Membranes



P FIGURE 5-4 The faces of cellular
membranes. The plasma membrane, a
single bilayer membrane, encloses the
cell. In this highly schematic
representation, internal cytosol (green
stipple) and external environment (purple)
define the cytosolic (red) and exoplasmic
(black) faces of the bilayer. Vesicles and
some organelles have a single membrane
and their internal aqueous space (purple)
is topologically equivalent to the outside

of the cell. Three organelles—the nucleus,

mitochondrion, and chloroplast (which is
not shown)—are enclosed by two
membranes separated by a small
intermembrane space. The exoplasmic
faces of the inner and outer membranes
around these organelles border the
intermembrane space between them.

For simplicity, the hydrophobic membrane
interior is not indicated in this diagram.
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Cell membranes

Membranes are made of strongly anisotropic molecules
Strongly anisotropic molecules like to self-organizing.

*a typical eukaryotic cell membrane contains 500-2000

different lipid species
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Cell membranes

What is so unique about membrane organization ?

SRl aammbly driven iy Organized Assembly
v -
Lipids (Membranes)
thermodynamics
; (Hydrophoblc Effect)

No ‘primary sequence’ nucleic acids)

v' Membranes are DYNAMIC with built-in Anisotropy



Overton

Permeability o
oil/water partition
coefficient

Coined the term
‘lipoids’ for the layer
around the cell

Milestones in membrane research

Gorter and Grendel

* Bilayer arrangement
of lipids

Daveson and Danielli

Proteins on the surface
of the lipid bilayer

*Sandwich model’

Robertson

Visual evidence of a
lipid bilayer

EM: trilamellar structure



The Lipid Bilayer Is a Two-dimensional Fluid

Around 1970, researchers first recognized that individual lipid molecules are able
to diffuse freely within the plane of a lipid bilayer. The initial demonstration came
from studies of synthetic (artificial) lipid bilayers, which can be made in the form
of spherical vesicles, called liposomes (Figure 10-9); or in the form of planar
bilayers formed across a hole in a partition between two aqueous compartments
or on a solid support.

Various techniques have been used to measure the motion of individual lipid
molecules and their components. One can construct a lipid molecule, for exam-
ple, with a fluorescent dye or a small gold particle attached to its polar head group
and follow the diffusion of even individual molecules in a membrane. Alterna-
tively, one can modify a lipid head group to carry a “spin label,” such as a nitroxide

shape of packing of
molecule molecules in water

micelle

lipid
bilayer

(A) (8)

Figure 10-7 Packing arrangements of amphiphilic molecules in an aqueous environment.
(A) These molecules spontaneously form micelles or bilayers in water, depending on their shape.
Cone-shaped amphiphilic molecules (above) form micelles, whereas cylinder-shaped amphiphilic
molecules such as phospholipids (below) form bilayers. (B) A micelle and a lipid bilayer seen in
cross section. Note that micelles of amphiphilic molecules are thought to be much more irreguilar
than drawn here (see Figure 10-26C).
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Milestones in membrane research

Frye and Edidin Singer and Nicolson Racker Unwin and Henderson
* Lateral and rotational * Fluid mosaici model * Functional reconstitution * 3D structure of a
mobility of membrane of a membrane protein membrane protein
proteins

* Bacteriorhodopsin



Milestones in membrane research

1985 The Nobel Prize in
The Nobel Prize in ChemiStry 2003
Chemistry 1988
™
e . Hartmut Michel Roderick MacKinnon

Peter Agre

* Crystal structure of the
Johann Defsenhofer  Robert Hube Martmut Miche! first membrane protein * Crystal structure of Peter Agre Roderick MacKinnon
Prissshare Pram yoare: 14 Pete sharet S Prize share: 172 Prize share: 172
the first ion channel '
* Photosynthetic reaction
center * KcsA, Aquaporin



Milestones in membrane research

Gorter and Grendel's Langmuir Trough for Monolayer Experiments Which
Led to the First Lipid Bilayer Model

Killian and van Meer (2001) EMBO Reports 2: 91-95

ON BIMOLECULAR LAYERS OF LIPOIDS ON THE CHROMO-
CYTES OF THE BLOOD.

By E. GORTER, M.D,, axo F. GRENDEL.,
(From the Laboratory of Pediatrics of the University of Leiden, Leiden, Holland.)
(Received for publication, December 15, 1924.)

