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The outer boundary of the cell is the plasma membrane, a
continuous sheet of phospholipid molecules about 4-5 nm
thick in which various proteins are embedded.

lipid

1

channel protein

Some of these proteins serve as pumps and channels for
transporting specific molecules into and out of the cell.

bilayer

GOLGI APPARATUS

Around the Golgi apparatus are numerous
small membrane-bounded vesicles (50 nm
and ltarger) that carry material between the

of the cett.

<52

Golgi apparatus and different compartments

A system of stacked, membrane-bounded, flattened sacs
involved in modifying, sorting, and packaging macromolecules
for secretion or for delivery to other organelles.

ENDOPLASMIC RETICULUM

Flattened sheets, sacs, and tubes of membrane extend throu
the cytoplasm of eucaryotic cells, enclosing a large intracell:
space. The ER membrane is in structural continuity with the
outer membrane of the nuclear envelope, and it specializes |
synthesis and transport of lipids and membrane proteins.

The rough endoplasmic reticutum (rough ER) generatly occu
flattened sheets and is studded on its outer face with ribosoi
engaged in protein synthesis.

The smooth endoplasmic reticulum (smooth ER) is generatly
more tubular and lacks attached ribosomes. It has a major
function in lipid metabolism.

PEROXISOMES

0.2-0.54

membrane-bounded vesicl
containing oxidative enzy™
that generate and destroy
hydrogen peroxide

membrane-bounded vesicles
that contain hydrolytic
enzymes invotved in
intraceltular digestions
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Taste 17.2 Mean (dynamic) packing shapes of lipids and the structures they form

Critical
. packing Critical Structures
Lipid parameter packing shape formed

¥lagl,

Cone

Spherical micelles

Single-chained lipids
(surfactants} with targe <13

head-group areas: >
SDS in low salt v

Truncated cone
Single-chained lipids
with small head-group
areas: 1/3-1/2
SDS and CTAB in high salt,
nonionic lipids

J

Truncated cone Flexible bilayers,

vesicles
Double-chained lipids with
large head-group areas, fluid
chains:
Phosphatidy! choline (lecithin),
phosphatidyl serine,
phosphatidyl glycerol, 1/2-1
phosphatidyl inositol,
phosphatidic acid,
sphingomyelin, DGDGs,
dihexadecyl phosphate,
dialkyl dimethy! ammonium

- salts

0

Cylinder Planar bilayers

Bl

Double-chained lipids

with small head-group

areas, anionic lipids in high
salt, saturated frozen chains:
phosphatidyl ethanolamine,
phosphatidyl serine + Ca**

~1

-

inverted Inverted
truncated cone micelles

Double-chained lipids with or wedge

small head-group areas,

nonionic lipids, poly fcis)
unsaturated chains, high 7:

unsat. phaosphatidy! ethanolamine,
cardiotipin + Ca%*

phosphatidic acid + Ca3*
cholesterol, MGDG®

>1

8

*DGDG, digalactosyl diglyceride, diglucosy! diglyceride. *
b MGDCG, monogalactosyl diglyceride, monoglucosyl diglyceride.
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FIG. 1. Schematic pressure-temperature (7-T) phase diagram
showing several of the monolayer phases that have been
identified in fatty acids and their esters. The relative locations
of the gas (G), liquid-expanded (L), and superliquid phases (LS)
are much the same for many substances. The locations of the
other phases and the positions of the boundaries between them
are more variable and less well known. The inset shows the
orientation of the molecular tilt azimuth with respect to the lo-
cal sixfold structure of the head groups that exists in the three
tilted hexatic phase L, L,,and L;.

director points toward nearest neighbors in the L, phase,
toward next-nearest neighbors in the L phase, and along
an intermediate direction in the L) phase. In the
language of smectic liquid crystals, the tilted LC phases
are the analogs of, respectively, the smectic-I, -F, and -L
phases (we will use this latter notation). The fact that the
surfactant liquid crystals appear to be hexatics is some-
what surprising since tilted hexatics are less common in
the phase behavior of D =3 liquid crystals. On the other
hand, the nematic phase, which is quite common in D =3
liquid crystals, appears to be absent in the surfactant
films studied to date.

Liquid crystals in D =3 are birefringent and can be
characterized visually by their striking multicolored tex-
tures when viewed between polarizers; the textures reflect
the spatial variation of the local optical axis of the ma-
terial. This spatial variation may be due to metastable
“defects,” which for topological reasons cannot decay,
or, for finite systems, it may be imposed by boundary
conditions at the sample boundary. Textures are also
very useful as a quick diagnostic for the type of liquid
crystal involved. Recent studies of monolayers by polar-
ized fluorescence [7] and Brewster-angle reflection [8,9]
have shown that the spatial variation of the ¢ director can
be observed and demonstrated that LC phases of surfac-
tant monolayers also exhibit textures; see Fig. 2.

