .9o. 

In Fig. 6.9, the structure factor for two different samples were scaled together 

using Blaurock's scaling method where Dmin = 42.39 A. The phases were easily 

determined. The data falls on a continuous curve. 

Three difference electron density profiles (A: 45.92 A, B: 44.26A, C: 42.39 A) are 

shown in Fig. 6.10. 

SECTION 6.4 TLt/GRAMICIDIN/DLPC 

Typical 8-28 scan for TL +fgramicidin/DLPC (molar ratio 1/1/10) is given in 

Fig. 6.11. The repeat distance was 43.4 A. 8 orders were recorded. The mosaic spread 

was around .so. 
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In Fig. 6.12, the structure factor for five different samples were scaled together 

using Blaurock's scaling method where Dmin = 42.19 A. The phases were easily 

determined. The data again falls on a continuous curve. 

Three difference electron density profiles (A: 47.89 A, B: 45.06 A, C: 

42.19 A) are shown in Fig. 6.13. 

SECTION 6.5 DIFFERENCE PROFILES 

Fig. 6.14 shows the reconstructed electron density profiles for the three different 

types of samples (no ions, with TL +, with K+) at four different repeat distances. Repeat 

distances were A: 42.5 A, B: 43.4 A, C: 44.8 A, and D: 45.8 A. All profiles were put on 

an absolute scale as described in chapter V. 

Fig. 6.15 shows the difference between samples with K+ and no ions thus giving 

the K+ distribution. Four different repeat distances are given as described in the figure 

caption. Since excess potassium acetate was added (molar ratio: 1.5/1: K+fpeptide) in 

order to guarantee that - 80 % of the gramicidin binding sites would be occupied, we 

would expect slightly more than half of the potassium to be in the water region between 

bilayers. This is clearly seen to be the case, with the electron density being large at -20 A 
where the water layer is located. If we take the maximum peak positions of the two peaks 

within the channel to be the binding site centers, then the potassium would be located at 

-10.2 A from the channel midpoint. Because of the excess potassium in the water region 

the maximum peak position of the two peaks would be skewed away from the channel 

midpoint. Therefore, taking the maximum of the peaks as the binding site location would 

be an overestimation. 

Fig. 6.16 shows the difference between samples with II+ and no ions thus giving 

the TI+ distribution. If we take the maximum peak positions of the two peaks within the 

channel to be the binding site centers, then the thallium is found to be located at 9.4 ± 0.4 A 
from the channel midpoint This value was arrived at after analysis of the data for all repeat 

distances and all possible combinations of samples. [The location was the same regardless 

of the degree of hydration.] The uncertainty of 0.4 A was the actual maximum spread of all 

analyzed data and not a statistical uncertainty. The statistical uncertainty would be± 0.2 A. 
Fig. 6.17 shows the difference between samples with II+ and K+ again giving the 

II+ distribution. The maximum peak positions of the two peaks in the channel give the 

same binding site as in the case where the no ion sample type was subtracted. 
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SECTION 6.6 CONCLUSION 

Eight years ago, the 13c chemical shifts measurement (6) placed the ion-binding 

site approximately one-third of the way from C0-11 to C0-13. However, until now, the 

coordinate of this position (that is, its distance from the midpoint of the channel, or the 

distance between the two symmetric binding sites) was not clear. There was no 

experimental measurement particularly sensitive to this distance. The value of -10.5A was 

suggested by Andersen et al. (1981) from a kinetic analysis. The most often used values in 

the literature, 11-11.5A, are the distances deduced from the ideal models of the Urry 

structure (Urry et al., 1982a,b; Koeppe and Kimura, 1984). Our result of 9.4 ± 0.4 A for 

the binding site location indicates that the actual structure deviates significantly from such 

an ideal form. 

Urry, in proposing the single-stranded ~6.3 helical structure for the gramicidin 

channel, considered its structural flexibility an important factor (Urry, 1971). 

Conformational analyses show that the peptide backbone lies in a flat low-energy region of 

the potential surface (Urry, 1971; Ramachandran and Chandrasekharan, 1972; 

Venkatachalam and Urry, 1983, 1984). When molecular dynamics are performed on a 

model channel that includes all degrees of freedom, the results indicate that it is indeed a 

very flexible system (MacKay et al., 1984; Roux and Karplus, 1988). However, a 

complete study on the flexibility of the channel has not been performed; most of the 

molecular simulations used a rigid or nearly rigid model channel (see references in Roux 

and Karplus (1988)). Because of the finiteness of the helix and the interactions between 

the side chains, the energy minimized structure, even in the absence of ions, is substantially 

different from the ideal ~6.3 helix (Chiu et al., 1989; Roux and Karplus, 1988). In the 

ideal helix all the carbonyls and the amide planes are parallel to the helix axis. In energy 

minimized structures and dynamics averaged structures there is a general displacement of 

the carbonyl oxygens towards the center (Chiu et al., 1989; Roux and Karplus, 1988). 