We propose to demonstrate in this paper that the chromocytes of
different animals are covered by a layer of lipoids just two molecules
thick. If chromocytes are taken from an artery or vein, and are

separated from the plasma by several washings with saline solution, W | sotrt] | S
and after that extracted with pure acetone in large amounts, one ob- s Eﬁy e | " e E.é s
tains a quantity of lipoids that ¥ exactly sufficient to cover the total — | —
surface of the chromocytes in a layer that is two molecules thick. 1 | Doga © | somom| 9 | n3 @ |2
Subsequent extractions with ether or benzene yield only small traces * ol B Bl Rl s
of lipoid substances. gl g | sy e abar |0
We therefore suppose that every chromocyte is surrounded by a o pr— o | somanl ws ] vl o | s
layer of lipoids, of which the polar groups are directed to the inside and o 10 | 5900000 925 | s46| 88 | 16
to the outside, in much the same way as Bragg (1) supposes the ! F | Al (e ek £
molecules to be orientated in a “crystal” of a fatty acid, and as the s| "? R o [l o (8 ll -
molecules of a soap bubble are accordingto Perrin (2).  On the bound- " 0 | 6,000 M4 | 49 |93 |23
ary of two phases, one being the watcry solution of hemoglobin, and U |osbmrgd | 1 | samoe| @3 | em| e |3
the other the plasma, such an oricntation scems a priori to be the = ) e ’
most probable one. Any other explanation that docs not take ac- - e Bl b sl Bpd Bl B
count of this constant relation between the surface of the chromocytes 5 e el el ules |32
and the content of lipoids seems very difficult to sustain. ” U | 19,200,000 178 | 033 063 [ 19
18| Mas, 1 4,740,000 | W4 047 | 02 2
Gorter and Grendel (1925) J. Exp. Med. 41: 439-443 19 1| 440,000 94 | 047 089 | 19
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Early models

Demonstration of Lateral Diffusion in Membranes

Diffusion
(40 min) (o "
il = w

Heterokaryon

Human Cell

Frye and Edidin (1970) J. Cell Sci. 7: 319-335
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The fluid mosaic model

Singer and Nicolson (1972) Science 175: 720-731
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The fluid mosaic model

Lipids are in bilayer form

Lipids act as solvents for proteins and as permeability barrier and are in a fluid state

Proteins are like ‘icebergs’ in a viscous sea of lipids

Membrane proteins and lipids can freely diffuse laterally, but cannot rotate from
one side of the membrane to the other side (flip-flop)

A small proportion of membrane lipids interact with specific membrane proteins and this
could be essential for their function

Singer and Nicolson (1972) Science 175: 720-731
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The fluid mosaic model

Limitations of Fluid Mosaic Model

In some membranes, flip-flop of lipids is fast (ER, growing E. coli)

All membrane proteins are not free to move in the plane of the membrane

Non-bilayer structure of lipids is possible

. . N,
There is evidence of lateral domains in membranes

Membranes can be crowded

15



The fluid mosaic model

Source Lipid Protein Cholesterol
Rat liver

Plasma 30-50 50-70 20
Rough ER 15-30 60-80 6
Smooth ER 60 40 10
Inner mitochondria 20-25 70-80 <3
Outer mitochondria 30-40 60-70 <5
Nuclear 15-40 60-80 10
Golgi 60 40 8
Lysosomes 20-25 70-80 14

Rat brain

Myelin 60-70 20-30 22
Synaptosome 50 50 20

Rat erythrocyte 40 60 24

Rat rod outer 50 40 <3
segment

Escherichia coli 20-30 70 0
Bacillus subtilis 20-30 70 0
Chloroplast 35-50 50-65 0

* The percentages by weight of membrane preparations from various eukaryotic and prokaryotic sources
E;:‘emm reticulum.

Source: Based on Jain, M. K., and R. C. Wagner, Introduction to Biological Membranes, 2nd ed. New York:
Wiley, 1988, p. 34.




The fluid mosaic model

Membranes are more Mosaic than Fluid !
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Engelman’s updated model 2005)

Engelman (2005) Nature 438: 578-580
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Current Model of Biological Membranes:
Organization of Membranes into Domains

Edidin (2003) Nature Rev. Mol. Cell. Biol. 4: 414-418
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Current Model of Biological Membranes:
Organization of Membranes into Domains

Mouritsen and Andersen (1998) Biol. Skr. Dan. Vid. Selsk. 49: 7-12
Life - As a Matter of Fat: Lipids in a Membrane Biophysics Perspective, Ole G. Mouritsen and Luis A. Bagatolli, 2" Edn., 2016, Springer
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Forces that hold membrane

The Hydrophobic Effect describes how an aqueous medium deals with
non-polar substances

It forms the basis for the formation of a variety of organized molecular
assemblies such as membranes, micelles, and folded proteins

It should not be confused with the force of interaction among two non-polar
(hydrophobic) molecules which plays a very minor role in hydrophobic
effect. The effect actually arises primarily from the strong attractive forces
between water molecules and the entropic cost of incorporating a non-
polar molecule among water molecules.

Tanford (1980) The Hydrophobic Effect
John Wiley, New York
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Hydrophobic forces

Hydrophobic forces are very relevant in biology. They are primarily driven
by an energy cost of creating hydrocarbon-water contact.

There is a reduction of entropy of water close of a hydrophobic surface:
water becomes structured, even ice-like. It restricts the possible
orientations close to the surface and decrease entropy.

