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Lipid Microstructures and Structures of Cationic Lipid-DNA Complexes
K.R.K. Easwaran
(Molecular Biophysics Unit, Indian Institute of Science, Bangalore-560 012, India)

One of the important goals of modern biclogy is to understand the cell functions in terms of the
structure and interactions of its constituents, namely molecules of life, which would possibly lead
biologists a step closer to understanding the essential features that constitutes life.” Our
understanding of cell function in molecular terms-gene organization, cell growth and differentiation,
biology of various diseases etc. to mention a few has grown to an unprecedented level in recent years.
This advancement has been possible due to the development of powerful highly sophisticated
biochemical and biophysical techniques for structural elucidation.

In my lectures, I will deal with the structural aspects of one of the components of
biological membranes, namely lipids. The two topics which I will cover are (i) Self-assembled
lipid microstructures, in particular, lipid tubules - their structures and application (ii) Cationic
lipid - DNA complexes and their use in gene delivery.

Biomembranes: Biomembranes are essential in the function of all cells and define
boundaries of the intracellular compartments. Protein which catalyze most of the activities in a
cell would be unable to co-ordinate their activities without membranes. The essential functions
of biomembranes are:

- Compartmentalization, which provides morphological identity to the cell and organelles.
- Selective barrier property which help in controlling the internal cell and organelles.

- Communication and stimulus response coupling which provides a basis for functions such as
excitability, adhesion, immune response and hormone action.

- transmembrane transport of ions and solute.
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L Major structural elements of biological membranes are lipids and proteins. The
composition and type of lipids and proteins in membranes from different sources vary.
A variety of membrane lipids such as glycerophospholipid, phosphonolipids,
plasmogen, glycolipid, cardiolipins, sphingolipids and gangliosides are found to occur

__ . __inmembranes. R , -
i ¢ Chemical composition of some purificd membranes (in percentages)
i’éfh Membrane Protein Lipid Carbohydrate . Membranc Protein Lipid Carbohydrate
€.
¢ Myelin 18 - 79 3 Halobacterium
- Plasma membrane purple membrane 75 5 0

Human erythrocyte 49 43 8 Mitochondrial

Mouse liver 44 52 4 inner membrane 76 24 0

Ameba 54 42 4 Chloreplasg

Spinach lamellae 70 30 0

source: G. Guidotti, 1972, Annm. Rev. Biochem. 41:731.

Lipid composition of membrane preparations (in percentages)®

Source Cholesterol PC SM PE Pl PS PG DPG PA Glycolipids
Rat Liver
Plasma membrane 30.0 18 14.0 11 4.0 9.0 — —_ 1 —_
Endoplasmic reticulum (rough) 6.0 55 3.0 16 80 310 — _— —
Endoplasmic reticulum {smooth) 10.0 55 120 11 6.7 — — 1.9 —
Mitechondria (inner) 3o 45 2.5 24 6.0 1.0 2.0 18.0 0.7
Mitochondria (outer) 5.0 50 5.0 23, 13.0 2.0 2.5 3.5 1.3
Nuclear membrane 10.0 55 3.0 20 7.0 3.0 — —_ 1.0 —m
Golgi 7.5 40 10.0 15 6.0 3.5 — — _
Lysosomes 14.0 25 24,0 13 7.0 — — 5.0 —_ —
Myelin 22.0 11 6.0 14 — 7.0 — — 12
Rat erythrocyte 24.0 K} | 8.y 15 22 70 — — 0.1 3
E. coli cytoplasmic membrane 0 0 — 80 - — 15.0 50 — —

*PC, phosphatidylcholine; SM, sphingomyelin: PE, phosphatidylethanolamine; PI, phosphatidylinositol; PS. phosphatidylserine: PG,
phosphatidylglycerol; DPG, diphosphatidylglycerol (cardiolipin); PA phosphatidic acid.

sOURce: M. K. Jain and R. C. Wagner, 1980, Introduction to Biological Membranes, Wiley.

