Chapter 2

Data Analysis

2.1 Introduction

Asdiscussed in chapter-1, x-ray diffraction and freezefracture electron microscopy are
the two techniques commonly used to probe the equilibrium structure o the ripple
(Pg ) phase of phospholipids. We have used the x-ray diffraction method to determine
electron density maps o the ripple phase for different lipids and lipid mixtures. An
electron density map (EDM) gives the local density of electrons (and hence atoms)
that scatter x-rays within a unit cel [1]. We have analyzed data mainly from four
sources. (1) data from unoriented sample of DMPC obtained using a synchrotron
source, reported by Wack and Webb in ref. [2], (2) data from oriented samples of
DMPC and POPC taken by Raghunathan and Katsaras [3] using a rotating anode
x-ray generator, (3) datafrom oriented samples of DHPC and mixtures of DPPC and
DHPC taken in our own laboratory again using a rotating anode generator and (4)
data from unoriented samples of DLPC reported by Tardieu et. al. in ref. {4]. Other
data available in the literature have too many overlapping reflections to be suitable
for this kind of analysis [5]. In this chapter, we first give an introduction to x-ray
diffraction. In section-2.2 we discussthe details of the experimental procedure and in
section-2.3 the procedure for data reduction, with special reference to the problem of
applying absorption correction to datafrom samples aligned in the geometry specific
to our experiment. The modeling and fitting procedure used to calculate the phases

o the reflections is described in sections-2.4 and -2.5. The electron density maps
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obtained by this procedure will be discussed in chapter-111.

2.1.1 Diffraction and Fourier transform

The scattering of x-rays by a single electron can be described by Thompson scatter-
ing where the electron is free and the wavelengths o the incident and the scattered
radiations are the same. If the electric field associated with the incident radiation
Is E;,, then the electric field associated with the scattered wave can be written as
Eqcat = feEin; fe is called the eectronic scattering factor and represents the ability
o the electron to scatter radiation. It depends on fundamental constants and is an

intrinsic property o electrons.

The scattering from an array o n electrons results in vector addition of the electric
fields associated with the radiation scattered from each electron Eseet = 3, fe€' 2" Ein,
where & is a phase factor that is determined by the relative positions of the electrons
and the wavelength of the incident wave. For the j' electron, ®; = q.r;, where q
is the reciprocal lattice vector and r; the position vector o the electron. In case of
a continuous distribution of electrons, the scattering by a volume element is given
by dE,cat = fep(r)dr where p(r) is the density of electrons, p(r)dr is the number of
electrons in the volume element dr. Therefore the total scattered amplitude is given
by

P - [, Jotenas

Thusiit is clear that the scattered amplitude from an object whose structure is de-
scribed by a function p(r), is the Fourier transform F(q) o p(r). In case of x-rays,
the electrons are the scattering centers and therefore p(r) describes the distribution of
electrons in space. Thestructure of a periodic object (acrystal or aliquid crystal for
example) can be described by a convolution of the structure of the lattice [o(r))iattice

with the structure of the basis [p(r)]sasis:

p(l‘) = [p(r)]lattice * [p(r)]baais
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Therefore, in Fourier space, the Fourier transforms are related by:

F (q) = [F (q)]lattice ' [F (Q)]basis

In real space,
[p()iattice = D>, 0(r = [ma + ngb + ngc])

ni,n2,ng

where @, b and c are the basis vectors and n;, n, and ng are integers. Therefore

[F(q)]lattice = Z J(q - (ha*+ kb* + lc*))

h el
where a* b* and c* are the basisvectorsin the reciprocal space and h, k, ! areintegers.

The form factor [F(q)]sasis iS determined by the scattering-from the contents of one
unit cell. The amplitude of the diffraction pattern from the crystal, called the struc-
ture factor, is the form factor of the unit cell sampled at the reciprocal lattice points

qr = hat T kb* +Ic*. It is given by
Fau= [ plr)e ™ rdr (2.1)
2.1.2 The phase problem

In an x-ray experiment, only the intensities (| F |*), and not the structure factors
(Fq) themselves are recorded. But | Fy | = | Fue®® |* where ® can be any real num-
ber. For a centrosymmetric object, p(r) = p(—r). Thus, when the Fourier integral is
calculated, the imaginary part o the integrand is an odd function and integrates to
zero whereas the real part is an even function and contributes to the Fourier trans-
form. Therefore the Fourier transform of a centrosymmetric function is real and

scattering from a centrosymmetric object gives riseto €* = £1.

The information about the phase @ is lost when only intensities are recorded. The
major challenge in determination of crystal structure from x-ray data involves the
determination of the phases o the reflections. Once the phases are known, the eec-
tron density can be reconstructed by inverting eq.-2.1; that is, by taking the inverse

Fourier transform of F(Qq):
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pr) = Y F(a)e o (2:2)

— Z Fhkle—iqhkl'r
hk,l

2.2 EXxperimental procedure

2.2.1 Temperature and humidity control:

A locally built temperature and humidity controlled heater was used to collect data
from oriented samples of DHPC, DPPC and their mixtures. The heater consists
o an air tight nickel-plated brass chamber with a double wal through which water
can be circulated. Temperature d the heater is controlled (to within £ 0.5°C) by
circulating suitably heated (or cooled) water. The chamber has an entrance and an
exit window for the x-rays. These windows are covered by mylar sheets. A humidity
and temperature sensor (Testo 610) is introduced into the chamber to monitor these
parameters. A small electric fan is placed inside to induce air flow and thus keep the
humidity and temperature inside as uniform as possible. The humidity is maintained
by placing asaturated salt solution inside the chamber. The salt solution equilibrates
with the atmosphere inside the chamber and thus the humidity is maintained (to
within + 2%) at a value fixed by the specific salt solution used. A schematic diagram
d the heater is given in figure 2.1.

While working at temperatures more than a few degreesabove the room temperature,
moisture condensation on the inner surface of the windows which are at a dlightly
lower temperature has to be prevented by heating them from outside. This moisture
condensation disturbs the humidity balance inside the chamber. The heating is done

by blowing warm air onto the mylar windows from outside.
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Figure 2.1: A schematic diagram of the humidity controlled heater used to
collect data from aligned samples. Hl and Hb : the lid and the body o the
heater, the double walls through which temperature controlled water is circulated is
indicated by shading. En and EX: the entrance and exit windowsfor the x-ray - both
covered with mylar sheets. R: the temperature and humidity sensor. B: beaker on
which the sample is deposited. S. deposited sample. P: petri-dish with salt solution
to control the humidity inside. F: fan to circulate air. C:. electrical connections for

the fan.
2.2.2 Sample preparation

All the lipids studied were obtained from Sgma chemical Co. and were used as re-
ceived. Thesampleis prepared by dissolvingdesired amounts of the lipid in a solvent
(methyl alcohol in our case) and then spraying a little of the solution on the convex
surface of a glass beaker (radius ~1.5 cm). The solvent is then evaporated off by
placing the beaker in an evacuated dessicater for about one hour. To hydrate the
sample, it issealed in an air tight container along with some pure water for about
two days. A relative humidity (RH) of about 98+2% can be achieved in our heater
by this method. A suitable salt solution is used instead of pure water if a humid-
ity less than ~ 98% is required. The sample is cycled up and down through the
main and pre transitions a few times to facilitate hydration and alignment. A stack

d bilayers, all oriented parallel to the curved glass surface isobtained by this method.

An unoriented sample consists o many randomly oriented domains within each of
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Figure 22: The geometry o the sample. G: glass surface d the beaker; S
deposited sample. The bilayers (indicated by set of parallel lines) areoriented parallel
to the glasssurface. In different parts of the sample, the bilayersmake different angles
with respect to the incident beam and hence different parts of the sample diffract into
different Bragg angles.

which there is a high degree d positional and orientational correlation. The present
method o preparing the sample orients the bilayers paralel to the substrate, but
the ripple direction does not get fixed. This means that the domains are oriented
at random with respect to the ripple direction but are all correlated with respect to
the layering direction. Therefore the sampleis oriented along the layer normal but is

unoriented in the plane perpendicular to the layer normal.