Water molutes
adjacent w0 3 hydrophobic molecds
suffer restricoons in orientaton as
they foem hydrogen bonds wich

ather winter moNcuis

Mydrophabs
mokcuh ~H




Hydrophobic effect
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The forces of attraction between water molecules in the liquid state are
unusually high. The melting point, boiling point, heat of vaporization,
heat of fusion, and surface tension of water are higher than those of
similar substances: The heat of vaporization of water (540 call/g) is
over twice that of methanol and nearly ten times that of chloroform.
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Hydrophobic effect




Hydrophobic effect

Organized molecular assemblies of various types
formed due to the Hydrophobic Effect

Water (= =) |-
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W/O microemulsion
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Lipids

Water insoluble compounds (soluble in organic solvents)

Very asymmetric

molecule:
Biological role: - hydrophilic HEAD

= energy supply - hydrophobic TAIL
= energy store

= components of cellular and organelle membranes

When in aqueous environment the heads have
affinity for the water molecules, while the tails
tend to avoid water by sticking together.

o IR
AN IR

micelle lipid bilayer



Fatty acids

Carboxylic acids with long hydrocarbon chains (12-24 -CH,- units)
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Some have one or more double bonds and are called
unsaturated. The double bond is rigid and creates a
kink in the chain; the rest of the chain is free to rotate
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Fatty acids are used as E storage

_ o] fatty acids

To ensure a continuous supply of fuel for 1

oxidative metabolism, animal cells store cy—0=C
glucose in the form of glycogen and fatty S &

acids in the form of fats. % - S

A fat molecule is composed of three molecules 7:

of fatty acid linked to glycerol: triacylglycerols (”’
(triglycerides). cH,—o—CHI

Fat is a far more important storage form than
Glycogen (glucose polymer), because its oxidation
releases more than six times as much energy.

Triglycerides have no charge and are virtually
insoluble in water, coalescing into droplets in the
cytosol of adipose cells.




Phospholipids

In phospholipids, two of the OH groups of glycerol are linked to fatty acids,
while the third is linked to a phosphate group, which can be further linked
to a polar group such as choline, serine, inositol, etc...

= i
©

m L]

P phosphate Very asymmetric

= molecule:

ol glycerol - hydrophilic HEAD

- hydrophobic TAIL

fatty acids

hydrophobic tail




Sphingolipids

CH3 CHy
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Sphingolipids are derivatives of sphingosine (red), an amino alcohol with a long hydrocarbon chain.
Various fatty acyl chains are connected to sphingosine by an amide bond.

The sphingomyelins (SM), which contain a phosphocholine head group, are phospholipids.

Other sphingolipids are glycolipids in which a single sugar residue or branched oligosaccharide is attached
to the sphingosine backbone.



Lipids nomenclature

» The nomenclature of fatty acids is rather complicated. There are at least five
systems in use

» The delta system numbers the double bonds from the carboxyl group (the a carbon)

» The omega system indicates where the first double bond is counting from the other
end of the molecule (the w carbon).

18:.0
16:0
18:1; n9

18:3; n6




Saturated vs Unsaturated Fatty Acids

DSPE DSPC SOPC

(a) (b)

The actual conformation of a molecule

influences its size.

Temperature will lead to a rotation
around the C-C bonds.

Only lipids with limited degree of
disorder will fit into a bilayer structure.




Di-acyl PC lipids

DCPC DLPC DMPC DPPC DSPC DAPC

16

20

Typical cross-sectional areas of the cylinders that describe average lipid conformation
in the lipid bilayers=is about 0.63 nm?, with average length from 1.0 to 1.5 nm
(depending on number of C atoms, saturation).



Lipid polar head groups

Substituent Chemical fohmula Polar head group name AbT
choline -CH,CH,N(CH,),’ phosphatidylcholine PC
serine - CH,CH(NH,)CO0 phosphatidylserine

H
myo-inositol phosphatidylinositol Pl

*Chemical formula for the substituent linked to the phosphate group at position 3 of the glycerol moiety.
*Abbreviation for the polar head group nomenclature.