This is most noticeable at the mouth of the channel in the structure shown by Roux and 

Karplus (1988). The last six amide groups (Leu-10 to Trp-15) are hydrogen-bonded only 

to one neighbor, so they are particularly deformable; in the energy minimized structure the 

mouth bends in to close partially the channel entrance. From this ion-free structure the 

helix further deforms to accommodate a Tl+ bound between the carbonyls of Trp-11 and 

Trp-13 on both ends of the channel. Mackay et al. (1984) found that when a cation is 

placed at the center of the channel where the two monomers join head-to head, the adjacent 
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carbonyls bend toward the ion by as much as 600. We expect as much or more 

deformation to occur at the end of the channel in response to a cation binding. 

The flexibility of the gramicidin channel might account for its gating mechanism that 

transmits cations and blocks anions. A qualitative picture is as follows. At the mouth of 

the channel, there are, in the ideal ~6.3 form, three unbonded carbonyl oxygens directly 

pointing toward the outside of the channel (Trp-11, Trp-13 and Trp-15). For the ion

binding site to displace 1.2A or more (from its position in the ideal helix) toward the 

midpoint, we expect deformations throughout the channel--in particular, we expect the 

three carbonyls to bend in and essentially close the entrance to the channel. Thus at each 

end of the channel the mouth is a negatively charged one-way gate that only opens to the 

outside. In the absence of a bound cation, the gate is partially closed. When a cation 

approaches the entrance from the outside, the coulomb force between the cation and the 

carbonyl oxygens would tend to open the gate. As the cation falls into the binding site, the 

gate would close behind it by the attractive force. On the exit side, the external field can 

push the cation through the gate by forcing it to open. On the other hand, the field of an 

anion approaching the entrance from outside would tend to push the gate to close it. 

Therefore an anion cannot enter the channel. 
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Fig. 6.1. Typical e-2e scan for pure DLPC multilayers. Inlet A is an ro scan of the 4th order reflection 
with a FWHM of- .8°. Repeat distance is 45.13 A. 
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Fig. 6.2. Structure factors for various H20 swelling states for pure DLPC. The structure of the pure 
lipid changes with hydration. Therefore, phasing is not as straight forward as with samples which contain 
gramicidin or cholesterol. Phasing was done as described in the text 
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Fig. 6.5. Typical 9-29 scan for gramicidin/DLPC (molar ratio: 1/10) multilayers. Inlet A is an ro scan 
of the 4th order reflection with a FWHM of- .6°. Repeat distance is 43.4 A. 
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Fig. 6.8. Typical 9-29 scan for K+/gramicidin/DLPC (molar ratio: 1.5/1/10) multilayers. Inlet A is an 
ID scan of the 4th order reflection with a FWHM of- 1.00. Repeat distance is 43.4 A. 
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ro scan of the 4th order reflection with a FWHM of- .6°. Repeat distance is 43.4 A. 
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Fig. 6.17. Difference electron density profiles between samples with n+ and samples with K+. This 
should also give then+ distribution. Four different repeat distances are shown: 42.5 A (solid line), 43.4 A 
(dotted line), 44.8 A (dashdotted line), 45.8 A (dashed line). Regardless if samples with K+ or without salt 
are subtracted, the binding site of n+ is still found to be 9.4 ± 0.4 A from the midpoint of the channel. 
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APPENDIX 

The optical theory behind the interaction of matter and light is based on two 

foundations; Maxwell's equations, 

1 . 41t 
VxH--D=-J· 

c c ' 
1 . 

VxE--8=0 
c ' 

V · D = 41tp, 

V·B =0, 

and, the material equations, 

j=crE, 

D =EE, 

B=J.l.H. 