Now, in order to sample more than one Bragg spot, normally an oriented sample has
to be rotated while being exposed to x-rays. By depositing the sample on a curved
surface, we get rid of the problem of rotating the sample. In this case, the curvature
of the orienting surface introduces artificially the mosaicity that is necessary in order
to scan many reflections simultaneously. But this means that different parts of the
sample diffract into different Bragg-spots (see figure-2.2) and hence the absorption-

correction (discussed in section-2.3.3) for each reflection is different.
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2.2.3 Data collection

Cu K, (A = 1.54 A) radiation from a rotating anode x-ray generator (Rigaku, Ul-
traX 18) operating at 50kV and 80mA is used to illuminate the sample. A flat
graphite monochromator (Huber) is used to make the incident x-rays monochromatic.
The data is collected by an image plate (Marresearch, diameter 180 mm) which is
connected to a computer with its own built-in software for data collection. Typical
sample to film distance is about 200 mm and typical exposures last for about five
hours. The images are obtained as gray scale plots o the intensity and are in the
form of binary files. They have to be first converted to a form readable by standard
softwares. We use the genera purpose mathematical software package ‘matlab’ to
read the intensities. The image is displayed using ‘matlab’ and the spot to be inte-
grated isidentified. A box isdrawn around the spot and the contents of this box is
redisplayed separately. The local contribution from the background is calculated by
finding the average intensity o the pixelsjust outside the extent of the spot. The box
should be large enough to contain al the high intensity pixels corresponding to the
spot in question but not so large that it includes contributions from the neighboring
spots. The average background intensity is subtracted from each pixel in the box
and then the intensities of all the pixels inside the box are added up to get the total
integrated intensity. The precise extent of the box is not important as long as the
background subtraction is done properly. For the DHPC diffraction patterns, the
binary files were directly displayed and manipulated by a locally written program
that uses the image handling routines 'pg-plot’ to display the image.

2.3 Data reduction
2.3.1 The unit cdl

In the Pg phase, the ripplesin the different bilayers are in registry and thus form a

two dimensional oblique lattice (figure-2.3). The unit cell vectors are given by:

a=dcotyi+d2
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Figure 2.3: Real space unit cell for asymmetricripples.
b=\ %

where ), isthe ripple wavelength, d is the lamellar spacing and y is the oblique angle.

The lattice vectors in the reciprocal space are therefore given by:

2
A= 'C_l'qz
2r 2T
B="-¢,— —,
N, Lo )\,tan'yq

where ¢, and ¢, are vectors in the reciprocal space corresponding to the real space

vectors £ and 2. The angle between the basis vectorsin the reciprocal latticeism —y.

Therefore the g-space vector qp for the Bragg peak with Miller indices (h, K) is:

dne = hA+EkB

ZALPUE L ok
N, BTy

B )\rtanfy)qz (2.3)

In the above discussion, the rippling direction isthe % direction and the bilayer stack-
ing is along z direction. In that case, the spots along g, (ie. the (h,0) reflections)
correspond to the layer spacing and are called the main reflections. The other spots
(with & # 0) arise due to the ripples and form an “X”-pattern around the main
reflections, as the rippling direction is not oriented. These are called satellite reflec-
tions or simply satellites (a typical diffraction pattern is given in figure-2.4). The
ripple-wavelength (A,), the bilayer repeat distance (d) and the oblique angle (y) can
thus be directly read off from the diffraction pattern. To get the other more subtle

characteristics of the ripple profile; for example the actual shape, the sawtooth am-



Figure 24: A typical diffraction pattern from the ripple phase (DM PC).

plitude and the bilayer thickness etc., the electron density map has to be calculated.

2.3.2 Geometric corrections

In areal system, because df variouseffectslikefinite extension of the sample, thefinite
angular spread o the incident beam coupled to the mosaicity of the sample, etc., the
reciprocal lattice points are not mathematical points but are smeared out patches. In
an experiment, the intersection o this smeared-out reciprocal lattice point with the
Ewald sphere is recorded. To facilitate this intersection, the sample is usually either
rotated or is taken in the form of randomly oriented crystallites so that the Bragg
spots become arcs or rings. In the present case the sample is deposited on a curved
surface and this increases the effective mosaicity of the sample in the direction o
curvature and the Bragg spots become arcs that subtends an angle A at the origin of
the reciprocal space. Since A is the samefor al the spots, the smearing-out is more
for larger scattering angles (see figure-2.5). This leads to a large reduction in the
observed intensity o the reflections. To correct for this effect, the observed intensity
has to be multiplied by the length of the arc which is given by %LsinfA, where ) is

the wavelength of the incident x-rays and ¢ the corresponding Bragg angle. Thisarc
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Figure 25: Geometrical correction for the main reflections. (h, 0) is the
highest order reflection detected. The circle of radius R = 2= represents the Ewald
sphere. The angular spread of the (h,0) reflectionsis A. This correspondsto a linear
spread of LA where L is the distance (in reciprocal space) between the mth order and
the origin; L = 4nrsin(#)/A. From simple geometric constructions, the condition for
the m™ order reflection, corresponding to a Bragg angle 4,,,, to intersect the Ewald
sphereis. A = 26,,. To estimate L, it is assumed that the angular spread in the
Ly phase and the Py phase are the same. The highest order reflection visiblein the
Lg phaseisthe 8th order. This gives a lower limit for L sinceit is possible that the
higher order reflections are present but are too faint to be detected. Another way of
estimating L isfrom the fact that for the highest order recorded, the angle A isgiven
by cosA = (r — w)/r where r is the radius o the beaker and w is the beam width
(xI mm). The two estimates are comparable and typicaly, A = 10°.

has a finite width and what is recorded is the cross-section of this with the Ewald

sphere. As the Ewald sphere cuts the arc at an angle O, a further factor of cosé is

present. The corrected intensity is given by:

Leas = I.,,,%ﬁsma cosf A (2.4)

I.q IS the corrected intensity, I is the observed intensity and A is the estimated
mosaicity; see figure-2.5 for an explanation of how A is estimated.

While applying geometrical corrections to the observed intensities we have to take
into account the fact that the sample is unoriented in two dimensions and oriented in

the third direction; that is, lamellae are oriented parallel to the glass surface but the
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Figure 2.6: Schematic diagram of a typical diffraction pattern from the
ripple phase. The open circle marked ‘O’ corresponds to the origin. The big filled
circlesare the main reflectionsand the small filled circles are the satellite reflections.
The +k and -k reflectionsare marked. Each satelliteisa ring which cuts the Ewald
sphere twice thus giving rise to two spots.

ripple direction is not fixed. We assume that the ripple orientation is uniformly dis-
tributed, that is, al orientation-are equally possible. For the lamellar reflections, the

previous discussion holdsand the corrected intensities can be calculated using eq.-2.4.

Sincethedirection o the rippleis not fixed, the satellite reflectionsform a ring around
each lamellar reflection (fig. 2.6). The observed spots are where these rings intersect
the Ewald sphere, each ring thus gives rise to two equivaent spots. Because of the
smearing effect discussed before, the cross-section of the ring broadens. This ring
intersects the Ewald sphere at a small angle and so the total integrated intensity of
the spot has a very weak angular dependence (proportional to cosine of the angle),
provided it is cut twice and not once only at its edge. Thus the correction due to
the mosaic spread is automatically taken care of. But thisisonly a cross-section and
so has to be multiplied by the perimeter of the ring to get the total intensity. The
radius of thisring is 2—§£’ﬂsim where & is the corresponding Miller index. Therefore

for the satellites,

Ireal = Iob

2
4/\n |k|siny (2.5)

where, I, iSthe corrected intensity and I, isthe observed intensity. The numerical
factors have to be taken care o properly since unlike in a fully oriented or fully
unoriented sample, the numerical factors for lamellar and satellite reflections are

different.
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2.3.3 Absorption corrections

As the x-rays travel through the sample, they get absorbed and thus lose some of
their intensity. This happens both before and after scattering. In the present geom-
etry, unlike in conventional powder samples, different parts of the samples diffract
into different orders (figure-2.2). Therefore the path traveled inside the medium, and
hence the absorption correction, is different for each order. For this reason, absorp-

tion corrections may be quite important here.