In addition, unusual membrane lipids occur as major components in Archaebacteria
which encounter and thrive under unusual conditions of pH, high salt concentration and
absence of oxygen. _ o —

' CHyO0H R=H

OW(’} W, OH OH OH
= a=-Gic—{1-2)~-f-Gal-0—
CHOH =f# Gal-(1-6}-B-Gal-0~

H
.
" l 'HOH
0 : *
R U BN S SN
CHROH ° UG UG 56 SUN, i
O-|-H '
H-- 10 . ?HOH
) a CHOH !
L]
0 ’L'JUAIL"D
. 0:1‘" . 01'"_
CHOH CHOH
i
Bipolar ' A Monopolar R

- . Slructures of monopolar and dipolar lipids with isoprenyl sther chains, These are
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The diverse class of lipids vary in fatty acid chains, the type of linkage and polar head
group. They are amphipathic- the polar and non-polar regions of the molecule are
separate. Common features of major classes of lipids are (a) the hydrophobic region
containing two polymethylene chains with one or more double bonds with branching
towards the methyl end (b) the backbone made of glycerol, propanediol, glycol or
carbohydrates like nonitol, ceramide or ornithine - (©) a hydrophilic group
incorporating phosphate amino acids, sugar or amine,

Fatty acyl chains

Glycerol

A r———
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Phosphate

? : Alcohol
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Hydrophobic tait ? .
H,C-—O.—f;--O—CH,-——CH,—NH,‘
[o A}
Hydrophilic head

The structure of phosphatidylethanolamine,

__—'.____________, — a typical ;:hgspholipii._.___
® Basic structure of biological membranes:

In spite of the varied functions of the biological membranes, they all have a basic
structure having a phospholipid bilayer with integral proteins imbedded in the lipid
bilayer (Singer & Nicholson fluid mosaic model). Although every membrane has the
same basic structure of a phospholipid bilayer, a different set of membrane proteins
enables each subcellular membrane to carry out distinctive functions. The protein-lipid
ratio varies. For ex.: The inner mitochondrial membrane is 76% protein whereas the
myelin membrane has only 18% protein. The lipid composition also varies greatly
among different membranes. The membrane integral proteins interact directly with the
phospholipid bilayer and usually contains one or more helical sequences in the
hydrophobic part of the bilayer. Examples of integral membrane proteins are bacterial
photosynthetic reaction center, bacteriorhodopsin, major erythocyte glycoprotein-
glycophorin etc. Very few structural data are available for the membrane integral
proteins. Peripheral proteins are bound to the membrane directly by interactions with
membrane integral proteins or directly by interactions with polar head groups. The
cytoskeletal proteins, spectrin and actin which are bound to the cytoplasmic face of the
erythrocyte cell membrane are some examples of peripheral proteins.

———

i ) Peripheral protein
Exterior Qligosaccharide Glycoprotein Glycolipid P p

[_Phosphol‘ipid
. bilayer
Hydrophobich i '
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St I ]
Fatty acyl ]
tails - Phospholipid
Cytosol Integral protein Hydrophilic polar
. Peripheral protsins head J
A phospholipid bilayer constitutes the basic embedded in the lipid bilayer, Peripheral proteins are primar-
structure of biological membranes, The hydrophobic fatry ily associated with the membrane by specific protein-protsin
acyl tails of the phospholipids form the middle of the bi- interactions. Oligosaccharides bind mainly to membrane pro-
layer; the polar, hydrophilic heads of the phospholipids line teins; however, some bind to lipids, forming glycolipids.

both surfaces. Tntegral proteins have one ar mars remrme
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. (Left) Topography of the seven helices of bacteriorhodopsin in relation to the
lipid bilayer. (Right) The position of retinal residue and the topography of the seven
helices obtained from neutron diffraction. (From W. Stoeckenius, Trends Biochem. Sci.
483-486, 1985.)