Head and Tail
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Sphingosine based phospholipids
( w N
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Solubllity at 30°C
solvent
Carbon Common name Melting (me/¢ )
skeleton  Structure” Systematic name”  (derivation) point (*C) Walter Berzene
120 CHYCH,),COOH nDodecanoic ackd  Laurie acid (Latin 442 0.063 2600
Burus, “laurel
plant”)
14:.0 CHCH,),,CO0H n-Totradecanoic Myristic acid (Latin 539 0.024 874
ook myristica, nutmog
gonus)
1% CHACH ) COOM nHexndocanoc Paimitic ocid (Latin -~ 631 0.0083 348
ocid paima, “paim tree”)
18:0 CHACH 1 COOH nOctadecanoic Stearic acid (Greok 696 0.0034 124
acid stoar, “hard fot”")
200 CHCH, ) COOH nExosanok ackd Aractidic acid (Latin -~ 76.5
Arachis, logume
genus)
240 CH{CH,),COOH n-Totracosanoic Lignoceric scid (Latn  86.0
wcid gnum, *wood” +
cora, “wax")
16:1 (A9)  CHUCH,, ois O Haxadeconoke  Palmitoleic acid 05
CH=CH(CH,)COON  acid
18:1 (A9)  CHCH,), cisG0ctadecenoic  Olelc ackd (Latin 134
CH=CH{CH,) CO0H ocid oloum, *oll")
1B:2A0,  CHCH,M CH-CHCH, o cis9,12- Linolelc acid (Greek -5
12) CH=CH(CH,)COON Octadocadionoic non, *flax”)
acid
1B:3(A0,  CHLCH, CH=CHCH, %, IS Ofy alinolenic acikd -11
12,15) CH=CHCH, 91215
I’
ac
20:4(A5,  CHJCH,) CH-CHCH,  cis,cis.cis,cis. Arachidonic acid 495
B,11,14) CH~CHCH; 581114
CH=CHCH, Excosatetraenoic
CH=CH(CH, ,O00H ocid
* The symbol for fatty ackds ghves the numbier of carbon atoms, followod by the number of carbon carbon doutde bonds. For unsetututod fatty
Bk, the notations in parettheses denots the positions of thedr double bomds. For example, A9 denotes & doutde bond between C9 an)
C10. Al the double bonds in these fatty acds have ofs configuration.
*AR acida arn shown in thelr nomonieed form, At phl 7, all free fatty acids have an oneed . Noto that oring of carbon atomm
bogine at the cartont carton.
“The prefx n the normal ot mply 12 carbon motns, which could be armanged
" & variety of d forms; e lineat, form.
Source: Duta from Netson, D, [, and M. M. Con, | L of B Ath od. New York: W. 1. Froenman, 2005,

More than 500
species of fatty
acids |




Lipidomic survey of a budding yeast

budding yeast lipidome et
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PLoS One (2012) 7: €35063
PNAS (2009) 106: 2136



Lateral pressure profile of a lipid bilayer

2
U

Head group repulsions (x > 0)

Interfacial tension
(n<0)
Chain repulsions

<«

i — (entropic)(x > 0) §
:
ve— Interfacial tension :
(_ Head group repulsions !
5
n(z) —

1. Positive pressure resulting from headgroup repulsive forces

2. Negative pressure at the hydrophobic-hydrophilic interface - the
interfacial tension

3. Positive pressure resulting from entropic repulsion between acyl chains
— chain pressure



Cholesterol and steroids

Steroids (such as cholesterol) have a rigid structure made up by 4 rings.

Other important steroid are the sex
hormones, such as testosterone and
estrogen: OH

0 testosterone

olar head
OH o ~. p
= [
=4 .
whd
(&)
CH, S
= e
(/)]
o
c x
CH; CH, "= 3‘
SR 2
m - -
i :
CH, Q)
: o
Cholesterol $H: o
CH =)
7N -
CH, CH, 2,

Cholesterol is an important component of the
eukaryotic membranes and has a key role in
controlling the membrane fluidity.




Effect of cholesterol

Lateral pressure profiles in
DPPC/Cholesterol bilayer

p(2) [bar]
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Membrane interface

Region A
Bulk aqueous phase
Fast relaxation

Interface
Motionally restricted
Anisotropic
“Functionality”

Region B
Slow

relaxation Polarity gradient

(Extent of water penetration)

Mobility gradient
(ESR, NMR, Fluorescence)

Region C
Fast relaxation
Isotropic

The membrane interface is an important region of the
membrane and characterizes the chemistry and biology of
the membrane. It is also the most motionally restricted
region of the membrane bilayer.



Membrane interface

Lateral pressure profile of a lipid bilayer

Head group repulsions (x > 0)

Interfacial tension
(r<0)

Chain repulsions
(entropic)(x > 0)

Interfacial tension

Head group repulsions

r(z) —>»

. Positive pressure resulting from headgroup repulsive forces

. Negative pressure at the hydrophobic-hydrophilic interface - the
interfacial tension

. Positive pressure resulting from entropic repulsion between acyl chains
— chain pressure



Membrane physical properties

Fluidity Curvature
Unsaturated Saturated

R Ryind
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Fluid Non-fluid Negative

Width Sterol
Cylinder

R ’ﬂ’ﬂ’R Pmc"f)/SM
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Neutral
Packing defects
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Major packing Minor packing
defects defects

Surface charge
Anionic head group

RRRR - RRRRR

Neutral charge Negative charge

Membrane Physical

Properties are Determined by

its Lipid Composition

Nature (2014) 510: 48457



Membrane physical properties

Amphiphile Shape Hypothesis:
Relationship that influences Lipid Polymorphism

Cylinder Cone Wedge

Emiéii O %

Monomer

" Bilayer Micelle Inverted micelle
Phase
Lamellar Hexagonal 1 Hexagonal 11
S=1 >1.2 <0.6
g = cross sectional area of polar headgroup x lipid length

lipid volume



Membrane physical properties

Amphiphile Shape Hypothesis:
Relationship to Packing Parameter & Lipid Polymorphism

P = v/l
A

val > | é

Inverted  SOgRRET
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Lipid conformation

B="y/al
* Conformation depends on temperature.
inverted It affects packing in the lipid bilayer.
s S ] é Indeed the shape itself is affected by the

other molecules forming the aggregate.

lnverted R
bexagon™ Sy Lipid shape is important for functioning.
It is given by the compatibility between
head and tail. We define'a packing

parameter P:

P =v/al

Lamellar
bilayer

P =1 is a cilindrical shaped lipid
molecules, fitting a lamellar structure
with zero curvature.