At first sight, it would appear natural to expect that
LC-phase textures should be similar to those of the analo-
gous D =3 smectic phases for achiral molecules (the sur-
factant molecules used were generally achiral). The most
striking texture of the D =3 phases is a fivefold star-
shaped object [2]. The appearance of stars in tilted hex-
atics can be readily explained by allowing the ¢ director
to couple to the local orientation of the six hexatic crys-
tallographic axes (see below). LC phases have indeed
been found to exhibit star textures very similar to those

of the free-standing tilted smectic hexatic films, but a
large variety of other textures has been found as well,
For example, the “ground state” of the LC phase for
some fatty acids is a stripe texture consisting of straight
or kinked defect lines [10]. The mesoscopic studies thus
suggest that the analogy between surfactant monolayers
and the D =3 tilted-hexatic liquid crystals may not be
complete since in the latter the ground state is believed to
be uniform.

B. Droplet textures

The spatial variation of the optical axis of a texture
reflects an inhomogeneous structure of the underlying or-
der parameter. The order parameter of an LC phase is
rather complex: it is a combination of the ¢ director and

FIG. 2. Images of droplet textures. The droplets are sur-
rounded by the liquid expanded phase, which is isotropic. (a)
Polarized fluorescence microscope image of a star defect in 2
monolayer of methyl octadecanoate. (b) Brewster-angle micro-
scope image of a boojum in a monolayer of pentdecanoic acid
(courtesy J. Meunier).
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the hexatic order parameter. We characterize the hexatic
order by the angle 6 made by the six crystallographic
axes with a- fixed axis, say, the x axis (see Fig. 3). This
“bond-angle” field 6(x) can, like &(x), vary across the
sample. Obviously, 6(x) is defined only modulo 60° so the
LC free energy must be invariant under rotations by mul-
tiples of 60°. It is the experience in D =3 systems that
complex order parameters produce complex textural pat-
terns and, as mentioned, a bewildering variety of textures
has indeed been observed in monolayers. The question
now is whether we can hope to carry out a program of
texture classification in surfactant monolayers in the
same way as has been done for D =3 liquid crystals [11].
In this paper we will address this issue only for the sim-
plest possible case, namely, that of a D=2 LC droplet in-
side a LE matrix. In such a confined geometry, the num-
ber of allowed textures should be severely reduced by the
boundary constraints imposed on both the €(x) and 8( x)
fields at the LE-LC interface because they raise the ener-
gy cost of adding metastable topological defects. Electro-
static repulsions inhibit the coalescence of LC droplets
and their sizes are therefore generally only of order 100
pm; their shapes usually vary between circular to (round-
ed) hexagonal,

Coexistence droplets in ester monolayers show a range
of textures; some common ones are shown in Fig. 4. As
one moves along the LE-LC coexistence curve, reversible
changes are observed in both the texture and the droplet
shape. On the basis of these relaxation processes, it is
reasonable to assume that the observed textures represent
a local equilibrium of the free energy rather than a
frozen, or pinned, configuration determined entirely by
the preparation history of the drops. The fluorescence
data on the esters also reveal that &(x) is fairly strongly
anchored along the normal to the LE-LC interface. The
boundary condition on the bond-angle field (if any) is not
known since the O(x) field cannot be visualized by the
fluorescence studies. The observed textures are often
based on the sixfold hexagonal “basic motif”’ shown in
Fig. 4(a). The origin of the basic motif is easily under-
stood if we assume that the hexatic degree of freedom is

FIG. 3. Definition of the bond angle 0, the tilt angle &, the
tilt azimuth @, and the director c.

FIG. 4. Droplet textures for hexatic phases. The lines indi-
cate the orientation of the molecular tilt azimuth within each
domain and the shading gives an impression of the contrast that
would be observed in an image obtained by polarized fiuores-
cence microscopy.

relatively stiff and thus spatially uniform across the drop.
In each of the six sectors of the hexagon, the in-plane
director is also uniform and locked to the bond-angle
field with the relative angle between them assuming the
equilibrium value appropsiate for the LC phase in goes-
tion. At the boundary between adjacent sectors, ¢(x)
makes a rapid rotation of 60° to flip from one of the six
hexatic directions to the next (“60° wall”). On the other
hand, coexistence droplets of fatty acid monolayers have
textures with no sharp boundaries but rather a smoothly
varying c¢ director. Understanding the origin of the
different phenomenology of ester surfactants and fatty
acid surfactants is important for learning how to inter-
pret the observed textures.