To calculate the absorption, it isassumed that the glass surface on which the sample
is deposited, is opaque to x-rays. The path traveled (before and after scattering)
by x-rays diffracted from each part o the sample is calculated from geometrical
considerations. The absorption coefficient (1) is estimated (from the values of the
atomic absorption coefficients given in standard tables and using the volumetric data

o Wiener et. al. [6]), to be equal to 9/unit length. The absorption corrected

intensity is given by:

é
Lapeorr =1/ | e~ Odj (2.6)

where p(l) is the path traveled by the x-rays inside the medium (see figure-2.7 for
the expression for p(l)). Here 6 is the thickness of the sample, R is the radius of the

beaker on which the sample is deposited, 6 is the Bragg angle for that reflection.

Since the thickness of the sample is difficult to measure, we have not been able to
take absorption corrections into account. To check if this omission seriously affects
our fina electron density maps, we have assumed some reasonable values for the
thickness (of the order of 10 - 100 microns) and applied the corrections. We find that
the final electron density map is not affected much by these corrections. Therefore

we are judtified in neglecting absorption In the calculations presented here for the

oriented samples.
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Figure 2.7: Calculation of the path traveled by x-rays insde the sample.
Theinner circledf radius R is the beaker, the sampleis of thickness 6. P, and P, are
the paths traveled by the x-rays (marked by double arrow) before and after reflection
from the sample. To calculate P, the triangle OAB is considered. From geometrical
considerations, the Bragg angle 0 = /2 — 4. Also, angle a = 7 — ¢. Therefore,
applying the rules of trigonometry to triangle OAB, P, is given by — (R+1)sin(6) T
[(RT6)2 - (R+ )cos?(8)]z. Since the rays are Bragg reflected, from the laws of
reflection and geometry it can be shown that, P.=P;. Therefore, p(l) = 2P (l).



2.4 Modeling of theripples

As discussed before, only the intensities (| Fy |*) and not the structure factors (Fg)
themselvesare recorded in ax-ray diffraction experiment. The major task istherefore
to find the phase of each reflection. We have adopted a modeling and least squares
fitting procedure first used by Sun et. al. [7] in the context of the Py phase. In
this approach, a function representing the electron density in one unit cell o the
Py phase (in real space) is first constructed such that this function incorporates
known and plausible features o the structure. This function has free parameters
built into it to account for the imprecisely known features. This trial function is
Fourier transformed to get the trial diffraction pattern (eq.-2.1). The values o these
parameters are determined by a standard least squares fitting procedure where the
calculated structure factors are fitted to the observed structure factors. The Fourier
components corresponding to the final fitted parameters yield the phases of the re-
flections. These phases are now combined with the observed intensities and inverse
Fourier transformed to give the final electron density map (eq.-2.1). The electron

density p(z,z) at a point (x,z) isgiven by:

plz, z) = ZZ(I)"’“ | EM* | cos(qi*x + g*2)

where ®"* is the phase calculated from the fit and | F** | the observed structure
factor for a spot with Miller indices (h,k). A schematic diagram representing the
above procedure is given in figure-2.8. The modeling step is crucia since a wrong or
bad model may not lead to the correct structure. It isimportant to look at the fina

electron density map and accept it only if there are no features that are known to be

obvioudy incorrect.

The electron density within the unit cell, p(z, z), isdescribed as the convolution of a

ripple contour function C(z, z) and the transhilayer electron density profile Ty(z, 2):

p(z,2) = C(z, 2) * Ty(z, 2)
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Figure 28: A schematic diagram of the fitting procedure.

The ripple contour function is written as C(z, z) = §(z — u(z)), where u(z) describes
theripple profile. In reciprocal space the convolution becomesasimple multiplication.

The structure factor F(q) is therefore given by

F(q) = Fg(q)Fr(aq)

where F¢(q) and Fr(q) are the Fourier transforms of C(z, z) and Ty(z, 2) respec-

tively.

241 Specificforms o C(z,z) and Ty(z, 2)
Ripple shape: C(z,2)

The rippleshapeistaken to have the form of a saw-tooth with peak-to-peak amplitude

A,. A isthe projection o the longer arm of the saw-tooth on the x-axis (figure-2.9).

This is exactly same as the shape considered in ref. [7). The origin of the unit cell

is chosen such that the ripple profile is explicitly centrosymmetric. Then the shape
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function u(z) is given by:

Ar
g (E+B) -k <z< -2
A
u(z) = P if -§<z2y
ERE-y) if y<osk
Therefore,
1 (% . i{gez+q.2]
Foq) = )\_f y, 47 42 T (z — u(z)) &0
rd -
— _]_._‘/‘AQL d:L’ ei[q;,;x"-q:“(z)ly . (2 8)
Ard =2 ’ |
A Ar— A COS%(%%)" +w)
= /\r S’I/nC(w) + A’r COS%(%th‘)‘Z‘ - LU)
X sinc(gﬁﬁ - W)‘

2

where sinc(w) = i’—"é"—’l and
1
W= 'Q(Qx/\l + QzAr)
¢ and ¢, aregivenin eq.-2.3 in termsd the Miller indicesand the lattice parameters.

A1 and A, are the adjustable parameters.

A different C(x,z)

A different, more smooth initial model was aso tried for C(z, ) to check if the final

shape is an artifact of the specific initial model. Here

u(z) = a sm(%ﬂf) +b sin(47w

- X ) (2.9)

Figure 2.9: Schematic showing the &ructural parameters of the ripple
phase.
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a and b are the adjustable parameters.
Trans-bilayer profile (Ty(x, 2))

Ty(x,z) gives the electron density at any point (x,z) in the bilayer along a straight
line, which makes an angle ¥ with the z-axis. The electron density in the methylene
region o the bilayer is close to that of water and is taken as zero. We have used
three models for T, (x,z), two of which are equivalent to the SDF and M1G models
o ref. [7].(model | and II below respectively).

Moded I: Inmodd I, T,(x,z) istaken as consisting of two delta functions with pos-
itive coefficients pg, corresponding to the head group regionsseparated by a distance
L, and a central delta function with negative coefficient of magnitude py, corre-
sponding to the methyl region. The variable head-to-head distance L accounts for
both chain melting and a tilt in the direction perpendicular to the rippling direction.

This can be represented by
Ty(x,2) = 6(z T 2z tan$) {pu[d(z - % cosyp) +6(z T % cosy)] — pud(2)}  (2.10)
Taking Fourier transform,

Fr(@) = pul(ps/on)ecos(ary oy — ey sing) =1} (211)

The adjustable parameters here are: ¥, fﬁ and L (seefigure-2.9).

Model II: The head groups and the chains can be more redistically modeled by
replacing the delta functions representing the head groups and chains by Gaussians
of width¥%,, and¥,,, respectively. The electron density in the minor arm is alowed
to be different by afactor f; from that in the major arm. The region where the two
arms meet is modeled as a wall with an electron density differing by a factor f, from
the rest of the arm. The wall thickness in this model isfixed at a value that issmall
compared to the bilayers thickness, haf o the wall region being in each arm. The
final form factor F(q) reads:

*

F(q) = FY - FM + f 3 - F + fo(FY1- F¥ + fy Fr- FP) (2.12)



where FY and FZ are the contributions to F from the major and minor arms
respectively and F¥ and FJ are the respective contributions to Fr. The prime
indicates that the contribution comesfrom the wall region. The Fourier transform of

the transbilayer profile for the major arm is;

(92— mtamﬁ]lz L . _ (9z—gztany 22
FM = PHy o-of, fSmt2; C08(qy =2 oSty — ot Sinafy) — € Tm1 7 (2.13)
Pmy 2 2
and for the minor arm is:
(92— ztam/'222 L L . _ (gz— wtaml’zzz
Ff = PHy o—of, 2=t €08(qs =2 coSYa — = sinafy) — €~Om ety (2.14)

M2 2 2

Thelabels 1 and 2 refer to the major and minor arm, respectively. In this model the

following conditions are imposed:

Ly = Ly, 0n1 = On2,0m1 = Oma, Py = P2 g Y1 = o (2.15)

P,y PM,
The shape function u(z) isthe same as eq.-2.7 but now the calculation o the Fourier
transforms for the minor and major arm and aso the wall region (eq.-2.8) hasto be

done separately. There are 10 adjustable parametersin this model.