Curvature although is important for
many of the membrane processes
vial < 1/3

Hexagonal 4825
v 8




Membrane physical properties

Playing with shapes
(E@ (c) }

Temp. effect

AR E

& @\ Change in hydration
— - or
eff. Charge on ionic lipid

B4 & é’% .

phospholipiase A2 phospholipase C






Lipids and membrane curvature

A. Negative curvature Positive curvature

brzrsin SR M L0

Zero curvature

Curvature of a lipid
TARRELENT S, monolayer
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Lipids and membrane curvature

The more non-cylindrical are lipid shapes,
the less stable the bilayer will be.

{ ég;;;g EE \ ggagga ﬁm::}? Each layer tend to elastically relax to a

negative zero positive state of finite, spontaneous curvature,
causing a curvature stress field.

%&gga g:gg;::f If the bilayer cohesion does nor sustain
the curvature stress, non lamellar
W aﬁ&gﬁﬁ 1““%5;; structures form.

Lipid speak the language of curvature, in
the many structures formed!

The inverted hexagonal structure (H,,), has long cilindrical rods of lipids, in a water filled tube,
whose diameter can be varied with T, degree of hydration, pH (all change a/l ratio).



Lipids and membrane curvature

i

negative ze

AR, qmme S
W SR80 &S0

(fn

phospholipiase A2 phospholipase C

ity

positive

f-2.5 B-E-e

Cholesterol has an inverted conical
shape (small OH, big steroid ring). Tends
to promote the H,. Stress field is
mitigated by enzymes.

.-_"? P
1

X it
000

Inverted
hexagonal

From research in microorganisms it
appeared that curvature is a crucial
parameter in regulating lipid
synthesis/enzymatic activity of
phospolipases-—Ilipid molecular
shape/optimal packing is at the basis of
curvature stress. Yet unknown which
membrane-bound proteins are involved
in curvature stress sensing-lipid
synthesis.

NB: vesicles do not close because of curvature stress, but because of boundary conditions!

(micron vs. nanometers)



Lipids form soft interfaces

Membranes are soft interfaces. As polymers, exist in a condensed phase, but cannot be
classified neither as solid, nor liquid. The physics of such interfaces is dominated by
entropy.

Softness means high deformability but not necessarily high bulk compressibility!

Soft matter is anisotropic, hierarchical, with structures spanning over different length
scales, and is governed by self-assembling.

N : : : aG*
In liquid, the interfacial tensiony = (ﬁ) v
with G° being the Gibbs excess free energy, V, A volume and surface area
acts to make the interface as small as possible, at the same time imparts a certain

stiffness to the interface.

The introduction of interfacially active molecules (i.e. amphiphiles) lowers the interface
tension.

If molecules are enough, the interface can be fully covered. Therefore the area is fixed and
|.T. tends to zero.



Lipids form soft interfaces

Natural examples of soft interfaces: soap bubbles

H,0

Surfactantdouble layer

Self assembly of surfactant molecules

Soap bubbles: two layers form, at the water-air interfaces, the outer and the inner
surfactant layer.

Bubbles are stabilized for a particular size, a particular water layer thickness
depending on:

-type of surfactant

-quantity of surfactant

-quantity of water



Lipids and membrane curvature

The stability and conformation of the interface is then controlled by conformational
entropy and by the elasto-mechanical properties of the interface.

A soft interface can be compressed (a), expanded (b), subject to shear forces (c, not
applicable to fluid interfaces as lipid bilayers).
The curvature is characterized by the two radii, R; and R, (d).



Lipids and curvature

The mebrane can also be deformed via the elasto-mechanical moduli:
the area compressibility modulus K;
the bending modulus k.

For the area compressibility modulus, we define the energy per unit area E,, that we need
to spend to uniformly stretch a unit area A, of AA calculated according to the Hooke’s law:

I -
¥ T le e
The bending modulus for a flat interface (no constrain imposed by boundaries) is defined via
the energy per unit area Ek required to produce a mean curvature H of the interface, after:

1 1 1
I 2 L3
o= 41 i 2 (Rl B Rz)

The two modulus must be related. In the simplest case:
k = d 2K where d; is the thickness of the interface.



Lipids and curvature

(b)

Two soft membranes with
different bending
capabilities.

Fig.5.4 Examples of soft two closed soft interfaces. a The contour pf a giant liposome of diameter
60jm imaged by fluorescence microscopy. b A red blood cell of diameter 5 jum

The persistent length, i.e. the length over which they appear flat and smooth, is different.
It is related to the bending modulus via (with c a constant):

CK
& ~ exp T

The ratio between bending modulus and thermal energy determines the persistent length! P.L. is exp.
dependent on the bending modulus.