If the droplet shape is a perfect hexagon, then the basic
motif naturally satisfies normal boundary conditions for
the c director at the LE-LC interface. In this view, hex-
agonal droplet shapes would be a consequence of the nor-
mal boundary conditions on the molecular tail rather
than the direct influence of the hexatic order on the LE-
LC interface. This is confirmed by the fact that in the
high-pressure LS phase, where the molecules are perpen-
dicular to the air-water interface, the droplets are not
hexagonal even though the phase is believed to be hexatic
[7]. It is important for the following to note that the
strength of the boundary conditions on the ¢ director is,
in reality, limited. As shown in Fig. 4(b), experiments
also show the existence of circular drops with a hexago-
nal interior structure, which could only satisfy normal
boundary conditions by distorting the textural uniformity
inside the six sectors, which does not appear to be the
case. As will be discussed below, a circular shape is actu-
ally a natural variation of the basic motif if we allow for
an increase of the LE-LC line tension with respect to that
of a 60° wall.

The basic motif is closely related to the five-armed
star-shaped defects observed both in the LC phase of ma-
terials such as pentadecanoic acid away from the coex-
istence line as well as in freely suspended films of tilted
smectic hexatics. We can crudely think of the basic motif
as a stable star-type defect imposed by the LE-LC phase
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Textures in z chiral smectic liquid-crystal film
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Freely suspended liquid-crystal films of the smectic-J phase of HOBACPC (R (—) hexyloxyben-
zylidene p’-amino-2-chloropropyl cinnamate] display distinctive stripe and droplet textures. We
derive these patterns from a Landan expansion of the free energy using a vector order parameter.
Strong pinning boundary conditions lead to boojums in the droplets and stable defect lines between
the stripes. The boojum is a two-dimensional version of its namesake in superfluid ‘He- A. The sur-
face defect in the boojum is expelled from the smectic-I droplet in order to lower the internal gra-
dient energy, leaving a defect-free texture. The expulsion distance and the width of the stripes are

calculated in terms of the elastic constants.

I. INTRODUCTION

Smectic liquid crystals, in which the molecules arrange
themselves in parallel layers, can be drawn into stable
freely suspended films only a few molecular layers
thick.!=* In the tilted smectic phases, such as SmC and
SmlI, the molecular optical axis @i lies at an angle to the
layer normal (see Fig. 1). The direction of the projection
¢ of the molecular axis in the plane of the film can be ob-
served by polarized reflection microscopy. Basically, if
the direction of polarization of incident light is parailel or
perpendicular to €, then the polarization is unchanged
upon reflection, whereas if the direction of polarization of
the incident beam is at some other angle, the polarization
is rotated. When viewed through crossed polarizers, those
regions of the film with € parailel to either of the polariz-
ers appear dark. These dark fringes are known as
schlieren lines.’ Defects in the liquid crystal show up as
discontinuities or points of convergence of schlieren lines.

| z

N

c

FIG. 1. Schematic of the experiment. The smectic film Hes
in the x-y plane. The film is viewed by reflection between
crossed polarizers P, and P,. The molecular optical axis is
fi—the molecule shown lies in the y-z plane. The order parame-
ter ¢ points towards the tops of the tilted molecules, and lies in
the x-y plane. Consequently, when the film is viewed from
below, the order parameter €' is the reverse of 2.

{ 3.8 34

Distinctive schlieren patterns have been observed by
Clark, Van Winkle, and Muzny® in freely suspended films
of HOBACPC [R(—) hexyloxybenzylidene p’-amino-2-
chloropropyl cinnamate], a chiral liquid crystal which
forms ferroelectric phases of SmC and SmI. Both SmC
and SmI are tilted phases; while the nature of the order-
ing in these phases is still under investigation,” SmC is
known to have only short-range positional order within
layers, while SmI has a more pronounced hexagonal order
and more translational order than does SmC. In both
cases there exists orientational order between layers. On
cooling a SmC film through 55C small roughly circular
domains of SmI nucleate. The SmI droplets drift away
from their nucleation sites and grow into the SmC. The
droplets are characterized by from one to three straight
schlieren lines which appear to originate at a point off the
edge of the droplet. (See Fig. 2.) The schlieren lines lie at
45° to one another. In circular droplets, relatively free
from the distortions caused by contact with neighboring

FIG. 2. Polarized reflection micrograph of the droplet tex-
ture. The polarization axes are parallel to the edges of the pic-
ture. The diameter of the illuminated region is roughly 8.24 cm.
Photo courtesy of N. A. Clark, D. H. Van Winkle, and C.
Muzny.

5035 _©1986 The American Physical Society
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TEXTURES IN A CHIRAL SMECTIC LIQUID-CRYSTAL I
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CIRCLE -> LABYRINTHINE TRANSITION

PA + 20 wt% SP-B 1-25 at zero surface pressure




SP-B 1-25 Films
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Presence of Stripe Phases in both PA/SP-B 1-25 and Fluore
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PATTERN FORMATION

* diverse set of physical, chemical, and biological systems
exhibits macroscopic pattern and texture

e.g. thin films of type | superconductors, ferrofluids,
ferromagnetic garnets, chemical reaction-diffusion
systems ...

two partially incompatible species

e common structural features

characteristic widths

modulated by external parameters
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MOTIVATION

Circular liquid monolayer domain

|

Stripe pattern

* Circular domains become unstable —
under what conditions?
turn into what shapes?

any route?