Model III: In the models | and II, the head-to-head distance L is fixed aong a
direction making an angle ¢ w.r.t the z-axis. Thisforces bilayer thicknesses along the
layer normal to be different in the two arms. Therefore in model II1, the restrictions
imposed upon the models | and II were lifted, so that the length L of the chainsin
the two arms need not be the same. The parameters L, ¥, on,0m and pg/pm Were

dlowed to be different in the two arms o the ripple. N 3

Ly # Ly, 011 # 02, Om1 # Oma, Py # PHE:  and 1 F Py (2.16)
Pum PM;

The expressionsfor FM and F are same as in equations-2.13 and -2.14 except that
now the equalities-2.15 are not imposed. Further, the wal between the two arms
was taken to have a variable width w. This model has 15 adjustable parameters.

Minimization is done by iterative least squares fitting with respect to six variables at

atime [8].



2.5 Thefitting procedure

The adjustable parameters (henceforth referred to as a; S) in the models discussed
above are determined by a non-linear least squares fitting procedure that uses the
Lavenberg-Marquardt Method [8]. In this method some initial value is chosen for
each a;. The F(q) corresponding to each observed reflectionis calculated. Let the
estimated F(q) for a spot with Miller indices (h,k) be F*. Let the square-roots of
the observed intensities with the same Miller indices be | F** |. Then the deviation
is given by:
| S=Y I F* - R P

Thisquantity is mini mized usi ng t?{g conjugate gradient method [8]. In this method,
not only the function to be minimized (C) but also the derivatives of this function
with respect to all the parameters (%) have to be supplied. The derivatives were
determined analytically with the help of the mathematical software package '‘Mapl€'.
Thefinal converged values o the a; s are put back into the expression for F** to get
the best-fit structure factors F#*. The phase ®* of the spot with Miller indices (h, k)
is I%:':T = £1 (since the structure is centro-symmetric). The product of F** and ®h*
is calculated to give the final set of F(q) s which is then inverse Fourier transformed

to get the electron density maps.

2.6 Condudon

In this chapter we have discussed the details of our experimental and data reduction
procedure. We have shown that absorption corrections do not significantly change the
calculated electron density profiles. We are unable to analyze the datafrom oriented
samples using models IT and III, due to the lack of convergence resulting from the
large number of adjustable parametersin these models. The shape function given by
eq.-2.9 also leads to a similar lack of convergencein case of oriented samples. Hence
al the data from oriented samples were analyzed only with T (z, z) given by mode |
and C(z, z) given by a sawtooth shape: The electron density maps obtained using

the procedure described in this chapter will be discussed in chapter-111.
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Chapter 3

Structure of the Asymmetric
Ripple Phase

3.1 Introduction

In this chapter we present electron density maps o various lipids (namely, DMPC,
POPC, DHPC and DLPC) in the Pg phase. In section-3.2 we discuss our motiva-
tion for the present study. In section-3.3 we discuss the structure of the ripple phase
inferred from the electron density maps o DMPC. We argue that all the features of
the electron density maps are compatible with a tilt of the chains along the rippling
direction. In section-3.4, we discuss the ripple shape and the temperature depen-
dence o ripple parameters in POPC, DHPC and DLPC. In section-3.5 we discuss
the influence of chirality on the ripple profile and show that molecular chirality does

not affect the shape o the ripples. Our results are summarized in section-3.6.

3.2 Motivation

Though some of the structural aspects of the ripple phase were wel established
[1, 2, 3, 4, 5, 6] the finer features were poorly understood when we started our studies
on this phase. The ordering of the hydrocarbon chains within the bilayer is one such
feature. Though as mentioned in chapter-I, the chains are mostly stiff and have some
sort of positional order [2], diffusion and NMR experiments indicate that there is
considerable amount of disorder associated with the chain region [7, 8]. The nature of

this disorder is still a matter of debate. Empirically, only lipids that have a Ls phase
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at lower temperatures exhibit the ripple phase !, indicating the importance o the tilt

o the chains in the formation o the ripples [10].

Though it isclear from x-ray data that the chains are tilted in the Py phase (2}, the
direction o this tilt is not known. The chain reflectionsrecorded in experiments are
rather broad and therefore it has not been possible to obtain the tilt of the chains
in the ripple phase directly from x-ray data. This broadening of the chain reflections
happens because o one or both d the following reasons. the presence o disordered
chains can broaden the spots or there might be an inherent spread in the spots be-
cause of the fact that the chains are arranged on a rippled bilayer rather than on a

flat bilayer.

Many o the theories o the ripple phase are based on models where the tilt o the
chains play an important role. For example, the Chen-Lubensky-MacKintosh model
(11, 12] (see chapter-V) forbids a tilt of the chains along the rippling direction, and
the Seifert-Shillock-Nelsonmodel [13] (see chapter-V) is based on the idea that the
tilt in the two monolayers of the bilayer are decoupled. Therefore determining the
direction o the chain tilt should provide some important cluesto construct a theory

o the ripple phase.

Recently, Sun et. al. [14], have calculated the electron density map o DMPC in
the ripple phase from the x-ray data of Wack and Webb [15]. This map shows
a saw-tooth shaped ripple profile. They find that: (a) the bilayer thickness in the
smaller arm o the saw-tooth is smaller than that in the longer arm and is compa-
rable to the bilayer thickness in the L, phase. The bilayer thickness in the longer
arm isfound to be about the same as that in the L phase. (b) The electron density
in the head-group region is similarly lower in the smaller arm. Basad on the above

observations they hypothesized that the chains in the longer arm of the ripple are

IDHPC is an exception. At high hydrationsand low temperatures, it has an interdigitated gl
phase (Lg,) rather than atilted ge phase(Lg ) but at higher temperaturesit hasa Pg phase [9)
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stretched likein the Lg phase, whereas the shorter arm hasdisordered L, likechains.

However, the above scenario is incompatible with other experimental observations.
One such example is the diffusion experiment of Schneider et. a. {8]. In these
experiments, self-diffusionin the ripple phase is found to be highly anisotropic, with
afast component that is 4-5 orders of magnitudefaster than the dow component; but
the fast component itself is about 2-3 orders of magnitude smaller than that in the
L, phase. Thus the authors of Ref. [8] conclude that although the intramolecular
hydrocarbon chain disorder may be substantial in the fast bands, the intermolecular

order in thisregion is not like that in the L, phase.

Another compelling evidence against the L, - Lg micro-phase-separation picture is
from calorimetric data (this argument was first discussed by Carlson and Sethna
[16]). The ratio of the lengths of the two arms of the ripple, as observed in the elec-
tron density map is about 1:2. Therefore according to the micro-phase-separation
picture, at the L, toPs phase transition (themain-transition), about 2 of the chains
become all-trans. The rest of the chains can go to the all-trans conformation either
gradually thus giving rise to a temperature dependence o the ratio of the lengths
of the two arms or abruptly at the Pg to Lg transition (the pre-transition). Our
experiments (discussed later in this chapter) rule out a temperature dependence of
the ratio of the two arms. Therefore 1 of the chains should go from L, like to Lg
like configuration at the pre-transition. Thisshould imply that the ratio of the latent
heat of the main-transition to the latent heat of the pre-transition should be roughly
2:1. But the ratio observed is about 10:1. Thus the micro-phase-separation picture

is incompatible with diffusion and calorimetric experiments.

One o the motivations for recalculating the electron density maps of DMPC was
to see if the results of Sun et. al. [14} was an artifact of their initial model for

the trans-hilayer electron density profile. In their model, by construction, the bi-



layer thickness is different in the two arms o the ripple. It is partly to account for
this features that they propose the micro-phase-separation model. Therefore it was
important to check the correctness o the electron density maps they obtained, be-

fore attempting to explain the mapsin termsd an alternative structure of this phase.

Though for a long time it was clear from x-ray and freeze fracture data that the
stable ripples seen in experiments are asymmetric (without a mirror plane normal to
the rippling direction), the actual shape o the ripples was not wel established. A
recent freeze fracture experiment (17} showed that the ripples have a profile that can
be described by

h(z) = a cos(qz) + b cos(2qzx) (3.1)

where h(z) describes the ripple profile along the rippling direction £, q is the wave-
number and a and b are constants. The ripple shape was thus predicted to be rather
smooth. On the other hand, the electron density map of Sun. et. a. exhibit a
less smooth, saw-tooth like profile. But since thisinitial model for fitting the ripple
profile was also a saw-tooth, checking the model independence of the shape of the

ripple was another objective o our analysis.

