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Synopsis

This thesis deals with the structure o the ripple phase exhibited by some hydrated
phospholipids. Two types o ripple phases have been seen in these systems. The most
often seen is an asymmetric phase, where the lipid bilayerslack a plane o reflection
normal to the rippling direction. The other is a metastable symmetric phase, where
such a plane o reflection is present. We have calculated the electron density'maps
o the asymmetric phase o a few lipids from x-ray diffraction data. These maps
show that in al the systems studied, the bilayersin this phase have a saw-tooth like
height profile. Based on these maps we propose a new structural model for this phase,
which is consistent with all the experimental observations. We have also calculated
the electron density map o the metastable symmetric phase. Our results on this
phase are in broad agreement with structural features obtained from earlier freeze-

fracture electron microscopic studies.

It is clear from our studies that the asymmetry o the ripples in the stable phase
arises from the presence o a non-zero mean tilt of the hydrocarbon chains o the
lipid molecules along the rippling direction. However, such a structure is not pre-
dicted by earlier theories o this phase. We have constructed a Landau theory of this
phase, which takes into account the possible anisotropy of the bending modulus of a
bilayer with tilt order. We show that a lower bending modulus along the tilt direction
can result from the packing of the chainsin the bilayer. A structure similar to that

deduced from the electron density maps is obtained from this theory.

In chapter-1 we give a brief introduction to the phases exhibited by phospholipids

and discuss in detail the previous work on the ripple (Ps ) phase.



Phospholipids are amphiphilic molecules with a hydrophilic head and one or more
hydrophobic chains. At high hydration, depending on the temperature, they exhibit
a variety o lamellar phases. One such phase is the ripple or Pg phase which is
characterized by a one dimensional periodic height modulation. The x-ray diffraction
pattern from this phase can be indexed on a two dimensional oblique lattice. The
wavelength (A) of the height modulation, the bilayer periodicity (d) and the oblique
angle (y) are the unit cell parameters. The ripple phase has been seen in phos-
phatidylcholines (PCs), phosphatidylglycerols (PGs) and phosphatidic acids (PAs),
which differ from one another in the composition of the head-group. Most of the

studies have been on PCs.

The common type o ripples detected in x-ray experiments have an obligue unit cell
and are referred to as ‘asymmetric’. X-ray and freezefracture analysis indicated that
these ripples lack a plane o reflection normal to the rippling direction. A\,=136 A,
d=71 A and y= 95° are typical vauesfor DPPC (Dipal mitoylphosphatidylcholine) in
this phase. Metastable ripples are sometimes formed in DPPC and DMPC (Dimyris-
toylphosphatidylcholine) while cooling the sample from the high temperature phase.
These metastable ripples are characterized by a 2-D rectangular unit cell (y=90°)
and are referred to as symmetric ripples. A wavelength of about 265 A, bilayer pe-
riodicity of about 80 A and y = 90° have been reported for the metastable ripples
in DPPC. Thus the wavelength o this kind of ripples is about 1.8 times that of the
coexisting asymmetric ripples. The bilayer periodicity is also larger as compared to
the coexisting asymmetric ripples. By careful analysis o the height profile using
freeze fracture techniques, it has been shown that these ripples have a groove at the
top which gives them a non-centrosymmetric "M" shape. Each repeating “M” unit
d the the symmetric ripple can be pictured as two one-wavelength-long units of the
asymmetric ripples joined with one o the units rotated by 180° such a structure
has the configuration "major arm-minor arm-minor arm-major arm™ with the minor

arms joining up to form the groove at the top.



In chapter-11 we describe the data collection, data reduction and the modeling and
fitting procedure used to construct the electron density maps. In this chapter we also

give a brief introduction to x-ray diffraction.

A locally built temperature and humidity controlled heater is used to collect the data
from oriented samples of DHPC (Dihexadecyl phosphatidylcholine). By depositing
the sample on a curved surface, we get rid of the problem of rotating the sample
since the curvature of the orienting surface introduces artificially the mosaicity that
is necessary in order to scan many Bragg spots simultaneously. Cu K, (A = 1.54 A)
radiation originating from a rotating anode x-ray generator and rendered monochro-
matic by a graphite monochromator is used to illuminate the sample. The data is
collected by an image plate; locally written programs using packages like ‘matlab’ and
'pg-plot’ are used to display the diffraction patterns and get the integrated intensi-
ties. The diffraction pattern is indexed on a 2-D oblique lattice. Since the sample
is oriented, the lattice parameters A, d and v can be directly read off from the
diffraction pattern. In an x-ray experiment, only the intensities and not the struc-
ture factors themselves are recorded. The major task is therefore to find the phase of
each reflection. For centrosymmetric structures, the phase factor is £1 whereas for
non-centrosymmetric structures there is no such restriction on the phase factor. We
have adopted a modeling and least squares fitting procedure to get the phases. In this
approach, the electron density p(z, z) within the unit cell is described as the convolu-
tion of aripple contour function C(z, z) and the transbilayer electron density profile
Ty(z,z). Here & is the rippling direction and 2 the normal to the average bilayer
plane. The ripple contour function is written as C(z, z) = é(z — u(z)), where u(z)
describes the ripple profile. We model the ripple profile as a saw-tooth. The trans-
bilayer profile T,,(x, z) gives the electron density at any point (X, z) along a straight
line, which makes an angle ¢ with the z-axis. We use three models (with varying