Liposomes have low values of k. Subject to fluctuations, ondulations; Plasma membranes have k>> KT

and appear smooth; Golgi and endoplasmic reticulum are very soft (no chol!) with non-spherical
topologies.



Lipid membranes are really soft

Giant liposomes (50 um). Membrane
thickness: 5 nm.

Variation in the contour due to thermal
fluctuations---the membrane is very soft!!
The bending modulus k can be derived from
the spectrum of fluctuations.

With the pipette aspiration one apply a stress
T and measure the compressibility modulus K

from the resulting area strain AA/A,,
=K (AA/Ay).

A red blood cell membrane is 50.000 times
softer than a polyethylene film with the same
thickness. A DMPC bilayer is 5 times softer
than red blood cell (no cytoskeleton!).

In lipid bilayers, shorter and more unsaturated
chains providehigher softness .

Kk for DMPC ia around 10 KT




Lipid membranes are really soft

Because of undulation forces by soft bilayers, vesicles/lipid bilayers are repelled by solid
surfaces.

How softness can be controlled at the molecular level?



Molecular motion dynamics

Undulations

Flip-flop
(10*10%s)

Protrusion I A
(10%s) il : 4

Lateral diffusion
(107s)

cis-trans isomerization
(10"%)

Bond vibrations
(10'%s)

Rotational diffusion wobble

(10%s)

A variety of lipid motions create disorder in the fluid membrane bilayer

Motion

p————{ Lipid “flip-flop™
j——— Protein rotation
j—— Lateral “hopping" (lipids and proteins)
= Lipid rotation (about long axis)
p——{ Trans/gauche isomerization

= -CH,- vibration
Frequency (sec ')

3
) I

Technique

+ t t i R t t
10" 10" 10° 10?
p—i Raman/IR

| ESR (nitroxide radicals)
| Saturation transfer ESR
jp—— Fluorescence depolarization
| Phosphorescence depolarization/triplet probes
i ?H-NMR (lineshape)

L — NMR (relaxation)

l
1
10 2t 10°°




Water across the interface
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Stubbs et al. (1995) J. Fluoresc. 5: 19-28
Chiu et al. (1995) Biophys. J. 69:1230-1245



Phase transitions

Acyl chain Acy! chains
ordered Polar headgroup disordered
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Phase transitions

MD simulation of DPPC in water at Tm using atomistic model

Unlike nucleic acids and proteins, lipids rarely express their
main features through the properties of an individual molecule,
but rather through their cooperativity, their social life as it were

Lﬂ' Lu
solid-ordered (so) liquid-disordered (Id)

Lipid Phase Transition
Changes Fatty Acyl Chain
Conformation and Packing

(A) (B)
All tran First-order Kink (2G1)
PO o 2 LR ...GTG...



Phase transitions
Differential Scanning Calorimetry (DSC)

» DSC is a thermal analysis technique in which the difference in the
amount of heat required to increase the tempe¥ature of a sample
and reference is measured as a function of temperature

» Highly reproducible phase transitions are used to determine binding
interactions, purity and stability of samples
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Phase transitions
Differential Scanning Calorimetry (DSC)

Moin transifion
DPPC
200F
[T)
| - L
2 S (6o} E
. o - =~
:: E,, % 120}
£ % —J
o @ S eof 1
w 2 =
‘ ac o
Pre~transition O g0} .
\ <
v/\\J L OP_/\—JL
- T 16 30 40 50
. T Temp.(°C)
ULy | ity iy, VWY
/ Y/ 1]/ Y10+ 1t TG ,‘,'("/‘ \ o, . . .
UM i | - (oo, e | Thansition is very sharp: no

N,  WVE |
1Ay - )y L ameRARIRIRARAR | Hon
J%waﬁ ‘E%W«%f’“”‘% UULVYNLRUIUILL 9 1 chemical link among molecules
Lo P, . in the layer, all molecules make

] R "o - .
the transition at the same time.

Transition is dominated by
Main transition is precedeed by an intermediate, thermal fluctuations

ripple phase which facilitates transition



Phase transitions

Main transition

Phase Transition

/J_, S Temperature Increases
with Increasing Fatty
Acyl Chain Length
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Phase transitions
Leaky membranes in lipid phase equilibria

Small negative ion, S2022 in DMPC Binding of ethanol to DMPC
(a) & \ (h) '
X -
[\ E ‘/ .
3 3 B
B o / \
¢ 4 i ™
& . = . B
L (;u / »
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LN .- ™ e " ’
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[ , - |
| | A | | A A | A A A
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Biophys. J. (2000) 78: 2486-2492

Leaky membranes at critical point of phase transition equilibria



Organisms adapt lipid composition

Percentage of total fatty acids”