' Lipid microstructures that self-assemble from lipid molecules:

In aqueous solution phospholipids assume different structural forms: micelles, bilayers,
vesicles/liposomes, tubules etc. The type of structure formed depends on the length
and degree of saturation of the fatty acid acyl chains, substitution in the acyl chains and
head group and ionic composition of the medium. A great deal of theoretical and
experimental studies are in the literature to understand the various interactions of the
amphipathic molecules leading to the fascinating self-assembled microstructures. The
factors that determine the shape of the aggregate and the long-range order is the
generalized shape of the phospholipid molecule, molecular organization and dynamics,
and conformational transitions in the aggregate. For ex: cylindrical molecules
organize into bilayers, cone-shaped molecules into micelles, wedge-shaped molecules

into inverted micelles and hexagonal rods etc.
Ar
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Dimension (A)

B G Sclhemalic representalion of some lipid-based microstruciures. [Courtesy of R. W. Lighl and
. Gaber,
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Phase characteristics of lipids in aqueous dispersions:

Amphipathic molecules such as phospholipids aggregate in the aqueous phase to form a
variety of phases which includes, monolayer, bilayer lamellar, micelles, hexagonal and
cubic. Which phase predominates in a given system depends on the structure and
conformation of the amphipath, the composition and water content of the mixture and
environmental factors such as ionic strength, pH and temperature. Transitions from
one phase to the other can be induced by changing the conditions. Also within the
overall phases different states are also observed. For example, hexagonal phase can
exist as hexagonal I or the hexagonal II depending on the organization of the molecules
with in the phases. The lamellar bilayer phase organizes in the fluid, ripple, gel,
pseudocrystalline or interdigitated states.
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. {a) A cross-sectional view of a bundle of water-filled tubes in hexagonal I
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rated from excess water by a bilayar. {b) In a nonpolar solvent some lipids can form
inverted micelles. Two possible modes of integration o! inverted micelles into bllayers are

shown, (From Cullis et al., 1985.)



® Liposomes:

Edges of lamellar dispersion seal readily to form enclosed structures so that acyl chains
are not exposed to the aqueous phase. Due to low interfacial pressure of the bilayer,
such structures are generally spherical and their characters range from 50 nm to well
over 5000 nm depending on the method of preparation and the structure and

composition of phospholipid.
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Eiectron micrographs of (a) muitilamellar vesicies (MLV) oni i
_ . (b} sonicated unilamel-
lar vesiclas {SUV), and {c} large unilameliar vesicles (LUV). Micrographs of MLV and TJV

are obtained by freaze-fracture as shown in

(d). When the sample is tr
blane passes through the middie of the bila . antore et st

r . _ yer. In c & pair of vesicles is captured just after
::USIOI'\. The images in b are obtained by negative staining with uranyl nitrate on grids
oated with Piolofom FN50 and then made hydrophilic by coating with carbon. {cis from

Bearer et al_, Biochim. Biophys. Acts 693 ;
. Koutman Y . 83,1982, a and b are through the courlesy of
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° Experimental methods used for ‘the study of lipid microstructures and phase
properties:
-Nuclear magnetic resonance (1H, 2H, 31P & 13C NMR})
-Differential scanning calorimetry (DSC)
-Fluorescence spectroscopy (using fluorescent lipids and probes)
-X-ray diffraction
-Electron microscopy_ . -
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Fig. 3-15. {Left) Densitomer traces of X-ray ditfraction profiles of hydrated dilauroyiphosphatidyl

ethanolamine in the gel and the fluid phases. For both phases. four orders (h = 1-4) of a

lamellar repeat period are observed. (Right) Eiectron density profiles of DLPE in the gel and the
. __Jiguid grystalline phase. _ - .
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Structures of Lipid Tubules:

— e —_— - e ———

The self assembly of biologically based lipids into unusual microstructures has been the
subject of intense study in recent years both for basic research and for potential applications

- (Schnur, JM. Science 262, 1669, 1993 and references therein). While most long-chain

phsopholipids self-assemble into spherical bilayer aggregates, known as liposomes (American
Scientist 80, 20, 1992) certain synthetic phospholipids with modified head groups or acyl
chains self assemble into novel microstructures under some conditions (A. Blume, Chem. &
Phys. of Lipids 57, 253, 1991; A. Singh and J.M. Schnur, Phospholipid Handbook, ed.
G.Cevc Marcel Dekker Inc. 233-291, 1993). These lipids have been observed to self-
assemble into hollow, cylindrical structures, known as tubules (Yager, P. and Schoen, PE.,
Mol. Cryst. Liq. Crystal 106, 371, 1984).