In previous work, the deviation of the unit cell parameter y from % (see chapter-II for
the definition of y) was alwaystaken to be adirect indication of the asymmetry of the
ripple profile. We argue that this need not necessarily be correct. The word asym-
metric (symmetric) is used to indicate the absence (presence) of a plane of reflection
in adirection perpendicular to the ripple wave-vector. A distinction should be made
between the symmetry of the ripple profile (by which we mean the height variation
o the bilayer) and the symmetry o the rippled bilayer itself. For concreteness con-
sider a saw-tooth/triangular profile: the arguments presented here hold for a more
smooth (sinusoidal like) profile aso. In previous work, v = £ was assumed to imply
ripples where the lengths of the two arms’are equal (symmetric profile) and v # %

was assumed to imply ripples where the two arms are d unequal length (asymmetric
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Figure 3.1: A: The ripple prdfile is triangular with two equal ar ns and
v=5%. B: Thetwo arms of therippleare still equal but now v # %

profile). But this assumption is valid only when the layer thickness in the two arms
is the same (see figure-3.1). If the layer thickness is allowed to be different in the
two arms, a symmetric profile (with two arms equal) is possible even when y # 7.
Therefore, to ascertain the symmetry of the ripple profile, it is not enough to look at

7; it is necessary to get the actual shape of the profile.

In the absence of complete structural information, a theory o the ripple phase that
explains all the experimental observations is difficult to formulate. Lubensky and
MacKintosh [11, 12] proposed a Landau theory that predicts the formation of an
asymmetric ripple phase in chiral bilayers. In thistheory, the tilt of the hydrocarbon
chains is the order parameter and a coupling between the divergence of the tilt and
the mean membrane curvature can give rise to a height modulation of the bilayer.
In the case of achiral bilayers, this model predicts the existence of two symmetric
ripple phases in addition to a square lattice phase. When the system is chiral, one
of these two phases becomes asymmetric. Thus, according to this phenomenol ogical
model, achiral bilayers can exhibit only symmetric ripples, whereas both symmet-
ric and asymmetric ripples can occur in chiral bilayers [11, 12] (see chapter-V for
detailed discussions). In order to test these predictions concerning the influence of

molecular chirality on the structure o the ripple phase, Katsaras and Raghunathan
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(19] carried out x-ray diffraction experimentson aligned filmsaof chiral (I) and racemic

(dI) dimyristoylphosphatidylcholine (DMPC) bilayers.

The experiments were done on a racemic mixture rather than a pure achiral com-
pound because of the following reason. An organic moleculeis chiral if it has atleast
one carbon atom which is attached to four different groups. From figure-1.1 (chapter-
) it isclear that the carbon atom in 2 position in the backbone of a DMPC molecule
hasfour different groups attached toit and hence DMPC ischiral. The achiral version
o this moleculeis 1,3 DMPC where the chains are attached to carbons 1 and 3 and
the head-group is attached to carbon 2. Thiscompound does not have a ripple phase
(and incidentally has a Lg, phase rather than a Lg phase at lower temperatures).
Therefore in order to investigate the influence of chirality, it is necessary to look at

racemic mixtures.

Under similar experimental conditions, the diffraction patterns from the chiral and
racemic DMPC in the P phase were practically indistinguishable. Moreover, both
the systems were found to have an oblique unit cell, which was taken as an indication

o the presence d asymmetric ripples.

The observation of asymmetric ripplesin the racemate can still be reconciled with the
predictionsd the Lubensky-MacKintosh model if the d and 1enantiomers within each
layer phase separate into chiral domains. To investigate this possibility, Katsaras et.
al. performed calorimetric measurements on mixtures of I-dipalmitoylphosphatidyl-
choline having perdeuterated hydrocarbon chains (I-DPPC-de;) and d-DPPC [20].
The main-transition in these mixturesis analogousto liquid to solid transitions. The

calorimetric behavior of such mixtures can be any one d the following:

e A mechanica mixture or conglomerate: such mixtures exhibit one eutectic

point. The mixture in the solid phasé (Pg in this case) consists of crystallites

o the two enantiomers.



e Racemic compound: moleculesdf the d and the ! enantiomers get closdly asso-

ciated to form a compound. Such mixtures exhibit two eutectic points.

e Solid solution: the mixtureishomogeneousand the two enantiomers are present
unordered in the solid phase. The phase diagram has no eutectic point. The

melting point gradually changes as the concentration is varied.

Thedatafor F-DPPC-dg; and d-DPPC isconsistent with a binary system whose com-
ponents exhibit complete mutual solid solubility. This suggests that the asymmetric
ripples seen in racemic DMPC multibilayers are not the result of the formation of

chiral domains due to separation of the two enantiomers. -

As mentioned in chapter-11, the wavelength of the ripples (), the bilayer periodicity
(d) and the angle (y) between the two axes of the unit cell are structural features
that can be obtained directly from a diffraction pattern of oriented samples. The
values of these three parameters are found to be comparable in chiral and racemic
DMPC hilayers under similar experimental conditions. But as explained before, it is
necessary to look at the detailed structure of the ripples to ascertain the shape of the
ripple profiles. In order to check whether the detailed shape of the ripples in these
two systems are aso similar, we have calculated the electron density profilesof the

ripple phase of 1and di-DMPC.

3.3 Electron density map o DMPC
331 Themodd

The data from Ref. [15] was fitted using three different models for Ty (z, z) (see
chapter-11). For powder samples o DMPC [15], models I, II and III give the same
phases except for the faint (0,k) reflections?. Model III givesonly a marginally better'
fit than model II. The valuesd L (L is the layer thickness along a direction making

2the phases are different for the faint reflection (3,0) also.
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Figure 3.2: Electron Density Map of the ripple phase of DM PC. Temperature
= 18.2°C and partial specific volume of water = 0.263 (Data from [15]). The posi-
tive (negative) contours are represented by solid (dotted) lines. The regions with positive
electron density correspond to the head-groups. Note that the thickness of the bilayersis
about 40 A, whereasthat of the water region is about 15 A.

an angle ¥ with the x-axis : see chapter-11for details) in the two arms are almost
the same and comparable to that obtained from model II. This is aso true o the
other parameters which are alowed to be different in the two arms. However, model
111 gives a dightly higher value o 0.7 for fy (f; is the ratio of the electron density
in the shorter arm to that in the longer arm). As discussed below, this factor can
be accounted for in terms o the chain tilt, without resorting to the assumption o a
Lo like organization in the minor arm. The low & (=4, || F** | — | F** ||?) and

FEF|-|FgH||

R (_Zh%h‘kl”#'ﬂ ) values for modelsII and III, and the absence o any physically

unacceptable features in the electron density map (figure-3.2) indicate that these
models closely represent the true structure o the system. The observed structure
factors and those calculated using the three different models are given in table-3.1

and the converged values for the model parameters are given in table-3.2.



Table 3.1: Observed [| F,(h,k) |] and calculated [F.(k,k)] structure factors
obtained usng the three models. DMPC powder data at 18.2°C and partial
specific volume of water = 0.263. Datafrom [15].

KTTF,(hk)] Fe(h, k)

Model I Model 1T Model 111
0 1 5.3 1.7 9.2 85
0 2 9.7 1.2 -5.8 31
0 3 7.8 -0.7 1.9 2.2
1 -1| 608 -99.3  -602 -59.3
1 0| 1000 490  -997  -1009
1 1| 269 41.6 265 26.2
1 3 7.6 17.4 29 5.4
2 -2| 151 716  -125 -16.2
2 -1| 712 341 714 . -701
2 0| 397 116 -433 -44.1
2 1| 339 29.2 317 313
2 2| 227 248  -227 -215
2 3| 142 19.2 14.2 14.1
2 4 7.8 -13.2 7.3 -9.6
3 2| 293 436 276 29.0
3 -1| 442 28.1 457 443
3 0| 120 -3.0 29 3.8
3 2| 105 12.7 14.4 14.2
3 3| 149 148  -13.1 -125
3 4| 100 14.0 9.6 9.8

Table 3.2 The values of the structural parametersobtained from the three
models. DMPC powder dataat 18.2°C and partial specific volumedf water = 0.263.
2D-oblique lattice parameters are: A,=141.7 A, d=58.6 Aand y=98.4°. (Datafrom

[15].)