* Quantitative understanding —

model based on competing interactions?

* Experimentally observaple?
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MODEL: LINE TENSION VS ELECTROSTATIC REPULSION

Free Energy F=F,+F,

S S
ra= IS < e

F=§rdi p=lF—FF+ A

Circular domain of radius R

| €2A

F= 27:R[,1--—u21n——}
SR

Equilibrium radius



INSTABILITY OF A CIRCULAR DOMAIN

Energy associated with a circular domain with n-fold distortion

VR 2
e ntl L -1 A, (2
F:——————&n+ a Vi) |+—L(n" -1




HARMONIC SHAPE TRANSITIONS
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STABILITY ANALYSIS
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KINETICS OF INSTABILITY
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MOST RAPIDLY GROWING MODE
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ROUTE TO SHAPE TRANSITIONS

Pressure

Domain Size
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FORMATION OF LARGE DOMAINS
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* Lipid domains in a drift-free environment exposed to an elec*ric field

* —Ve polarity: attraction of DChol-rich domains — fusion

* +Ve polarity: repulsion of large domain formed















QUANTITATIVE EXPERIMENTAL RESULTS
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FIG. 1. Top: Epifluorescence micrographs of a monolayer
simulating the erythrocyte membrane inner leaflet (Table I,
expt 1) as it is laterally compressed at an air-water inter-
face at room temperature (23°C). At surface pressures be-
low 1 dyn/cm (or mN/m), gas and liquid phases coexist (not
shown). As the monolayer is compressed further, immiscible
liquid phases appear. (a) 18.5 dyn/cm: 5~10 um circular do-
mains of dark, liquid phase within a bright, liguid phase.
Domains exhibit Brownian motion. (b) 20.8 dyn/cm: finger-
ing characteristic of critical point behavior. (c) 21.9 dyn/cm:
homogeneous liquid. (d) 13.2 dyn/cm: circular domains reap-
pear as the suiface pressure decreases. Bottom: the pressure
vs area/molecule isotherm is similar 1o those of cholesterol-
phospholipid lipid monolayers [3]. Area/molecule errors are
estimated to be less than a factor of 2. Errors in pressures
are *1 dyn/om throughout. Experiments are standard [14] and
concluded within ~10 min to minimize air oxidation. Because
of this time constraint, it is virtually impossible to observe an
inflection point in the isotherm near the critical point (point b).
Even under ideal conditions, the inflection point is d:fficult to
detect [3].

same critical pressure 73 as the binary mixture f 2 and
3, 123, Joining these binary critical points is a calculated
line of critical points. Thus critical properties hold for
substantial variation in lipid composition along this criti-
cal line. A lipid mixture of n > 3 components with in-
teractions described by Eq. (1) has an n - 1 dimensional
surface of critical points. In this theoretical scenario,

5620

TABLE L. Molar lipid compositions were mixed to approxi-
inate the compositions of the inner and outer leaflets of the red
blood cel membraae. Concentrations are given for cholesterol
(Chol}, the four other major lipid species [sphingomyelin
(SM), phosphatidylcholine (PC), phosphatidylethanolamine
(PE), and phosphatidylserine (PS)], glycolipids (Gly), and
the fluorescent probe Texas Red-DMPE (dimyristoylphos-
phatidylethanolamine). (See Ref. [15).) Experiments 1, 2,
3, and 4 displayed critical pressures, 7. (dyn/cm or mN/m)
as in Figs. 1 and 2. Of these, experiments 1 and 4 were
best estimates of the inner and outer red blood cell leaflet
compositions. Experiments 2 and 3 were variations on the
inner leaflet 1. Experiments 5 through 10 were variations
on the outer leafiet 4. These six exhibited immiscible liquid
phases and a transition at high pressure (>20 dyn/cm) to a
homogeneous liquid, but no fingering or stripc phasc (No).
Lipids extracted [16] from the red blood cell membrane but
not yet scparated by headgroup contained the sum of all the
cholesterol and the four major lipid species of the inner and
outer leaflets, with no glycolipids. Monolayers of this “total”
mixture also exhibited immiscible liquid phases and a transition
at high pressure (>15 dyn/cm) to a homogencous liquid, but
no critical behavior.

Expt Chol SM PC PE PS Gly TR =
Inner red blood cell leaflet

1 46.2 53 74 284 125 0 02 22
2 409 58 81 312 138 0 02 25
3 515 48 67 256 112 0 02 23

Outer red blood cell leaflet

4 434 225 234 63 O 42 02 29
5 453 257 267 21 0 0 02 No
6 404 280 291 23 O 0 02 No
7 36.1 299 312 26 O 0 02 No
8 329 319 332 1.8 0 0 02 No
9 253 352 365 28 0O 0 02 No
10 821 46 48 04 O 79 02 No

critical behavior is sensitive to cholesterol concentration
and relatively insensitive to substantial variations in
phospholipid composition (cf. Table I).