~ In this talk I shall present the details of the structures of the lipid tubules, conditions of
formation, experimental studies on the chiral molecular architecture of these structures and
potential technological and bio-medical applications.

Modified glycerol

back-bone:
' | : Modificd head group:
CH; ,C‘ji] CHz polymerizablje, charge, size
g? -«— Linkage to glycerol back-bone:

=B é= cther, ester, amide

A t——— Placement of polymerizable groups:
S11, dicnoale, diacetylene

~———— Placement of polymerizable group:
' diacetylene

placement of polymerizable group:
S-§, SH, methacrylate, dicnoate

iy Sy

Possible sites for the placement of polymerizable moicties and pussible modilications in *
a phospholipid, i
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Diacetylenic Phospholipid (DCgq oPC)

CHz=0-C~ (CHz)g-C™ c-cs C~(CHz)s-CHj3
CH =0=C- (CHy)g-Ce C-C® C-{CH2)g-CH3
| o

CHz= (POLJ- (CH2)2- N™-(CHa)3

(o]

Three eleclron mlcr-ographs and ona ophzal mic-agraph ol four mucrostruclures fabricated

from diacetylinic lipids. (A} Tubuie: The diame.z- of th:  Dule is ~0.5 pm. The wall thickness is

:~=30 A. The length is ~30 pm. (B) Liposome wil~ baz  .orhodopsin incorporaled in membrane

IT(;. ). The diameter is ~0.7 um. [Reprinted fr.m (65) w '~ permission © Elsevier] (C) A ring-like

‘microstruclure prepared by A. Singh and M. Markowitz. The inner diameter ¢ the ringis ~1 um. (D)

:Optical micrograph of fibrils precared oy caoling a diacatylenic lipid (13}, Typicai diameter of fi il
_:'is ~0.3 wn. [Reprinted from (73 with par—'ssion € Macmilizn)

Fig. 2. Schematic illus- c - -
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" Cationic lipid-DNA complexes and their implications in Gene transfer:

The basic processes in recombinant DNA technology involves isolation of specific
genes, manipulation of the resulting nucleic acid sequence and the transfer of the DNA
constructs into living cells. Reliable and efficient systems for introductions of DNA into
Target cells has been the subject of intense study over the last a decade (Anderson W.E,
Science 226, 401,1984; 256, 808, 1992. Due to the large size and charge of DNA and to the
number of enzymatic and membrane barriers imposed by the cell, the spontaneous entry of
intact DNA into the cell and subsequent expression is very inefficient. A number of methods
have been developed for optimal gene delivery. The most frequently used delivery systems in

vivo are viral constucts (ie.) genes inserted into viral genes and reconstituted into noninfective
viruses (R.W. OId and S.B. Primorse, Principles of Gene Manipulation, 3rd Ed., Blackwell
Sci. Publications, Oxford 1985, Chapter 4). Other applications include electroporation,
calcium phosphate precipitation and use of polycations (Jose C. Perales et. al J. Biol. Chem.
272, 7398, 1997; A. Loyter et al. Proc. Natl. Acad. Sci. 79, 422, 1982; M. Maccarrone et al.
Chapter 5, Vol. IV, Handbook on non-medical applications of liposome Ed. D.D. Lasic, CRC
Press, 1995). However, none of the methods have been shown to be efficient as they suffer
from one or more problems related to cellular toxicity, poor reproducibility and inefficiency of
DNA delivery. The use of cationic liposomes to facilitate delivery of DNA first proposed by
Felgner et al. (D.L. Felgner et. al, Proc. Natl. Acad. Sci. 84, 7413, 1987 are one of the most
promising on-viral systems for gene transfer. The possible use of cationic liposomes in DNA
transfection has been the subject of numerous study in recent years (See Handbook of non-
medical applications of Liposomes, Vol. IV, Ed. D.D. Lasie, CRC Press, 1995, Vol. IV
Chapter 1-5). A large number of cationic lipids have been synthesized, complexed with DNA
and cationic liposome mediated DNA transfection in many cell types have been demonstrated.
However, different cationic-lipid formulation showed different levels of gene expression in a
variety of cells, tissues and organs. The efficiency for DNA delivery depended on several
properties of the complexes such as : :