Parameter | Modd | | Modd II | Modd III
A.(R) 19.7 18.7 19.1
M (A) 106.2 101.0 1015
P 5.7" 99" 9.1°
L(A) 410 370 | 37.2,37.0*
Ph/ Pm 1.1 0.9 1.1,1.1*
fi - 0.6 0.7
f2 - 0.9 0.65
on - 49 4.6,4.7%
O - 13.3 | 9.4,10.0*
w(A) - 2.0(fixed) 9.2
by 692.5 2176 2136
R 0172 4 0.083 0.087

* indicates the values in the shorter arm



332 Existenceof average tilt of the chainsalong the ripple

The electron density map o the ripple phase of DMPC, calculated with the data
o [15] isshown in figure-3.2. The ripples clearly have a saw-tooth shape, with an
offset between the two leaves of the bilayer. The simplest explanation for this offset
is an average tilt of the chains along the rippling direction; such an offset cannot be
expected if the tilt werein a plane normal to the rippling direction. The tilt angle v
is found to be approximately equal to (y-%). Further confirmation of the existence
d an average tilt along this direction comes from the fact that the value of L (the
layer thickness along ) is amost equa in the two arms and is comparable to twice
the length of a fully stretched DMPC molecule (37.6 A [21]). If it is assumed that
the chains are tilted at an angle ¥ with the z-axis, their tilt with respect to the local
layer normal can be calculated from the shape of the ripple. Using the values o the
structural parameters given in table-3.2, the tilt angle with respect to the local layer
normal turns out to be 1.6° and 345 in the longer and shorter arms, respectively.
The tilt in the short arm is comparable to that found in the Lg phase. Since the
area per moleculeisinversely proportional to the cosine d this angle, avalue of 0.82
is obtained for f;. Thisisin very good agreement with the value of 0.77 obtained
from the map for the ratio of the average electron densitiesin the head-group region
o the longer and shorter arms. Thus an averagetilt of the chains aong the rippling
direction provides a consistent explanation for many features of the electron density
map. This means that to a good approximation the height modulation of the bilay-
ers aong the x-axis can be described as arising from a relative sliding movement of
neighboring chains, with al the chains lying the z-z plane and tilted by a constant
angle ¢ with respect to the z-axis (seefigure-3.3). The existence of an average chain
tilt aong the rippling direction breaks the reflection symmetry o the bilayer in the
plane normal to it and hence can be expected to be responsible for the asymmetric

ripples seen in this system.

We have confirmed that even if the initial model for the ripple profile is taken to
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Figure 3.3: The arrangement of the lipid moleculesin theripple phase. The
electron density map issame isin figure 3.2

be a more smooth sinusoidal-like shape (eq.-2.9), the final electron density map is
still saw-tooth like. We find that the phases are insensitive to the precise details of
initial shape chosen for u(z). This indicates that the saw-tooth shape obtained for
the ripple profile is not an artifact of the initial model. But if the initial shape is
very different from the actual shape, for example if u(z) is chosen to be a simple
sinusoidal function, then thefit is very bad and the final electron density map has a

lot of obviously unphysical features like discontinuity of bilayers.

3.3.3 Temperature dependence

We have aso calculated the electron density maps of DMPC at different tempera-
tures in the ripple phase, using data from oriented films. The structural features
of the ripples are found to be similar to those obtained from the data of Ref.- [15].
The temperature dependence o the structural parameters of the ripples in DMPC
are found to be very wesk (table-3.3), as in the case of DPPC [18]. Contrary to
results of freeze fracture experiments (17, we find that in all the cases studied, the

ripple shape has Fourier components higher than the second. Further, we do not
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Table3.3: Thestructural parametersfor DM PC at different temper atures.

TCO [ MA) ] d@) [v0C) [ M (A)]A@A)
25 | 140£2 | 55.6£0.1 | 99£1 | 90£1 | 19£1
24 | 142 | 558 | 99 | 91 20
23 | 142 | 559 | 100 | 88 19
22 | 144 | 560 | 100 | 87 | 19
21 145 | 563 | 99 | 95 20
20 | 154 | 564 | 99 | 98 | 20

find a significant temperature dependence o the amplitude o the ripples, again in
contrast to the results of ref.- [17]. The electron density map o DMPC at different
temperatures is given in figures-3.4 and 3.5. The observed and calculated structure
factors corresponding to the figures is given in table-3.4 and the converged values of
the fitted parameters are given in table-3.5. The values o % and R for these fits are

about 3500 and 0.3 respectively.

3.4 Electron density maps of POPC, DHPC and
DLPC

3.4.1 POPC: structural featuresand temper atur edependence

The head-group and the linkage group in POPC is the same as that in DMPC but
the chains have 18 and 16 carbon each and the 18 carbons long chain has a double
bond. Thus POPC differs considerably from DMPC in the chain region. The electron
density map o the ripple phase o POPC at different temperatures and 75% RH is
shown in figure-3.6. This data-set is from oriented samples. The converged values of
the fitted model parameters are given in table-3.6 and the observed and calculated
structure factors corresponding to the figure are given in table-3.7. For these fits,
the values o ¥ and R are about 1000 and 0.3 respectively. The ripple shape is very
similar to that of DMPC. Like DMPC, POPC ripples aso have a saw-tooth shape
and an offset between the monolayersindicating an averagetilt in the direction of rip-
pling. In POPC, the angle v is much larget than in DMPC, whereas the wavelength
and layer spacing are comparable. Unlike those o DMPC, the structural features o
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Table3.4: Theobserved and calculated structur e factor sfor oriented sample
of DM PC at different temperatures.

25°C 24°C 33°C 52°C 31°C 20°C
bk | 1F]  F. | 1B Fe | 1B F. | 1B Fo | 1Fo]  Feo | 1B Fe
10 [100.0 -85.4 |100.0 -80.2|100.0 -77.8 [100.0 -78.0 | 100.0 -79.3 | 100.0 -84.8
1[-1] 448 -398| 425 -38.0| 430 -373| - - | 486 -404| 494 -407
11| - ) ] ] - - | 422 380 - - - -
20 | 31.3 -2009| 207 -198| 288 -23.1| 269 -21.5| 289 -20.1| 281 -21.6
2|-1| 502 -42.1| 43.6 -405 | 425 -38.2| 41.6 -38.8 | 49.2 -43.4 | 494 -47.8°
2-2]102 -159| 93 -154| 95 -141| 91 -16.6| 125 -16.1| 151 -20.7
22 | 175 -146| 157 -146| 159 -222| 149 -156 | 171 -19.3 | 164 -16.6
203|137 77 106 79 |19 133 | 83 75 |11 126 | 130 8.4
310|241 -26|212 -29 |20 -18 |24 -1.7|236 -56| 2.3 -48
3|-1] 464 349 | 424 339 | 402 317 | 375 33.6. 422 386 | 425 368
3-2|306 325|202 320|284 289|276 324 |3L7 378 336 382
3{2 (100 171 95 171 - - | 223 212|302 209 | - -
313|180 -154| 165 -159| 276 -21.0 | 135 -17.9 | 152 -224| 123 -18.3
314|172 97 | 163 103|178 133 | 141 97 | 1567 174 | 159 114
35| - - | 124 43| 107 -44 | 123 -23 | 138 94 | 129 -42
306 | - . . . ) . ] - | 145 23| - -
410|321 205|209 279|200 259|280 263|320 27.7| 336 295
4(-1|301 -345| 255 -31.2| 233 -30.2| 21.6 -20.0 | 227 -26.5| 255 -26.0
4|-2] 591 -843| 555 -79.5| 562 -75.6 | 52.5 -71.5| 59.9 -81.4 | 60.1 -79.9
4-3] 204 351|277 -339| 269 -369| 271 -359| 314 -37.2| 332 -40.4
5(0 |16 03|85 06| 77 30| 68 16| 69 17| 59 L7
5/-1/ 69 06 | 59 09 | 73 13| - - | 49 22| 61 28
50-2] - - | 78 -101| 87 -106| 85 -11.7| 88 -128| 87 -16.6
5(-31 - - . - | 87 -120] 102 -17.6| 102 -178| - -
60| 49 09 | 44 12| 42 11|33 09 | 37 34| 34 26
6|-1 59 -49 | 59 54| 47 64 | - - - - | 53 19
6-2| - - - - - | 82 71| - - - -
6|-3] - - . - | 99 218 - - . . - -
710 | - - ; - | 24 -169| - - | 35 15| - -
910 | - - . - |21 01| - - . - |31 o3

Table 3.5: Converged values of the fitted parametersfor DM PC at different
temperatures.