degrees of refinements and different numbers of fitting parameters) for T, (z, z) but
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the final electron density map obtained using these different models do not differ ap-
preciably. The adjustable parameters in the models are determined by a non-linear
least squares fitting procedure. Someinitial valueis chosen for each of the fitting pa-
rameters and the structure factor corresponding to each observed spot is calculated.
Thisis compared with the observed structure factor and the deviation is minimized.
Thefinal converged values of the parameters are put back into the expression for the
trial function to get the best-fit structure factors. The products of observed structure

factors and the calculated phases are inverse Fourier transformed to get the electron

density maps.

In chapter-111 we present the electron density maps o the stable asymmetric ripple
phase of afew lipids. We have analyzed data mainly from four sources: (1)datafrom
unoriented sample of DM PC using a synchrotron source (available in the literature),
(2) data from oriented samples of DM PC and POPC (Palrnitoyl-oleoyl phosphatidyl-
choline) (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) datafrom
unoriented samples of DLPC (Dilauroylphosphatidylcholine, available in the litera-
ture). Other data available in the literature have too many overlapping reflections to

be suitable for this kind of analysis.

A typical €electron density map (EDM) for DMPC is given in figure-1. The lattice
parameters are: \,=141.7 A, d=58.6 A and y=98.4°. The peak-to-peak amplitude
o the rippleis 20 A, the length of the major arm of the saw-tooth is 100 A, ¢=10°
and bilayer thickness along the straight line which makes an angle ¥ with the z-axis
is 40 A. In all the lipids studied, the ripple 1 «filc has the saw-tooth shape seen in
figure-1. Thelong arm of the saw-tooth is about twice as long as the shorter arm.
Along thelocal layer normal, the thickness o the long arm is more than the thickness
o theshort arm, but along the direction defined by v, the thickness of the two arms

are the same. Also, the electron density in the head-group region of the long arm
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Figurel: Electron Density Map of theripple phase of DM PC. Temperature =
18.2°C and partial specific volume of water = 0.263. The positive (negative)contoursare
represented by solid (dotted) lines. The regions with positive el ectron density correspond
to the head-groups. Note that the thickness o the hilayersis about 40 A, whereasthat of
the water region is about 15 A.

is larger than that of the shorter arm. These features of the EDM can be explained
in terms of a tilt of the chains along the rippling direction by an angle of (y — 7/2)
with respect to the mean layer normal. The chain tilt with respect to the local layer
normal in the longer arm isamost 0° and that in the shorter arm is= 30°. A careful
inspection of the electron density map shows that the two monolayers of the bilayer
are not in perfect registry and are shifted with respect to each other. This feature

of the EDM can also be understood in termsof a chain tilt along the rippling direction.

It is found that for DMPC, the ripple parameters are more or less temperature in-
dependent. Similar analysis of POPC data reveals that though there is appreciable
temperature dependence o the ripple parameters, the overal shape of the ripples
remains the same. In view of theoretical predictions, we have investigated the influ-
ence of chirality on the structure of the ripple phase and have calculated the electron
density maps of { and dI-DMPC under similar experimental conditions. At all tem-
peratures studied, the structure o the ripple phase in chiral and racemic DMPC
bilayers is found to be practically identical, indicating that chirality does not play

any role in determining the symmetry of the ripples.



In chapter-1V we present the electron density maps of the metastable ripple phase
calculated from x-ray data of oriented samples of DPPC. While the basic structural
features of the stable asymmetric ripple have now been well established, even the
shape of the metastable ripplesisstill a topic of debate.

We have calculated EDMs of the metastable ripples of DPPC at 39.2 °C and 100%
relative humidity. The experiments were performed at the CHESS synchrotron facil-
ity (Cornell high-energy synchrotron source, Ithaca, USA) using incident radiation of
wavelength 1.3808 A. The details of data collection, data reduction and data analysis
are same as in the case of the asymmetric ripples. From the diffraction patterns it
can be seen that the angle y is aways «/2 for the metastable ripples. The lattice
parameters for the metastable ripples at 39.2°C are: \,=254.5 A, d=79.5 A and
v=90°. To phase the reflections, different initial models for the ripple profile C(z, z)
have been tried, but none of them give a completely satisfactory electron density

map. For the transbilayer profile Ty(zx, ), the simplest model was used.

Our electron density maps of the metastable ripples indicate that the ripple pro-
file is most probably non-centrosymmetric but has a mirror plane perpendicular to
the ripple wave-vector. The resolution of our EDMs is not good enough to make
quantitative statements about the possible presence of the groove near the height
modulation maxima that is seen in freeze fracture experiments. The amplitude of
the metastable ripples is found to be about 50 A. The thickness of the water layer is
about 30 A, about 10 A more than in the asymmetric ripples. A bilayer thickness of
about 50 A indicates that the chains are mostly in the all-trans conformation. We
also speculate on the origin of the difference in the water layer thickness in the two

kinds of ripples.

A phenomenological theory of the ripple phase capable of accounting for asymmetric



ripples in achiral membranes is presented in chapter-V.