-cationic lipid species

-cationic lipid/DNA ratio and net charge

-DNA (and cationic lipid) dose concentration
-amount and identity of co-lipid

-vesicle composition and method of preparation
~cationic liposome size

-temperature during complex assembly

-cell type .
-extracellular matrix elements

-DNA purity

In spite of the successful use of various cationic DNA complexes and continuous
development of novel and higly efficient cationic liposomes, their mode of formation,
structural and biophysical characteristics of the various complexes and mechanism of their
' action and DNA release from the complex are not well understood. One of the recent papers
. on the structure of DNA~ationic liposome compex using synchrotron X-ray diffraction and

optical microscopy has thrown some light on the important structural parameters relevant to
transfection efficiencies (J.O. Radler et. al Science 275, 810, 1997). A mechanism to explain
DNA release from cationic liposome/DNA complexes in cells have been proposed recently (Y.
Xu and E.C. Szoka, Biochemistry 35, 5616, 1996).

In this lecture I shall present an overview on the structural features of DNA-cationic
liposome complexes and their implication for DNA delivery.
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' Wiow hemestes - Felgner e al. Proc, Nail, Acad. Sci. USA 84 (1987)
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=~ Stable tramfection: Lipid compaced with

calcium phosphate
Lo Frequency
Cell line Plasmid - Method x 10°
LMITK"} pSYlneo Calcium phosphate v &
. Lipid 45
w2 pZIPSVX Calcium phosphate 0.6
p - Lipid ‘ >49
(] + pZIPCh Calcium phosphate 1.8
Lipid >68
MSN610.2 pSVY2imo Calcium phosphate 1.}
Ligid 8.2
TAl pS¥2neco Calcium phosphale 2 i
) Lipid 14 \
. TAl pZIPSVX Calcium phosphale 0.7 |
Lipi¢ 17 '
TAL pMSGCSa Calcium phosphate 1.3 B
Lipid 19

. Cells were transfécied with 7 xg of the indicated plasmid with no
carrier DNA, except for pSV2neo where 1 ug of plasmid and 10 ug
of carrier DNA were used. The transfection frequency is the number !
of drug-resistant colonies expressed as a fraction of the tolal number [
of cells plated, ’
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Schematic picture of the locat arrangement in the interior of lipic’ ~ 14 complexes (shown at
two differen? concentrabions in Fig. 1A and in (B} below. The semiflexible DN/ Jecules are represented
by rods on this molecutar scale. The neutral and calionic pids compnsing the membrane are expecled  »
lokocally demix with the cationic lipids {red) more concentrated near the DNA. Wicrographs of DNA-prd
tondensates under (B) bright light and (C) crossed polarizers showing LC-like defects.
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Schematic Representation of the Cationie
Liposome/Nuclelc Acid Complex Uptake Pathway and
Mechan/sm of Nuclelc Acld Release from the Complex.
Step A: After electrostatic interaction with ¢ell membrane,
cationic liposome/nucleic acid complexes are endocytosed.
Step B: In the early endosome, membrape destabilization
results in anjonic phospholipid flip-flop. Step C: The anionic
lipids diffuse into the complex and form charge neutral ion-
pair with cationic lipids. Step D: The nucleic acid dissociates
from the complex and is released into the cytoplasm.
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