Figure 3(b) gives a theoretical phase diagram for a
binary mixture of components 1,3 or 2,3. Superimposed
on this phase diagram are the superstructure phases H
and S. The hexagonal (H) and stripe (S) phases have
length scales D set by a competition between long-range
intermolecular dipolar repulsions and interdomain line
tension A.

D = de*/™, 3)

Here m is the difference in dipole density in the two
phases and d is of theé order of a nearest neighbor in-
termolecular distance. Near the critical goint the widths
of the stripes are equal to de(w/2)e*/™ [4). The line
tension A and the dipole energy difference term m are
related to the pressure difference (w — .) by critical
exponents 4 = 1 and 8 = 0.25, respectively [14,17,18).
Hence, as 7 approaches =@, D decreases. D is the stripe
width or circular domain radius. Indeed, in a binary mix-
ture of cholesterol and phosphatidylcholine, we have ob-
served that the stripe width approaches zero as the surface
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FIG. 2. Epifluorescence micrographs of a lipid monolayer
simulating the erythrocyte membranc outer leaflet (Table I,
expt 4). The phases and isothérm are similar to Fig. 1.
(a) 12.1 dyn/cm (or mN/m): circular liquid domains <10 pm.
(b) 26.1 dyn/cm: coalescence of domains. (c) 28.4 dyn/cm:
fingering characteristic of critical point behavior. (d) 29.1 dyn/
cm: critical point. (¢) 34.5 dyn/cm: homogeneous liquid.
(f) 28.8 dyn/cm: immiscible liquid phases reappear as pressure
decreases. The domains exhibit fingering characteristic of
proximity to a critical poiat. At lower pressures, the domains
are circular.

pressure is raised to the critical pressure. As the criti-
cal pressure is approached from below, preexisting cir-
cular domains show fingering and then transform to the
siripe phase when the composition is close to the critical
composition (data not shown). At low monolayer pres-
sures A =~ 1.8 X 1077 dyn and m? ~ 1078 cgsesu and
D is extremely large [18]. Theoretically, at equilibrium
a stripe phase should appear over a large region of the
phase diagram [Fig. 3(b)]. In contrast, stripe phases are
experimentally observed only within 1-2 dyn/cm of the
critical point [Fig. 3(c)} {19). This is related to the fact
that the rate of domain size equilibration is slow and that
stripes produced experimentally are limited in length [20].
In our experience, these conclusions apply equally well to
multicomponent mixtures. Figure 3(c) illustrates the ex-
perimental relations between circular domains, fingering
domains, and the stripe phase.

The erythrocyte lipid bilayer may be near a critical
point since stripe phase fingering is observed in ery-
throcyte lipid monolayers at comparable molecular den-
sities. We observe critical behavior at molecular areas
of ~60 A? for the simulated erythrocyte outer leaftet and
~100 A? for the inner leaflet. (A transition frou: two lig-
uid phases to one liquid phase is found at ~40 A2 for the
total lipid mixture,) Uncertainties in these areas due to
the chemical assay used [21] are estimated to be less than
a factor of 2, The average area of a lipid in an erythrocyte
membrane of a phospholipid bilayer is comparable, ~40
or ~60 A2, respectively [22,23].

Additional comparison between monolayers and the
erythrocyte membrane is provided by the work of Demel
et al. [24]. These investigators compared the activity of
phospholipases on erythrocyte membranes to their activity

Composition (X;)

Composition (X;)
(a) Schematic ternary phase diagram with mole frac-

FIG. 3.
tions X;, X,;, and X3, where X; + X + X3 = 1. Compo-
nents 1 and 2 are phospholipids and 3 is cholesterol. At
pressures o < ;3 = 73, two immiscible liquid phases (2¢)
coexist under the surface shown. Above this surface, there
is one homogeneous liquid phase (1¢). In this model, all
pure components are assumed to have equal chemical poten-
tials p.?, and surface areas, with area contraction parameters
a3 = an,az = 0. Binary phase diagrams for 1,3 and 2,3
appear above the X, and X, axes. Both pairs are assumed
to have equal critical pressures 73 = ;. A line of critical
points connects the two binary critical points. (b) Schematic
theoretical phase diagram of cholesterol-phospholipid binary
mixture. Below the critical piessure and within the two phase
region three superstructure morphologics are expected, two
hexagonal phases (H and H') and a stripe phase (S) [31].
The boundary between the stripe phasc and the hexagonal
phase is adapted from {32). Coexistence regions of adjacent
phascs are in grey. The equilibrium widths of the stripes
and the radii of circles depend on the proximity to the criti-
cal point, as sketched. (c) Schematic experimcntal phase
diagram of cholesterol-phospholipid binary mixture. Stripes are
observed only within a few dyn/cm of the critical point [19].
At lower surface pressures, domains are primarily black circles
on a white background or reversed. Fingering is observed in
the grey region, at the transition between circalar domains and
stripes.

on lipid monolayers at various pressures. They concluded
that a monolayer pressure between 31 and 34.8 dyn/cm
yields a susceptibility to this lipase activity equivalent
to the susceptibility of erythrocyte membranes to lipase
activity. This surface pressure is slightly higher than
the pressure at which we observe critical behavior in the
simulated inner and outer red blood cell leaflets.