In this chapter we first describe the various theories that have been proposed so far
for the ripple phase and point out the drawbacks of each theory. In particular, we
discuss the Lubensky-MacKintosh model and then extend it by retaining some addi-
tional terms in the free energy density. In the Lubensky-MacKintosh (LM) theory,
a coupling between the layer curvature and the gradient in the tilt gives rise to the
modulated phase. The inter bilayer interactions are ignored; which is justified be-
cause ripples have been observed in unilamellar vesicles. For achiral systems, this
theory predicts the existence of two symmetric ripple phases. They aso predict a
two dimensionally modulated square lattice phase. According to this theory, asym-
metric ripplesare alowed only in chiral systems. Thusthistheory failsto explain the
experimental observation of asymmetric ripples even in racemic mixtures. Further,
the structure of the asymmetric phase (established in chapter-III) is not explained
by this model.

In our theory (asin LM theory), the projection m of the molecular director onto
the plane of the bilayer is the order parameter. m essentially has information about
the tilt of the chains. The free energy density written in terms of m contains, apart
from the usual Landau and elastic terms, a higher order gradient term and terms
that alow for an anisotropy in the elasticity of the bilayers when there is a non-zero

mean tilt. It is given by:

1
f o= -;-al m [+ b ml + -;-c(v m)? + za(V’m)? + i-ﬂ(v - m)*

+ g[(m - V)m]? + g[(m x V)m)? . (1)

In this theory, the following phases are obtained: (i) an L, like phase with m=0, (ii)
a Ly like phase with m #0 and uniform everywhere, (iii). a symmetric ripple phase

where m is spatially modulated around a zero mean (Pg), (iv) a symmetric ripple

vii
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Figure 2. Numerically calculated mean-field phase diagram for an achiral membrane.
The free energy density is given by Eq. 1 with b=1.0, =0.01, =4.0, {=0.1, (=0.7.
phase where m has a non-zero mean in a direction orthogonal to the modulation
direction (P%) and (v) an asymmetric ripple phase, with the same symmetry as the
experimentally seen Pg phase, where m is spatially modulated around a non-zero
mean (P‘ﬂ,). The phase diagram (for £ < ¢) is shown in figure-2. Thus our theory

accounts for the structure o the ripple phase deduced from the electron density maps.
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Chapter 1

| Nntr oduction

This thesis deals with the structure o the ripple (Pg ) phase of phospholipids. In this
chapter we give a brief introduction to this phase. Section-1.1 is devoted to genera
properties of lipids and surfactants and to the phase behavior of phospholipids. In
section-1.2 previous work on the ripple phase is discussed with special emphasis on

freeze fracture and x-ray studies.

1.1 Phospholipids. structure and phase behavior

Lipids are defined not by their molecular structure but by their solubility [1]. Bio-
chemical substances that are soluble in non-polar organic solvents are called lipids
and include triglycerides, steroids, phospholipids, waxes and so on. Mixtures of var-
ious lipids and proteins constitute the cell membrane and membranous organelles of

all living cells.

Phospholipids are amphiphilic molecules with a polar hydrophilic (water loving)
group and one or more hydrophobic (water hating) hydrocarbon chains. The hy-
drophilic group is referred to as the head-group and the chains are referred to as
tails. Phospholipids are so called because of the presence of a phosphorus atom in
the head-group. Phospholipids have a glycerol backbone with the phosphate in the
3-position (seefigure-1.1). There are usually two hydrocarbon chains at 1 and 2 po-
sitions o the backbone, that constitute the hydrophobic tail. The chains are joined

to the backbone through either an ether or an ester linkage. Most naturally occur-
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Figure 1.1: Schematic diagram of the structure of 1,2 dimyristoyl 3 phos-
phatidylcholine (DM PC).

ring phospholipids have two chains, but one chain derivatives are also known. These
one chain derivatives tend to be water soluble, whereas the two chain phospholipids
are generally insoluble in water though they can incorporate some amount of water
and swell to a certain extent. The hydrocarbon chain(s) can be either saturated or
can have one or more double bonds. In case o the double chained lipids, the two
chains may or may not be similar. The two chains can vary both in the number of
carbon atoms and in the number o double bonds present. The head-group is usually
either zwitter-ionic or charged and this gives rise to strong attractive (hydrophilic)
interaction between the head-group and water. The charge of the head-group can be
affected by the pH o the environment. }



Table 1.1: Structure and nomenclature of Lipids that are referred to in this chap-
ter. C' and C? arethe number of carbon atomsin the chainsat position1 and 2 respectively.
db is the number o double bonds.