(A.l) 

(A.2) 

(A.3) 

(A.4) 

(A.5) 

(A.6) 

(A.7) 

The material equations (A.5-7) are those for an isotropic material. In general, a crystal or 

liquid crystal sample is not isotropic. If we assume that the crystal is homogeneous, non

conducting (a= 0), and magnetically isotropic and allow only electrical anisotropy, then 

electrical excitation depends only on the direction of the electric field. In general the vector 

D will no longer be in the same direction as E and assuming Dis linearly related toE, we 

have 

Dx = Exx Ex + Exy Ey + Exz Ez, 

Dy = Eyx Ex + Eyy Ey + Eyz Ez , 

Dz = Ezx Ex+ Ezy Ey + EzzEz · 

Rewriting in tensor notation for brevity, 

(A.8) 

(A.9) 

where k stands for one of the three indices x, y, or z and t stands for each of x, y, and z in 

turn in the summation. We see that the dielectric tensor has nine components. It can be 
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shown in order to conserve energy that the dielectric tensor must be symmetric and only six 

of these components are independent (Born and Wolf, 1986). The symmetry of the tensor 

makes it possible to reduce the expression for the electric energy, We= 8;E · D = l1t L 
L 

Ek Ekt Et , into a form in which only the square of the field components enter. This would 

give an equation for an ellipsoid. This ellipsoid can always be transformed to a coordinate 

system in which the coordinate axes are the same as the principle axes of the ellipsoid. 

Therefore, we have in this coordinate system, 

Dy = Ey Ey, (A.lO) 

(A.ll) 

For a monochromatic plane wave of angular frequency, co = 21tu, propagated with 

phase velocity, vp = c/n, in the direction of the unit wave-normals, the vectors E, D, H 

and Ball are proportional to exp[ ico (!!. (r·s) - t )]. From Maxwell's equations and using 
c 

this property, it can be shown that 

ns x H =- D, ns x E = 1J. H (A.12) 

n2 n2 
D = ~ [ E - s (s · E) ] = ~ E.L, (A.13) 

where E.L denotes the vector component of E perpendicular to s in the plane of E and s. 

Using the coordinate axes coincident with the principal dielectric axes, we substitute the 

expressions for Din eq. (A.lO) into eq. (A.13) and thus rewrite eq. (A.13) as 

(k = x, y, z) (A.14) 

Eq. (A.l4) represents three homogeneous linear equations in Ex, Ey, an Ez. A non-trivial 

solution exist only if the determinant of these equations is non-zero. This implies a specific 

relation exist between the refractive index, n, the vector s, and the principle dielectric 

constants Ex, Ey, and Ez. By manipulating eq. (A.14) it can be shown that this relation is 



Sx2 
+ 1 

si 
+ 1 

Sz2 = 0. 1 1 1 1 
n2 

~X 
n2 

~y 
n2 

Jl.Ez 

We define three principle velocities of propagation by 

c 
Vk=--. 

{;;;; 

1 1 8 

(A.15) 

(k = x, y, z) (A.16) 

We can then express eq. (A.15) in terms of the phase velocity, vp, and these three principle 

velocity components, 

(A.17) 

Eq. (A.17) is a form of Fresnel's equation of wave normals. It is a quadratic equation in 

vp2; thus, to every propagation direction, s, there are two phase velocities. For each of the 

v P values, we can determine E and D. The vectors E and D can be see to be linearly 

polarized since the ratios Ex: Ey: Ez and Dx: Dy: Dz are real. Therefore, we have the 

result that the structure of an anisotropic medium permits two monochromatic plane waves 

with two different linear polarizations and two different velocities to propagate in any given 

direction. Not obviously revealed here, but an important consequence of the above 

mathematical formalism, is that the two polarization directions are mutually perpendicular. 

A more complete mathematical formalism can be found in Born and Wolf (1986). 

The multilayer samples are uniaxial crystals. This means that they have a single 

optical axis (assume in the z direction or normal to the stacked bilayer planes), and Vz i= Vx 

= vy. We use v0 to represent the common velocity in the x andy direction and replace Vz 

with Ve. Eq. (A.l7) can then be simplified to 

(A.18) 

Letting 9 denote the angle between the wave normal s and the z axis, we have 

and, eq. (A.18) can be rewritten as 
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(A.19) 

The two roots to eq. (A.19) give 

(A.20) 

Therefore, from eq. (A.20) we see that for light incident on an uniaxial crystal that the light 

wave normal is decomposed into two different components. One component called the 

ordinary wave propagates independent of its relation to the optical axis and the other 

component called the extraordinary wave has a velocity that depends on its angle with 

respect to the optical axis. As stated earlier, these two waves are linearly polarized in two 

mutually perpendicular directions. 

The multilayer samples have v0 > Ve and it is therefore referred to as a positive 

uniaxial crystal (ve > v0 ; negative uniaxial crystal). Since v0 =~and Ve = ~, a positive 
no fie 

uniaxial crystal has a birefringence,~= ne-n0 > 0. Pure phospholipid multilayer samples 

typically have ne- n0 - .03 for an incident light with a wavelength of 632.8nm and an 

average index of refraction -1.45 (Huang and Olah, 1987) . The birefringence of these 

samples will usually be smaller when various ingredients are added to the lipid such as 

gramicidin or cholesterol. 
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