10°C 20°C 30°C 40°C
Myristicacid (14:0) 4 4 4 8
Palmitic acid (16:0) 18 25 29 48
Palmitoleic acid (16:1) 26 24 23 9
Oleicacid (18:1) 38 34 30 12
Hydroxymyristic acid 13 10 10 8 ]
Ratio of unsaturated to 2.9 2.0 1.6 0.38

saturated

J. Bacteriol. (1962) 84: 1260-1267



Liposome phase transition and drug
delivery

60 Heat sensitive
clinically heatable liposomes
50 temperature range —
3 T 39C - 42C
.5
40 |
[+
8 o}
g 20} body
0 O OH O wNH, 5 temperature
a 10 37C Ordinary
° 9 lipokomes
0 "ty o , «—
doxorubicin | " ¢ ' S
£ 20 25 30 35 4 45 50

Temperature (°C)

» The release of the drug from the heated liposomes is very fast, ~ 20 seconds
» Million times faster release than from ordinary liposomes

» ~30 times more drug can be delivered at the tumor site than conventional liposomes

Dr. David Needham



Phase separation, co-existence

DMPC DSPC
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Biochim. Biophys. Acata (1988) 944: 121-134



Phase separation, co-existence

DMPC DSPC
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Biochemistry (1975) 14: 847-854



Phase separation, co-existence

a) Coexistence of liquid phase (light) and solid phase

b) Striped pattern

c) Fractal and dendritic solid patterns in a liquid-phase monolayer after
rapid compression

d) Spiral solid domains in a lipid monolayer with cholesterol



Cholesterol promotes lipid order

Chalesterol

MD simulation snapshot of DPPC in fluid phase with 20% cholesterol

.;0'(' %R'H % ) :
u». n.\u:' uu') ‘I“ 1
: *m ::: g DMPC = 7.4 A increase
=z 4 - 1 soPc=56A
And increases lipid bilayer : DOPC = 4.9 A
thickness! *f ] Biophys. J. (2007) 92: 3960-3967
Presence of chol has to have %
functional correlation e

The hydrophobic membrane thickness in fluid phase is strongly dependent on the
amount of cholesterol incorporated

The thickness of POPC can increase as much as 15-20% upon increasing the
cholesterol up to 30 mol%, the level found in most eukaryotic membranes



Chol and permeability: dual role

H Raghurama

Y Y Heow
Cholesterol
Na* ions through DPPC Binding of ethanol to DMPC
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Biochim. Biophys. Acta (1992) 1107: 261-270
Biophys. J. (2000) 78: 2486-2492

Chol prevents ion permeability across the membrane!!!



Chol role in phase transition

—

f
Endothermic L\<;L K

\‘ Pure DPPC

K + 5mol% cholesterol

%«\ 20 mol% cholesterol

\ + 32 mol % cholesterol
o0 u o, + 50 mol% cholesterol

290 320 350

Average temperature (°K)

Rate of heat flow

Chol reduces lipid cooperativity!! The new phase is called liquid-ordered phase.



Chol role in phase transition

Don’t need to change T in membranes for phase transition! Modulation of chol
concentration
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Phase Diagram of
DPPC/Cholesterol System

Cholesterol induces
liquid-ordered (lo) phase

L

PNAS (1991) 88: 8686-8690
Biochemistry (1990) 29: 451-464



Condensing effect of Chol on different
phases

80 JOTC %R
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FIGURE 7 Area per molecule as a function of cholesterol concentration.
The averaged cross section area of phospholipid is calculated by A,
2V /(PP — 10), where V_ is the chain volume of the lipid (36), and the
thickness of the hydrocarbon region is PrP minus twice the length of the
glycerol region (from the phosphate to the firt methylene of the hydro-
carbon chains); the latier is very close to 10 A (27,33,36). The average area
per molecule for the cholesterol-phospholipid mixtures is calculated by
Ay = At (1 = x)A, . The area per cholesterol A, is assumed to be
constant of x. A value of Ay = 39 A¥ was taken from monolayer mea-
surements on pure cholesterol (3,37).

Biophys. J. (2007) 92: 3960-3967 PNAS (2009) 106: 3654-3658

Membrane thickness is changing with Chol. But in 2D, changing thickness means
changing lateral compression: condensation! (mean area occupied by single
molecules changes). From 70 A? to 55 at 30% chol



Detergents to solubilize a membrane




Membrane domains

+ Macroscopic domains:

Large morphologically distinct regions of the cell surface separated by barriers (apical
and basolateral domains of polarized epithelial cells)

+ Protein aggregation:

Aggregation in the plane of the membrane giving rise to patches (domains) enriched in
the specific protein and any molecule associated with it (purple membrane patches in
Halobacterium halobium containing bacteriorhodopsin)

+ Cytoskeleton assisted domains:
Interactions of membrane proteins/lipids with cytoskeletal elements (clustering of
receptors in coated pits prior to endocytosis)

» Lipid microdomains:
Formed by immiscible lipids
Combination of these factors !
Why are domains needed ?

Edidin (1992) Trends Cell Biol. 2: 376-380



Membrane domains

How do the proteins linked at two different sides of the membrane communicate?