Full name abbreviation | C* | C# | db | linkage
Dipal mitoylphosphatidylcholine DPPC 16 | 16 | 0 | ester
Dimyristoylphosphatidylcholine DMPC 14 | 14| 0 | ester
Dilauroylphosphatidylcholine DLPC 12112 | 0 | ester
Dihexadecyl phosphatidylcholine DHPC 16 |16 | 0 | ether
Palmitoyl-oleoyl phosphatidylcholine POPC 18 |16 | 1 | ester
Dipal mitoyl phosphatidylethanolamine DPPE 16 | 16 | 0 | ester

Phosphatidylcholines (also called lecithins) are one of the most studied class o lipids
and form the subject of thisthesis. In phosphatidylcholines, a choline moiety (figure-
1.1) is attached to the phosphate in the head-group. The choline has a nitrogen with
three methyl groups attached to it. This makes the phosphatidylcholine head-group
rather bulky. Phosphatidylcholines are zwitter-ionic at neutral pH: in water, the
nitrogen acquires a positive charge and the phosphate acquires a negative charge.
The phosphatidylethanolamine head-group is similar except that the (CH)s groups
attached to the nitrogen are replaced by hydrogen atoms. A list of various lipids that

are referred to in this thesis, along with their structures, is give in table-1.1.

1.1.1 The hydrophobic effect

The strong inclination of water molecules to form hydrogen bonds with each other
influences their interactions with non-polar molecules that are incapable of forming
hydrogen bonds. Hydrocarbons are examples of such non-polar or inert moieties.
When water molecules come in contact with such non-polar molecules, in order to
maximize the number of hydrogen bonds between themselves, the water molecules
have to get rearranged around the inert molecules. But this process involves disrup-
tion of existing water structure and imposition of a new and more ordered structure
around the non-polar molecules. This reduces the entropy o the system and is there-
fore thermodynamically unfavorable. Thisis the reason why hydrocarbon chains are

insoluble in water (hydrophobic) [2].



1.1.2 Sdf-assembly of amphiphilic molecules

When amphiphilic molecules are dissolved in water, they form variousstructures such
that the hydrophilic parts are in contact with water whereas the hydrophobic parts
are shielded from water [2]. Figure-1.2 shows a few such possible structures. At
very low concentrations, a monolayer is formed at the air-water interface such that
the head-groups are in contact with water and the chains face the air. This sort o
arrangement of the amphiphilic molecules reduces the surface tension and therefore
such molecules are called surface active agents or surfactants. At low concentra-
tions, all the moleculesin the bulk are dispersed as single molecules (monomers). As
more surfactants are added to the system, the monomer concentration increases till
at a critical concentration (called the critical micellar concentration or CMC), they
start forming aggregates (called micelles). If even more surfactants are added, the
new molecules go into aggregates and the monomer concentration remains at CMC.
Just above CMC, the micelles are usually spherical. They may become rod-like or
disc-like at higher concentrations. Anisotropic micelles (rods and discs) can form
orientationally ordered nematic liquid crystalline phases at high concentrations. At
even higher concentrations, the rod-likecylindrical micellescan become very long and
form a hexagona phase, where the long cylinders are arranged on a two-dimensional
hexagonal lattice. Similarly, the radius of disc-like micellescan become very large at
high surfactant concentrations and this leads to the formation o a lamellar phase.
Lipidsin water form such layered structures where water layers are separated by two
moleculesthick lipid bilayers (figure-1.2). The bilayerscan curve back on themselves
to form closed bag like structures caled vesicles (figure-1.2). These vesicles can be
unilamellar (made of single bilayer) or multilamellar (many bilayers) though thereis
some evidence to indicate that the unilamellar structures are not equilibrium struc-
tures [3]. Depending upon the temperature and humidity, the lipid bilayers exhibit

many different phases which are discussed later in this chapter.
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Figure 1.2: Schematic diagram of some structures formed by amphiphilic
molecules in water. A: Spherical micelle, B:cylindrical micelle, C: disc-
like micelle, D: hexagonal phase, E: Bilayersin lamédlar phase, F: bilayers
folding up to form a vesicle.

113 Phasediagram of hydrated phospholipids

The phases exhibited by lipids depend on the temperature and the water content.
Dry lecithin has a crystalline phase at low temperatures. It undergoes a chain melting
transition at about [10°C above which it exhibits various liquid crystalline phases
or mesophases, characterized by some partial ordering of the molecules [3]. Above
about 250°C, an isotropic liquid isformed. Anhydrous lecithins are difficult to obtain
and hence most of the work has been on lipids containing at least one or two water

molecules per lipid molecule.

When in contact with water (or water vapor), phospholipids incorporate a limited
amount of water and swell to form bilayersseparated by water layers (seefigure-1.2).
The extent o thisswelling depends on the specific lipid under consideration. In gen-
eral the swellingis more if the head-group is charged. If more water is present in the

system than what can be taken up by the lipid, there is a coexistence of the lamellar
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Figure 1.3: Experimental phase diagram of DMPC. (From ref. [4])

mesophase and water. As the concentration of water or the temperature is varied,

there can be phase transitions among the lamellar phases. A typical phase diagram

isshown in figure-1.3 [4].

In the high temperature L, phase, the chains have a liquid like order (figure-1.4).
The name L, originates from the fact that the liquid like conformation of the chains
is called the a-conformation and the (quasi) long range one-dimensional lamellar or-
ganization o the lipid molecules is denoted by the letter L. The x-ray diffraction
pattern from these chains is characterized by a broad and diffuse band at around
4.6 A, very similar to the band observed in liquid paraffins [5). In biophysicslitera-

ture this phase is often referred to as the liquid crystalline phase.