The proximity of red blood cell lipids to a liquid-
liquid immiscibility critical point should play a significant
role in the cellular physical properties. For example,
theoretically, membrane lipid composition and curvature
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FOLDING TRANSITIONS ALSO OBSERVED IN PURE PHOSPHOLIPID SYSTEMS

DPPG CH;(CH,) 1 £COO-CH, anionic
CH,(CH,) , sCOO-CH
I -—

H,COP(0), O-(CH,) - (CHOH) -(CH,0H) % %
DPPE CH,(CH,) | COO-CH,

CH,(CH) ;COO-CH  _ p
H, COP(0), O-(CH,) - (CH,) -(NH,)

zwitterionic

Both have comparable head-to-tail ratio and
collapse via folds in 2 mM Ca2* 150 mM NaCl, 0.2 mM NaHCO; , pH 6.9

DPPC CH3(CH,) ; +COO-CH, zwitterionic
CH;(CH,) ;;COO-CH  _ N
H,COP(0) ,0-(CH,),-N(CHy)

DPPC has a large head compared to the tails and
does not form folds under any experimental condition

Can we make DPPC form folds like DPPG and DPPE
by adding another surfactant to DPPC?



STRATEGY

What can be the cause for the folding transition?

* Both DPPG (anionic) and DPPE (zwitterionic) fold
-> electrostatics cannot be the controlling factor

* In some systems, folds are observed on pure water subphase, they

do not occur when 150 mM NaCl is added, but reoccurred when
small amount of divalent ions are added

-> divalent ions may act to dimerize the lipids, helping them pack tighter

The main difference between DPPG or DPPE and DPPC is the
presence of the head/tail size mismatch in DPPC

-> the ability to pack tightly may allow the film to have enough
rigidity for the folding transition

To rectify the head/tail size mismatch in DPPC

e DPPC + Palmitic Acid (PA) 2
zwitterionic anionic mimics

¢ DPPC + Hexadecanol (HD) G
Zwitterionic zZwitterionic mimics




ISOTHERMS OF BINARY MIXTURES AT 30° ON PURE WATER

I L 1 . 1
DPPC/PA e
——DPPC
60 |- -~~~ DPPC/PA (3:1, m:m) .
S DPPC/PA (1:1, m:m)
%3 === DPPC/PA (1:2, m:m)
= 40l R S S DPPC/PA (1:4, m:m) y
% r \‘\
é \
r 20 =
or — ; — ]
DPPC/HX
L. ——DPPC B
60+ b
-=--DPPC/HD (3:1, m:m)
A ————— DPPC/HD (1:1, m:m)
3% T (- - DPPC/HD (1:2, m:m)
—~ 40} 1 VA [— DPPC/HD (1:4, m:m) "
E i
% v
= 20 -
0 - 4
1 | L
20 40 60
2
Achain (A )

Folding does occur in some of these mixed binary systems!
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Fig. 2 (Ka Yee C. Lee et al.)

(o



Grasty TORAA™ Dtoek it CETIRD)
3 : Bug Spets
p ¢ frge Ledo

(e of vettcdd coyeiallive Aapest)




x|
40 | (10}, 16°C:
@ 3
o 1
~— 3
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120 130 140 150 160 170 180
-1
Q, A"
a0 P 16°C -
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Fig. 3 (Ka Yee Lee et al)

el




40 ————

Intensity [kcounts]

1.0 |

0.0 £

"PA, 15mN/m, 16°C, {1,1}

- ect 3
30 F and {0,2}% Bragg rods
1 {1,1) , calculated {0.2} _, calculated 3
20 F Bragg rods Bragg rods ]

0.0 0.2

Fig. 4 (Ka Yce C. Lee et al)




PA/SP-B1-2s ON PURE WATER @ 16 °C - GIXD DATA

without protein Wlth protem
a0 | a0 F 16°C -
5 i : ]
o : ] 3 E
2 30 f 1 30
> : : ;
2 20 i 20F  40mN/m ;
S _f f s
£ | : ] ]
L 15mNim 1 10°F ”/JL_——"' 3
: = 1 15mN/m
120 130 140 150 160 1.70 1.80 120 130 140 150 160 170 1.80
QA" Q_[A7]
Observed d-spacing (A) Area per molecule (A*2) Unit cell axis (A) Coherence length (A)