25°C | 24°C | 23°C | 22°C | 21°C | 20°C

M(A) [89.8 | 91.3 | 87.8 | 87.5 | 94.9 | 97.6
A (A) | 19.4 | 196 | 19.2 | 19.2 | 20.5 | 20.3
| 5.7 | 570 |11.4° | 5.7° | 5.7° | 2.8°

pr/pm | 14 | 15 | 14 | 15 | 16 | 15
L(A) | 40.2 | 40.2 | 40.2 | 40.2 | 40.2 | 40.2
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Figure3.4: Electron Density Map of theripplephase of -DMPC at different
temper atures The positive (negative) contours are represented by solid (dotted) lines.
The regions with positive dectron densty correspond to the head-groups. Note that the
thickness of the bilayers is about 40 A, wheress that of the water region isabout 15 A.

60



~-160 -850 o 80 100 180

Figure 3.5: Continuation of figure 3.4.
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Table 3.6: Converged values of the Atted parameters for the ripple phase
of POPC at 75%RH.

T (CC) [MA) TAA T ¥ [pu/om [LA)
13.0 169.0 | 15.9 |0.0° 1.3 38.8
13.5 127.3 | 13.9 | 0.5° 1.5 50.4
14.0 121.7 | 12.0 | 0.6° 14 51.2

the ripple phase o POPC vary significantly with temperature, as shown in table-3.8.
Thefits are not asgood asin the case of DMPC datad ref. [15]. Hence the values of
the last two parameters quoted in the table are the ones estimated from the electron
density maps. The layer spacing decreases dowly and y increases steadily as temper-
ature isincreased. The ripple wavelength first decreases and then suddenly increases
to alarge value just below the transition. These trends are very similar to those seen
in DPPC (18], but in POPC the temperature dependence is very much pronounced.
The amplitude, except near the L, transition, is about 10 A, half that in DMPC.

The double bond in one o the chains of POPC is known to lead to a kink in the
chain when it goes to the fully stretched conformation. This results in lower main
transition temperatures o such lipids. It is interesting that this feature does not
seem to affect the structure of the Py phase. It is likely that as proposed by Cevc
[22], the terminal region o the chain after the double bond is aways in a molten

conformation.

3.4.2 Oriented sample of DHPC

The main difference between DMPC and DHPC is that in DHPC the chains are con-
nected to the backbone through ether rather than ester linkages. The crystallographic
parameters at 37° C and 95f 2% RH are: A,= 1409 A, d=62.3 A and y=100°. The
temperature dependence o these parameters is negligible. The electron density map
isgiven in figure-3.7. Though the map is not as good as the one obtained for DMPC,
it can be seen that the general shape isagain a saw-tooth with the two arms unequal.

The map is consistent with a tilt o the chains along the rippling direction. The
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Table3.7: Theobserved and calculated structurefactorsfor POPC oriented

sampleat different temperatures.

13°C 13.5°C 14°C 14.5°C “15°C
R k| |F| F. | |F  E |1 F | F] F | F] F
1 0 ]100.0 -56.7|100.0 -100.6 | 100.0 -89.3 | 100.0 -95.8 | 100.0 -53.9
1 -1] 285 -125| 429 279 | 298 208|234 -69 | 79 07
1 1{2.4 213|398 298 |27.6 222|207 227| 85 -05
2 0] 181 -381| 220 -258 | 23.0 -30.8| 227 -286| 164 -920
2 -1| 7.7 528|116 -191| 67 -73| - - | 32 35
3 0] 116 8.9 14.9 14.2 19.1 179} 21.0 182 | 159 19.1
3 -1 196 315|204 283 | 226 219|182 201 | 39 -0.3
3 1 7.0 -72 |1 106 -13.7 | 14.2 -14.0| 143 6.5 4.6 -0.8
3 2/108 52 |163 137 164 130 94 -157| - -
4 0/103 52 |136 62 | 361 -249]| 585 -588| 351 53
4 21| 705 -32.9|106.1 -107.2| 870 -959| 77.9 -79.0| 11.5 2.3
4 2| 281 -53|422 -419 | 268 -190| 141 7.7 | 235 -08
4 1} 198 1.1 29.8 24.2 282 299 | 268 263 | 106 -04
4 2164 -6.1 | 246 -33.7 | 145 -31.9| 9.0 -11.7| 4.5 0.0
5 0| 70 144| 93 53 | 95 05| 75 79 | 48 -03
5 -1| 94 -50.3| 141 227 | 118 162 | 137 -144| - -
6 0| 7.0 75| - | - - |70 66| 48 59
6 -1| 93 100 - - | 136 -118| 170 122 - -
6 -2| 16.8 20.5 - - 13.1 -14.8 | 12.6 3.9 - -

Table 3.8: Temperature variation of the structural parametersof theripple
phase of POPC at 75%RH. From the eectron density maps.

T(C)[ d(&) Y A B TA BT 25
13.0 | 58.3£0.1 | 1161 | 200£2 | 10£1 | 2.0£0.1
135 | 580 | 119 | 170 9 1.8
140 | 580 | 120 | 159 | 9.0 | 19
145 | 573 | 124 | 143 5 2.6
150 | 564 | 133 | 266 5 1.9
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Figure 3.6: Electron density map of POPC at different temperatures. The
positive (negative) contoursare represented by solid (dotted) lines. Theregionswith pos-
tive dectron densty correspond to the head-goups. Note that the thicknessaof the bilayers
isabout 40 A, wheress that of the water region isabout 15 A.
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Table3.9: Theobserved and calculated structurefactorsfor oriented sample
at of DHPC at 37° C and 95f2% RH.

W[k |[[F] [ F, [h|k]|F]] F.
1] 01]1000]-508]3[-3] 2.6 | -0.6
1(-1| 181 |-248(3|3| 26 | -84
11124 | 195 |34 42 | -0.3
11-2) 66 | 15 34| 42| 6.9
12| 66 |-102)4]0]263]| 15.6
1{-3| 57 | 1.7 ||4]-1] 81 |-31.0
113 57 | 45 |41 47| -08
2101 108 |-14.7||4|-2|44.2|-52.2
2(-1] 162 20142 47 |-126-
2111] 91 | 154 4]|-3]| 57 |-10.8
21-2| 47 | -38 1143 [221] 21.2
22| 47 |-144(4|-4] 42 | 84
21-3] 57 | 1.8 ||[4] 4] 42 |-23.0
213] 36 |111[5]0]| 13} 09
30141 03 |[5]-1( 21 ] -0.1
3(-1]135 | 1145|121 | -14
31| 33 |-50(6[/0]14] 00
3(-2]179 |64 ||[7|0] 15| -87
3121 36 | 78

Table 3.10: The converged values of the fitted parameter for DHPC

MA) [ AA) | ¥ | pa/pm | L(A)
962 | 205 |9.6°| 10 | 46.2

observed and calculated structure factors are given in table-3.9 and the converged
values of the fitted parameters are given in table 3.10. The value of Z for this fit
is about 5000 and the R-factor is 0.6. In all the compounds discussed so far that
is, DMPC, POPC and DHPC, the ratio o the projected lengths of the magjor and
minor arms is about 2 and is essentially insensitive to temperature. This observation
further supports the view that the chaip organization in the minor arm is not like

that in the L, phase.
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Figure 3.7: Electron density map of DHPC at 37°C and ~ 97% RH. The pos-
itive (negative) contours are represented by solid (dotted) lines. The regions with positive
electron density correspond to the head-groups. Note that the thicknessd the bilayersis
about 40A, whereasthat of the water region isabout 15 A.