The calorimetric studies of Chapman et. al. in 1967 [6] revealed that hydrated

samples of lipids undergo a strongly first order chain ordering transition (called the

6



main-transition) in which the chains go from the « configuration to an all-trans con-
formation. This phase is called the Lg or gel phase (figure-1.4). The area per chain
is lower and the bilayer thickness is higher in this phase than in the L, phase. The
chains become stretched and rigid (though they may still have some rotational de-
gree of freedom [5]) and also acquire some degree of positional order in the plane of
the bilayer, though it is not clear whether this ordering is hexatic or 2-D crystalline.
Experiments show that the in-plane positional order is correlated over distances of
~1000 A [7] and hence the term 'chain-lattice' is often used to refer to the chain
ordering. The x-ray pattern from these chains show typically one or two strong sharp
reflectionsat ~4.2 A. Such an arrangement of the chains is referred to as the g ar-
rangement if the chains are parallel to the bilayer normal and as the 8’ arrangement
if the chains are tilted with respect to the layer normal. In some cases, the chains
o the opposite monolayers of the bilayer may inter-digitate. Thisis denoted by the
letter 1. Though in the Lg, Lg and Lg, phases the chains are ordered on a lattice,

the head-groups are still disordered. Figure 1.5-A illustrates this situation.

In some phospholipids at high humidity, just below the main-transition, the lipid
bilayers are no longer flat but have a one dimensiona periodic height modulation
(seefigure-1.6). The x-ray diffraction pattern from this phase can be indexed on a
two dimensional oblique lattice. This phase is called the Py phase (the 8’ indicates
that the chains are ordered and tilted and the P indicates a two-dimensional lattice).
Because of it's corrugated ripple like structure, this phase is also called the ripple

phase. The Py -Lg transition is often called the pre-transition.

Transition to yet another phase was discovered in DPPC stored at low temperatures
for afew days (8]. Thistransition, which isagain first order occurs at a temperature
below the pre-transition temperature and is referred to as the sub-transition. At the
sub-transition, the head-groups also get ordered and the lipid goesto a highly ordered
(but not yet a fully three dimensional crystalline [9]) state called the L phase. The
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Figure 1.5: The small dots represent the chains that are arranged on a
triangular lattice. The bigger dots represent the head-groups that are
disordered in the Lg phase (A) but get ordered in the Lo phase (B).
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Figure 1.6: Schematic diagram of the structure df theripple (P ) phase.

transition from the Lg to the Ly phase is like an order-disorder transition (of dimers
on a lattice [10}) where the head-groups get ordered into a super-lattice without
disturbing the underlying chain lattice. Figure-1.5 explains the structural changes

that take place at this transition.

A typical DSC (differential scanning calorimetry) curve showing all the transitions
discussed above is shown in figure-1.7. The latent heat for the L, to Py main-
transition is large whereas the latent heat for the Pg to Lg pre-transition is about
1 that of the main-transition. The latent heat for the sub-transition is also less than

that of the main-transition.

Recent experiments revealed that the Lg phase is actually composed of three dis-
tinct phases [7]. These phases differ from each other in the direction of the tilt of
the chains with respect to the lattice. In the Lg phase, the chains tilt towards the
nearest-neighbor, in the Ly phase they tilt towards the next-nearest-neighbor and

in the Ly, phase, they have an intermediate tilt. Figure-1.8 gives the recent phase-
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Figure 1.7: A typical DSC curve for PCs in excess water. The temperature
here correspond to the transition temperatures of DPPC  (3].

diagram of DMPC bilayersand figure-1.9illustratesthe structure of each o the three

1.1.4 Chain tilt versesinterdigitation

The size o the head-group generally dictates whether or not the chains are tilted
or interdigitated in the gel phase. In lipids like DPPE, where the head-group is rel-
atively small, the stiff all-trans chains are parallel to the layer normal and do not
tilt. The distance between nearest neighbors in this case is dictated by the chain-
chain van der Waals interactions. As the head group size is increased the chains are
forced to be further apart than their idea separation. By tilting, the chains can re-
duce the perpendicular distance between the nearest neighbors thus maximizing the
van der Waalsinteraction, and at the same time accommodate the large head-groups.
This dependence o tilt on head-group size has in fact been observed experimentally.
In one experiment, methyl groups were added one at a time to DPPE (with no tilt

in the gel phase) till DPPE was converted to DPPC with a bulky head and a tilt of
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Figure 1.8: Recent phase diagram (schematic) of DMPC (ref. [7]). The

structures of the three Lg phases are given in figure 1.9.

Figure19: Schematic diagram of the structureof the three Lg phases.



about 30° in the gel phase [11]. In another set of experiments, the effective head-
group size was increased by changing the pH of the environment and thus imparting
a charge to the head-groups. Again the chains were observed to go from a non-tilted

to tilted state in the gel phase as head size was increased {12].