PA 15 mN/m) d11=4.33 212 a=5.06 L11=155

d02=4.19 b=8.38 L02=447

PA/SP-B (15 mN/m) d11=4.33 21.2 a=5.06 L11=129

d02=4.20 b=8.40 L02=425

PA (30 mN/m) 4.14 19.8 4.78 468
PA/SP-B (40 mN/m) 413 19.7 4.77 451

* Reduction in scattering intensity in the presence of protein is due to the creation
of a disordered phase in the surface film (agrees with microscopy results)
* Protein resides in the disordered phase

essentially identical for both the cases with and without protein
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PA/SP-B1-25 ON PURE WATER @ 16 °C - X-RAY REFLECTIVITY DATA
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INSERTION OF SP-B1-25 INTO LIPID MATRIX

angle of insertion = 34 °relative to the interface

Biophys. J. 81 (2001) 572-585
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GIXD DATA ON PURE WATER

DPPC/PA DPPC/HD
8104_...,,.,..‘.,.,,,,.,._ 210® —m e ———————
" N i b
710* - 15 mN/m, 30° q - - 15 mN/m, 30°C a’l
G 6 104 I 1510° [ ]
@ - ] .
=R 5 !
§ 510" F 3 ]
= 4104 | Pa 4 110°Ff ;
%“ 3 10% L 1:4 DPPC:PA _
L : 1:2 DPPC:PA] S _ :
8 2 104 - A 1:1 DPPCIPA 5 104 [ 1:4 DPECHD ‘/‘_‘1\\ 12 DPPCHD |
e " o A 3:1 DPPC:PA] [ 1:1 DPPC:HD :
== 110% |- DPPC 7 I opre 3:1 DPPC:HD
0 . i i i 1 ] O 4 Lo | T N S SN W) W SR U G S T Y S Y
1.20 1.30 1.40 1.50 1.60 1.70 1.20 1.30 1.490 1.50 1.60 1.70
1.5 105 AR A S S AL L B S R e T T 05 N T ¥ T LA A
- 1.4 10° [ -
- 40 mN/m, 30°C b - - . bo.
: ] - 40 mN/m ]
Y - 1 1210 - 0 , 30°C -
"a C ] C
3 110%L 3 110%F
8 :
bt N 8 104 =
> - PA (30mN/m, 30°C) C
7 S 6 10* |
5 104 [ 14 DPPC:PA -
8 [ 1:2 DPPC:PA 4 10* [L1:2 DPPCHD
= 11 DPPC:PA C 1.1 DPBOHD
= ._3:1 DPPC:PA 2 10* [ 3:1 oPPC:HD
L DPRG N j e . —DRPRG
0 NP T P T 0 N " " al N WP L ,
1.20 1.30 1.40 1.50 1.60 1.70 1.20 1.30 1.40 1.50 1.60 1.70
-1 -1
Q,, QA



DPPC:PA MIXTURES at [omN/m at_30°C
In-Plane Qut-of-Plane
Bragg Peaks Bragg Rods
Compo- observed Areaper | Projected Coherence | Tiltangle, Tilt
sition d-spacing chain area per Unit cell length, L t direction
A (A% chain A) A) (degrees) | (degrees)
(A%
DPPC No in-plane diffraction observed — no in-plane order
PA &~ 1 QS rectangular | H\: H\ou 13.2° from
4.37 4.24 21.56 20.07 140 560 21.4° NN, non-
a=$5.,09, b=8.47 symmetry
d,, dy, rectangular * L,, Log 9.8° from
31 4.49 4.27 22.50 20.31 66 540 25.5° NN, non-
DPPC:PA 8=5.27 bu8 54 symmetry
1:1 de | dy | dyy oblique*™* Lo | Lw | Ly 15.5° from
DPPC:PA | 422 | 4.35 | 4.26 21.79 20.19 a=5.01,be4 93] 95 | 250 | 200 22.1° NN, non-
y=118.1° symmetry
1:2 d,, dy, rectangular L, Loz 19.3° 17.6° from
DPPC:PA | 4.35 4.26 21.53 20.32 105 200 NN, non-
8=5.06 b=8.51 symmetry
1:4 Aw— 1 ﬁ,_.on agmﬁ_ﬂ. ”—\: Hlen 18.6° from
DPPC:PA | 426 4.23 20.85 19.70 150 440 19.1° NN, non-
a=4.93 b=8.47 fymmetry

" small oblique distortion . .
o very close to a rectangular cell: a = 5.10A, b = 8.52A.