Mixture of DHPC and DPPC

The phase diagram of mixtures of DHPC and DPPC has been studied by Lohner
et. a. [23]. These mixtures exhibit the Py phase over a larger temperature range
than the pure systems; the range being maximum (= 20°) for the 1:1 mixture. Since
this seems to be largest temperature range of the P phase, we have studied the
temperature dependence of the ripple parametersin the 1:1 (wt.%) mixture. There
were too few reflections, probably due to inherent disorder in the system, to do the
kind of analysisthat we have donefor the pure samples. However, the crystallographic
parameterscan still be computed and are given in table-3.11. The vauesaf the ripple
parameters for the mixture are close to the values observed for the pure systems.
The layer spacing (d) and the angle v are insensitive to variations in temperature,
whereas the wavelength decreasesfrom alarge value near the pre-transition to avalue

comparable to that in DPPC at higher temperatures.

3.4.3 Unoriented sample of DLPC

DLPC issimilar to DMPC except that the chains are shorter (12 carbons). We have
phased the data of Tardieu et. a. (1] from unoriented sample of DLPC at -7°C
and containing 77% by weight of water. The ripple parameters are: \,=85.34, d=



Table 3.11: The temperature dependence of the ripple parameters in 1:1
(wt%) mixture of DHPC and DPPC

TCC)| d(4) | »° | M(4)
26 |60+2|94£2|175£5

30 60 94 157
34 62 98 147
38 62 99 | 151
42 58 | 95 132

Table 3.12: The observed structure factors (F,), the corresponding phases
reported in ref. [1] (®,) and the phases calculated by us (®.a)-

h |k F 0 (Drep (I)cal h|k F, Qrep Qcal
0f1] 55| -t -1 12111191} -1 | +1
1{0[364| -1 | -1 2]|2]69]+1] -1
1{-1}f 10 [ +1 { -1 [|3}|-1}163| -1 | +1
01232 |41 | +1|I3-2] 10 | +1 | +1
111155 -1 | +13]0]57]|+1]+1
1{-2139 | -1 -1 131197 +1 | -1
2(-11224| 41 | -1 |[3]|2] 83| +1 | +1
1{2130 |41 -1 ||4)j-1]96 | +1 | -1
21030 | -1 |-1)4/0]76]-1-]-1
2(-2| 21 | -1 -1

51.98, and y=110°. Figure-1.10 (chapter-1) showsthe electron density map calculated
using the phases originally assigned by Tardieu et. a. and figure-3.8 shows*the map
calculated using our modeling and fitting approach (the corresponding phases are
given in table-3.12). The model parameters are given in table-3.13. For thisfit, the
value of ¥ isabout 100 and the R-factor is about 0.2. The new set of phases leads
to a more uniform thickness of the head-group region and is thus probably closer to
the correct set. The hilayersin this case have a triangular shape. The mgjor and the
minor arms are more or less o equal length. But the ripple profilestill lacksa mirror
plane normal to the rippling direction because the thickness of the two arms are not
equal. The electron density in the head-group region is again higher in the thicker
arm and the value o the model parameter L is comparable to twice the length of
a fully stretched DLPC molecule (32.6 8,). Thus the structure of this system is also

consistent with the presence of an average chain tilt aong the rippling direction.
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Figure3.8: Electron density map of DL PC at -7°C and 77% by weight of wa
ter, usng the phasescalculated by the modding and fitting procedure.Data
from ref.- [1]

Table 3.13: The converged values of the fitted parameter for DLPC

MA) | AA) | Y | pr/pu | L(A)
394 | 115 [18.2°| 1.2 | 346




3.5 Influence of chirality

To check the influence o chirality on the ripple phase, the electron density maps
o 1and dlI-DMPC under similar experimental conditions have been calculated. The
observed and cal culated structure factorsfor 1and di-DMPC at different temperatures
and 98+2% RH are given in table-3.14. Almost all the phases of the corresponding
reflections in the two cases are the same. The electron density profiles at 24°C for
1 and dI-DMPC are presented in figures 3.9 and 3.10. The structural parameters
o the ripple phase at two different temperatures are given in table-3.15. As one
can observe, the ripples formed by chira and racemic DMPC bilayers do not differ
appreciably. The peak-to-peak amplitude in both cases is approximately 18 A, and
the ratio of the length of the major arm to that of the minor arm is found to be 2.1
and 24 for 1-DMPC and dI-DMPC hilayers, respectively. Furthermore, the thickness
o the bilayer in the two arms is different in both cases. This can be explained, as
discussed before, in terms of an averagetilt of the hydrocarbon chainsaong theripple
wave-vector. Thus at all temperatures studied, the structure of the ripple phase in

chiral and racemic DMPC hilayersis practically identical.

3.6 Concluson

We have calculated the electron density maps o the ripple phase of DMPC, POPC,
DHPC and DLPC. The shape o the ripples in these systems are very similar and
all o them exhibit asymmetric ripples that lack a plane of reflection normal to the
ripple wave-vector. We do not see any temperature dependence of the shape of the
ripples though the valuesof the structural parameters do vary with temperature. The
structural parameters of DMPC has a very weak temperature dependence whereas

in case of POPC the dependence is rather strong.

From our analysis, we have been able to, establish the existence of an average chain

tilt in the direction o rippling, which is probably responsible for the asymmetric

69



IDMPC | dI-DMPC

b k| F| F. | B F.

1 01000 -80.2|100.0 -117.1
1 -1|425 -380| 59.2 -32.9
2 0297 -198| 650 -43.3
2 -1| 436 -40.5| 680 -55.2
9 -2| 93 -154| 200 -385
2 21157 -1461 21.7 -3.2
2 3| 106 79 | 10.6 0.3
3 01212 -29 ) 329 11.5
3 -1|424 339|533 393
3 -2129.2 3201 350 38.3
3 2|95 171| 90 160
3 3|165 -159| 123 -05
3 4] 163 103} 133 2.0
3 5| 124 -4.2 - -

4 014299 2791 31.1 22.5
4 -1| 265 -31.2| 331 -374
4 -2| 555 -79.5| 56.8 -57.5°
4 3| 277 -339| 279 -358
5 0| 85 06 | 96 46
5 -1| 59 08 | 120 -0.3
5 -2| 78 -10.1| 108 -29.4
6 0| 44 12| 64 -58
6 -1| 59 -54| - ;

7 0] - - |55 22
9 0 - - 45  -1.3

Table 3.14: The observed and calculated structurefactorsat 24°C and 98%
RH of chiral and racemic DM PC.

Table 3.15: The structural parameters of the ripple phase of chiral and
racemic DM PC.

) [ MA) [ d | MA) | A(A)

IDMPC |24° C | 99+1 | 142£2 | 56+£1 | 972 | 18+l
21°C| 99 | 145 | 56 | 98 18
d-DMPC [24°C| 98 | 141 | 56 | 100 | 19
21°C| 98 | 140 | 56 | 99 18
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Figure 3.9: Electron Density Map of the ripple phase of dl-DMPC at 24°C
and 98% RH.The positive (negative) contours are represented by solid (dotted) lines.
The regions with positive dectron depsity correspond to the head-groups. Note that the
thickness of the bilayers is about 40 A, whereasthat of the water region is about 15 A.

z (Angstroms)
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Figure 3.10: Electron Density Map of ripple phase of -DMPC at 24°C and
98% RH. 5
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ripples seen in these systems. Such a structure is supported by the electron density
maps of all the systems studied. The height profiledf the bilayersin DMPC, POPC
and DHPC has a saw-tooth shape. The width of the shorter arm iscomparable to the
bilayer thickness. In DLPC the height profileis closer to triangular, with the width of
the two arms almost equal and comparable to the bilayer thickness. It is interesting
that the wavelength of the ripples in DLPC (~ 80 A) is the lowest reported in the
literature. From our result it looks asif the minimum width o an arm d the ripple

isset by the bilayer thickness. In that case, a value of about 80 A may be the lowest
possible for the wavelength of the ripples.

We have presented electron density profiles o chiral and racemic DMPC bilayersin
the ripple phase. All the structural features in the two cases are found to be prac-
tically identical under similar experimental conditions. In particular, the ripples are
asymmetric in both these systems. The present study thus unambiguously confirms

that the structure of the Py phase does not depend on the chirality o the lipid

molecules constituting the bilayer.
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