It is believed that the tilt of the chainsis a result of parallel shifting up (or down)
d adjacent chains by one zigzag unit of the stiff all-trans chain, that is, by about
2.5 A. The chain lattice typically has a lattice parameter of ~4 A. Thisimpliesatilt

d about 30° for the chains, this value agrees very well with the observed value of the
tilt in the Lﬂi phase

If the head-group is very big, the tilting mechanism is not sufficient to achieve the
ideal chain packing. In thiscase the chains may interdigitateto form a closed packed
structure. The mechanism that decides whether a tilted structure is preferred or an
interdigitated one, is rather subtle and poorly understood. Small differences in the
head-group or the linkage group can make the gel phase go from a tilted-chain to
an interdigitated-chain structure. For example, the naturally occurring DPPC that
we have been discussing so far has the head attached to one side o the backbone
(3 position) and the chains are at 1 and 2 position (see figure-1.1). This compound,
caled 1,2 C4PC, has a tilted Ly phase and a Pp phase. But it is possible to
synthesize 1,3 C,,PC where the head is attached to the middle carbon. In this
case the chains interdigitate in the gl phase and the compound does not exhibit a
Py phase [3]. Similarly, changing the ester linkage of DPPC (without disturbing the
head-group or the chain region) to an ether linkage gives DHPC, which again has an
interdigitated Lg, phase but exhibits a P at higher temperature and humidity [13].

1.2 Theripple (Py ) phase

The ripple phase has been a subject of almost constant experimental and theoreti-

cal activity ever since its discovery by Tardieu et. al. in 1973 [5]. The difficulty
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in studying this phase stems from the fact that it has a modulated structure at a
length scale intermediate between the molecular and the macroscopic. Although this
phase may never occur in a biologicaly relevant situation, it nevertheless provides

interesting opportunitiesto study fundamental competing lipid interactionsand their

influence on the bilayer shape.

The equilibrium structure of the ripple phase has been extensively studied using
diffraction (x-ray [4, 5, 14, 15, 16, 17] and neutron scattering [18]) and freeze frac-
ture (electron microscopy (19, 20, 21, 22, 23, 24] and scanning tunneling microscopy
[25]) techniques. The freeze-fracture technique was developed by Steere in 1957 [26].
The basic ideais to fix the structure of a liquid/soft material by sudden cooling and
then to obtain a copy of the structure by deposition of a suitable material (usually
a metal) on the surface of the sample. The copy is then studied using transmission
electron microscopy (TEM). A thin layer of the sampleistrapped between two plates,
quickly frozen (by for example dipping in liquid freon) and then fractured under vac-
uum. The fractured surface isreplicated by evaporating a thin metal (platinum) layer
at an angle to the fractured surface; the metal film is followed by a thicker carbon
layer for strength. The original sampleiscleaned off and the replicais then examined
by TEM. The lateral resolution of the TEM imagesislimited by thesize of the metal
film grains to about 2 nm. Image analysis can improve the resolution especially for
periodic surfaces [24, 25]. Vertica steps in the fractured surface assmall as 0.5 nm

can be detected because of shadowing effectsof the oblique metal deposition.

The ripple phase has been seen in phosphatidylcholines (PCs), phosphatidylglycerols
(PGs) and phosphatidic acids (PAs). Most dof the studies have been in 1,2 PCs.
Various experiments have indicated the existence of two types of ripple phases. the

stable asymmetric phase and the metastable symmetric phase. We describe these

phases below.
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Figure 1.10: Electron density map of DLPC at -7°C and 77% by weight of
water, calculated using the phasss given in ref.  [5].

1.2.1 Stable asymmetric ripples

The common type o ripples detected in x-ray experiments have an oblique unit
cell. The word asymmetric (symmetric) is used to indicate the absence (presence)
d a plane o reflection perpendicular to the ripple wave-vector. Though the ripple
phase d phospholipids had been first observed by freeze fracture electron microscopy
techniques [19, 20, 21}, the first systematic study of this phase was by Tardieu et. al.
in 1973 [5]. The x-ray diffractionpattern from DLPC (in water and at a temperature
o -7°C and a concentration of 77% by weight of water) was phased by a 'pattern
recognition’ technique (to be discussed in chapter II) and the electron density map
was calculated (seefigure-1.10).

In the electron density map of Tardieu et. al., the bilayers are height modulated and
have a smooth but asymmetric shape. The structure corresponds to a 2-D oblique
unit cell (oblique plane group p2); the ripple wavelengthe(&) is85.3A, the lamellar
periodicity (d) is55.3A and the angley = 110°. From the electron density map, the
peak-to-peak amplitude is seen to be about 15 A and the bilayer thickness about



35 A. On the basis of the electron density maps, Tardieu et. al. propose a structure
o the ripple phase where the chains are pictured to be stiff (inthe g’ configuration),
with a constant tilt with respect to the normal to the average bilayer plane aong
the rippling direction; the height modulation arises from the fact that each chain is
relatively shifted with respect to their neighbors along its long axis. Though this
picture is probably very close to the real structure, the authors themselves point out
that the experimental evidence presented in their paper is not enough to rule out

other possibilities,

A, dandy are the crystallographic parameters o the ripples which can be read dff
directly from the x-ray diffraction pattern of oriented samples and are therefore well
known. A,=150 A, d= 55.3 A and v = 100° are typical valuesfor ripplesin DMPC
[4, 5, 14]. The wide angle reflections from the chains in the Py phase are too broad
to be interpreted unambiguously. Inspite of that there are indications [4] that the
chains are stretched, tilted and are packed in a hexagonal lattice. This lattice goes

to a distorted hexagonal or centered rectangular lattice at the Pg to Lg transition.