DPPC:PA MIXTURES at 40mN/m at_30°C

In-Plane Out-of-Plane
Bragg Peaks Bragg Rods
~Compo- Observed Area per I_’n_)]gegcted Coherence | Tilt angle, Tilt
sition d-spacing chain area per Unit cell length, L t direction
A (A% %l}iizi;l A ey (degrees) | (degrees)
"DPPC d,, d,; rectangular* | Lo, Lo, 13° from
4.57 431 23.27 21.00 50 150 25.5° NN, non-
a=S5.40, b=8.62 symmetry
PA d, hexagonal Lo
25mN/m 4.20 20.37 20.28 720 5.3° NN
8,=4.85
31 de | & | dy oblique Le | L | Ly 14.9° from
DPPC:PA | 4.35 | 4.33 | 4.25 21.43 19.97 amd 95, bmd 93 | 70 160 | 700 21.3° NN, non-
’ y=118.6° symmetry
1:1 d,o hexagomal Lo
DPPC:PA 4.19 20.28 2022 490 4.3° NN
a,=4.84
1:2 de hexagonal Lo
DPPC:PA 4.18 20.19 20.15 560 3.8° NN
2083
1:4 d,, hexagonal Lo
DPPC:PA 4.18 20.19 20.13 v 600 4.5° NN
2,483




OPTIMAL PACKING AND POSSIBLE ARRANGEMENTS IN 2D

———— p— ==
Data
Model
24.0 Ll T T T . L ‘a‘ r L L) T L] T Ta‘_ 24.0
235}  —O—calculated area { | .—O— calculated area {23.5
230} : per chain 1L ; per chain 1230 B
i | —— experimentally ] {—m— experimentally >
& 225 ;. determined area] | . determined area] 225 o
<L 20} perchain ] [ perchain 1220 &
L 3
.% 215} 421.5 —~
S 210} l210 B
< | | DP 21, m:
205} 1205 A an (perfect match of head
20.0L 420.0 1K and chain cross sectional
h VAR 4
i (LA areas, but unfavorable
0.10} 1919 a . alignment of head groups)
Ak 4
0.08 | 40.08 ]
&8 o008} Joos P el \C
0( G (head-tail-mismatch) o
T oo {0.04 TR
() wprl
< 0.02+ 10.02 F A
< d 5 s
0.00 | 40.00
+—+—t t :1, m:m
251 - 125 (densest packing of chains)
cl 4
20} | {20 @ : vrrC head group
151 1 11s €D : kovalently attached palmitic acid
& e
— — : Hexadecanol
ik 10k - 410 ° @
5} : s e B
% 0'0 l 0'2 0.4 0'6 ‘ 0‘8 1.0 010 0'2 0I4 0]6 . 0l8 ‘lIO 0
o EIEE . P J. Chem. Phys., in press
PA D




ISOTHERM AND MORPHOLOGY AT 25°C

= I1-A Isotherm

m Reversible Folded Structures coexist with the monolayer.




ISOTHERM AND MORPHOLOGY AT 37°C

PI= 59.21

T= 37.28 Asm= 36,19 Pl= 52.87 T= 37.19 Ase= 51.4p Pl= 37.89

. "”“ﬁ‘“’*‘/
3
i /
2
10
el L ... S—
15 25 35 45 S5A65 75 8 95 105 115 T= 37.19 Are= 78.59 Pl= 12.68

m Collapse is predominantly by formation of either surface bound tubular vesicles
or unbound vesicles.

The monolayer is not biphasic at collapse.




Reversible Folds

B

Surface Pressure IT (mN/m)

-
o

Monolayer —
Bound Vesicles

(=]

15 25 35 45 55 65 75 8 95 105 115
Area Per Molecule A (A?/molec)

LE+LC I>]_ Detached Vesicles

I1-T Phase Diagram

m T< 28°C collapse takes place primarily by large scale reversible folding.
m T =28° 30°C bimodal collapse with both vesiculation and folding observed.
m T > 33.5°C monolayer is monophasic and only vesiculation is observed.




TEMPERATURE JUMP EXPERIMENT

Detached Vesicles

Surface Pressure
(mN/m)

LE+LC

LE
40 T T T T T T T T T T T T T T T T T T T T T

Reversible Folds I1-T Phase Diagram

15 20 25 30 35 40 45
Temperature (°C)

1. Compress the monolayer at a low temperature up to the folding point
2. Heat the subphase and watch the changes in phase and morphology
= To verify the existence of the Fold to Vesicle Boundary and Transition
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TEMPERATURE JUMP MORPHOLOGY

| . X
. Acm= aj-a_l-"?’r TPI- 69.92  T- 38.19 . A/mg 1. i PI= 69.82

35.5°C

T= 32.89 7= 1.8

J. Phys. Chem. B (2001) in press







Model

domain size L ~ 10 um

domain boundary width £ ~ 1 nm

elastic length A = (K/7)1/2 ~ 1-10 nm
spontaneous radius of curvature c5 ' ~ 1-10 nm.

= We focus on the vicinity of an isolated straight boundary.

G =

g =

/AdA (%KCQ s Kcoc) e 7./‘4d(A = A T/Rd(R ~ )

o0

¢/L=[

—00

- .
ds {EKQQ — Kcgb + v(1 — cos 9)]