In PCs, the ripple parameters do not change appreciably with temperature [4, 27
though they do depend on the humidity [4, 14]. The bilayer repeat distance (d)
increases almost linearly and the angle - decreases with increasing water concentra-
tion (¢,). With increasing ¢, the ripple wavelength (A) decreases slightly and then
saturates. At similar ¢,, values, as the chain length increases, both d and A, increase.

v does not have any clear-cut dependence on the chain length [14].

Both the main and the pre-transition temperatures systematically increase with the
number of carbon atoms(N¢) in the chains but the increase is more rapid for the pre-
transition with the result that the temperature range o existence of the P phase
decreases with increasing chain length till above Ng = 22 the P, phase disappears

all together. The latent heat o the main-transition has a linear dependence on the



chain length but the latent heat of the pre-transition is independent o the chain
length. This may indicate that the pre-transition is associated with some interfa-
cia or surface property o the lipids [14]. Recent studies [17] have shown that
the temperature range o the ripple phase is larger in mixed chain lipids (where one
chain is longer than the other) than in the homo-chained derivatives of the same
molecular weight. The latent heat associated with the pre-transition in mixed-chain
lipids is rather small and for this reason the pre-transition was undetected in such
lipids for a long time [29]. Lipids with unsaturated chains have a smaller range
o Py phase than the saturated chain lipids. Pre-transition has not been detected

for lipids with chainsin 1,3 positions: these isomersprobably do not have a Ps phase.

Extensive x-ray and DSC studies have been done by the group o Cevc [28] on
phospholipid bilayers. Phosphatidylglycerolsand dimethylphosphatidylethanolamine
(apart from the phosphatidylcholines) are reported to form the ripple phase. Head
group effects have been studied by looking at mixtures o lipids with different heads
and aso by looking at the effect d pH and ion binding. From the results of these ex-
periments, empirical expressions are proposed that can predict the sub, pre and main-
transition temperatures. These expressionshave the general form: T3, = a+ Nlc+ch2
where N, is the chain length and the constants are presumably determined by the
specific head-group interactions. Though it is interesting that these transition tem-
peratures can all be written in the same genera form, these empirical formulae do
not in any way indicate the real mechanism o ripple formation. From these and
other studies [3], it is widely believed that the head-chain size mismatch, tilting
and rippling are interconnected [29, 28] and that head-group hydration and chain
packing play important rolesin the formation of ripples, but the reason why a rippled

structure is preferred over a tilted-chain structure is still obscure.

The best theory so far (in terms of internal consistency and agreement with experi-

ments) for the ripple phase is perhaps that o Chen et. al. [30] (seechapter V for



a detailed discussion). They proposed a Landau theory for the ripple phase where a
coupling of the divergence in the chain tilt to the layer curvature leads to a height
modulation. A clear prediction of this theory is that only symmetric ripples are
possible in an achiral system. In view o this, Katsaras and Raghunathan [31] con-
ducted x-ray diffraction experiments on chiral and racemic DMPC and showed that
the diffraction patterns from the two samples were very similar: in particular, both
correspond to an aoblique unit cell indicating that the ripples are asymmetric. This
can still be reconciled with the predictions of ref. [30] if there is a separation of the
two enantiomers in the racemic mixture, but later studies [32] have ruled out this

possihility.

Janiak et. al. [4] discuss the possibility of the ripple phase being due to thickness
modulations rather than height modulationsof the bilayers. They construct a model
for the two possible structures and calculate the expected pattern from each model.
This is then compared to the observed intensities. The crystallographic R vaue is
calculated in each case (R = Z—%’—;{”—”, where F, and F, are the observed and cal-
culated structure factors, respectively). It was found that the R value for a height
modulated model (assumed to be sinusoidal) is much lower than that for a thickness
modulated one. Thus Janiak et. al. unambiguously proved that the ripple phase is
a height modulated phase. The peak-to-peak amplitude of the ripples was estimated
to be about 15 A .

From the analysis of the projected electron density on the average bilayer plane, Wack
and Webb [14] argue that the ripples have a saw-tooth shape. They also argue that
the chain length dependence of the lipid bilayer thickness (discussed earlier) rules
out models of the ripple phase where substantial fraction ( > 10 %) of the chains are

molten.

Sun et. al. [16] employed a modeling and fitting technique (reviewed in the next
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chapter) to phase the DMPC data o Wack and Webb [14]. In the electron density
map reported in ref. [16], the ripples show a saw-tooth shaped profile with the ma-
jor arm o the saw-tooth being about twice as long as the minor arm. The bilayer
thickness and the electron density in head-group region of the major arm isfound to
be larger than that of the minor arm. The value o the bilayer thickness in the major
arm is comparable to the thickness o DMPC bilayersin the Lg phase wheress the
thickness in the minor arm is comparable to that in the L, phase. This lead Sun
et. al. to hypothesize that the major arm of the ripple isin the Lg phase whereas
the minor arm isin the L, phase. This microphase separation picture isinconsistent

with other experiments (this will be discussed in detail in chapter III).

Scanning tunneling microscopy (STM) techniques have recently been used to look at
freeze-fractured samples o lipidsin the ripple phase [25]. Special care hasto be taken
to prepare samples for STM studies. The samples have to be stiffened (by deposition
o silver in addition to the platinum and carbon mentioned before) and have to be
examined in moisture free conditions for the resultsd STM to be reliable. The group
of Zasadzinski has combined image processing and STM techniques to get structural
detailsd the ripple phase hitherto not measurable by freeze-fracture methods. Using
this technique, the asymmetric shape obtained by x-ray studies [5, 16} has been con-
firmed, though in these studies, the Fourier expansion of the shape yieldsonly thefirst
two harmonics, contrary to the results of x-ray studies (see chapter III for detailed
discussions). At 23°C for DMPC, it isfound that A\,=107+10 A and the peak-to-peak
amplitude o theripples, A=24 A. At 20°C, these valuesare A,=106+10 A, A,= 11 A.

Hentschel and Rustichelli [33] report x-ray diffraction experiments on highly aligned
DMPC bilayers where A, and d were found to be similar to above values but v was
found to be 90°. These results are contrary to all other reports on the ripple phase.
This contradiction might be due to the specific method of sample preparation that is

very different from those used by other experimentalists. Another possibility is that
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the reflectionsfrom the coexisting L phase! interferes with correct interpretation of
the diffraction pattern. They estimated the tilt of the chains to be 26° with respect
to the average layer normal. With respect to the chain lattice, the chains tilt towards
their nearest neighbors; this situation is same as in the Lg phase of ref. [7]. It is
argued by Hentschel and Rustichelli that the rippling direction is perpendicular this
chain tilt direction. These results may not be correct in view of the coexistence of

the Lﬂl phase

1.2.2 Metastable symmetric ripples

In many freeze fracture studies [19, 20, 21, 22, 23, 24] of the ripple phase, along with
the asymmetric ripples discussed above, ripples with a larger periodicity (about 1.8
times that of the coexisting asymmetric ripples) are also seen (seefigure 1.11). In
x-ray studies, these ripples are characterized by a 2-D rectangular unit cell and are
called symmetric ripples. These ripples are referred to as A-ripplesin freeze fracture
literature. In x-ray experiments [15, 34, 35, 36] the A-ripples show up as fainter
reflection (for this reason they are also called secondary ripples) corresponding to
modulations where v is 90° and wavelength is about 1.8 times that of the coexisting
asymmetric ripples. These A-ripples are metastable and appear only on cooling the

sample from the L, phase and not while heating from the Lg phase [37].

By careful analysisdf the height profile of the A-ripple profiles, it has been shown that
these have a groove at the top thus giving them a non-centrosymmetric “M”-shape
(22, 24] (see figure 1.11C). Each repeating “M”-shaped unit of the symmetric ripple
can be pictured as two one-wavelength-long units of the asymmetric ripples joined
with one of the units rotated by 180°; such a structure has the configuration "major
arm-minor arm-minor arm-major arm” with the minor arms joining up to form the

groove at the top.

'it is clear from the photograph d the diffraction pattern presented in ref. [33] that in these
experiments there is a coexistence d the Lg and Py phases.

19



C

Figure 1.11: (A): A typical Freeze Fracture micrograph of the ripple phase
(DPPC). A small patch o A ripplesisindicated by an arrow. (fromref. [24]). The
height modulation direction is in the plane of the paper. (B): The black and white
bands in the figure correspond to the two arms of the saw-tooth-like (or triangular-
like) ripples. (C): The non-centrosymmetric “M”-shape for the A ripples predicted
by freeze fracture.

Yao et. al. [15] and Matucka et. al. [34] have studied the metastable ripples of
DPPC using x-ray diffraction methods. In these experiments‘they report a coexis-
tence of the stable asymmetric ripple with wavelength of 150 A and the metastable
A-ripples. They report a wavelength of about 265 A, bilayer separation of about
80 A and v = 90° for the A-ripples. They also show that the A-ripples occur only
in lipids with number of carbon atoms per chain > 13. The structure of the A-
ripple phase is difficult to probe by x-ray diffraction techniques because the stable

and metastable forms coexist and in an unoriented sample, even correct indexing



becomes difficult.

1.2.3 Other studies on theripple phase

A lot of work has been done on the influence of different chemicals on the ripple
phase. The most important of these are the studies on the influence of cholesterol
on phosphatidylcholine bilayers [38]. It is hoped that these studies would help in
understanding the basic mechanism of lipid-cholesterol interactions, which are of im-

portance in bio-membranes.

Effect of salts particularly divalent cations like Ca** [39] on lipid bilayers has re-
ceived special attention because these ions get adsorbed on the bilayer surface and
introduce a Coulomb repulsion between the layers, thus giving-a mechanism by which

inter bilayer interactions can be controlled.

A number of spectroscopic techniques have been used to probe the dynamics of the
ripple phase [40]. Because of the complex interactions in these systems, the spectro-

scopic data are very difficult to interpret and contradictions abound in literature.

Other miscellaneous experiments on the ripple phase have been reported; for example
experiments on the influence of pressure on the pre-transition [41] and experiments
on kinetics of the Py -Lg transition [42, 43]. In the absence of any understanding
of the microscopic mechanism of ripple formation, it is difficult to unify the results

of all these experiments within one framework.
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