Membrane Rafts



Membrane domains

Lipid rafts are lateral nano- and/or micro-domains
in plasma membrane that are enriched with
cholesterol, sphingolipids, and specific proteins
(in particular, glycosylphosphatidylinositol (GPI)-
anchored proteins and acyl chain-lipidated
proteins

"Membrane Rafts are small (10-200 nm), heterogeneous,
highly dynamic, sterol-and sphingolipid-enriched domains
that compartmentalize cellular processes. Small rafts can
sometimes be stabilized to form larger platforms through
protein-protgin and protein-lipid interactions”

Rafts defined: a report on Keystone Symposium on lipid rafts and cell function, Pike (2006) .J. Lipid Res. 47: 1597-1598

Membrane rafts have half-lives in the range of 100 ns -
highly dynamic and almost invisible !

Simons and lkonen (1997) Nature 387: 569-572




How big is a membrane raft




Raft characterization

'z‘;', N Ul F Lzu;l
' Ll il 2.0 e\
A 5 o LN ¢ >
- N > . 3 =
¢t : DRM  FlUOTEeSCENCE MICTOSCODY oo bl 1l ] e —.
: Pros: {
tergents Resistant Membranes =t et B RTINS S TR SRS
Pros: Works in model mectzbr?nes and living cells Mass spectromet
Protein insertion into §{A—rich domains - . r;s. L b Pros :
Cons: equires contrast agent (probes) Information on the membrane composition
Requires destruction of the sample Cons :
Detergent-induced lipids segregation ~ Sample preparation (vacuum, freeze-drying, etc)
\
Disordered
I ),
Yi
/ \\
Ordered
e 4 e
Atomic Force Microscopy Nuclear Magnetic Resonance
Pros: Pros:
Imaging with nanoscopic resolution H: order of acyl chains
Works in situ Mp; order of the lipid head groups
Cons: Cons:

Model or native membranes requires imobilization on surface Limited to model membranes with simple lipid compositions




Membrane proteins

= ~30 % of genome codes for membrane proteins
Ao

> ~60 % of drug targets are membrane proteins

Pr r Vi
Other 2% - Il
Peroxisome 1% =
~ Micrasome 2% o
MltOChlondrlai/z Uf)1 - # Membrane Proteins
Nucleus3% < LetllR. === o
<3 % (as of 2021)
<

Source: RCSB Protein Data Bank

Structural determination of membrane
proteins is extremely challenging
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Lipid-protein interaction

Do integral membrane proteins bind tightly to lipids ?

What is the nature of the layer of lipids adjacent to the protein ? How is it
different from lipids in the bulk ?

Do membrane proteins have long range effects on the order and dynamics
of lipids ?

Do membrane proteins create their own ‘microenvironment’ of lipids which
is optimal for their function ?

How do lipids influence the structure and function of membrane proteins ?



Lipid-protein interaction

» Cytochrome oxidase isolated from beef heart mitochondria and incorporated
spin-labeled fatty acids into the membrane

» ESR spectra showed two components:
At low lipid-to-protein ratio* a broad spectrum was observed

At high lipid-to-protein ratio, a sharp spectrum along with broad spectrum

Pure lipid showed only a sharp spectrum

» The concept of ‘Immobilized’ lipids

Experiments by later workers showed that
these lipids were not immobilized but
displayed slower exchange rates than
bulk lipids — Termed as ‘Boundary’ or
‘Annular’ lipids

‘-«w\‘v« » S VEN

N ~‘.~~\...\ 5
3 =S m\\\\\ AN

Jost et al. (1973) Proc. Natl. Acad. Sci. USA 70: 480-484



Lipid-protein interactions

Nicotinic acetylcholine receptor
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Lipid-protein interactions

Bacteriorhodopsin crystal structure Mitochondrial ADP/ATP carrier
at 1.55 A resolution crystal structure at 2.2 A resolution

R151

Leucke et al. (1999) J. Mol. Biol. 291: 899-911 Pebay-Peyroula et al. (2003) Nature 426: 39-44



Hydrophobic mismatch

Hydrophobic Match

Membrane proteins have distinct transmembrane
domains

The length of these domains should match the
hydrophobic length of the membrane in which it
resides in

When these do not match ‘'HYDROPHOBIC MISMATCH' occurs

Mismatch is a result of the direct interaction of the
transmembrane regions of the protein and the lipid acyl chains

Mismatch is energetically unfavorable

Membrane lipids and proteins must adapt to minimize mismatch



Hydrophobic mismatch

In eukaryotic cells, there is a gradient of increasing bilayer thickness from
ER to Golgi to Plasma membranes. All {nembrane proteins have to
traverse this path.

Mismatch could play a role in such sorting.

Eukaryotic membranes are heterogeneous mixtures of a variety of
phospholipids, sphingolipids and cholesterol

Long chain lipids and cholesterol often phase separate to form membrane
domains, called ‘rafts’. Such domains therefore will be longer than the rest
of the membrane.

Mismatched proteins could segregate to such domains to relieve
mismatch. Such domains may therefore act as clustering points for such
special proteins.



Hydrophobic mismatch and protein
function
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Biochemistry (2001) 40: 8842-8851
Biochemistry (2000) 39: 4846-4852

ATPasi: ion pumps



Adapting to mismatch
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Long Proteins increase the Tm of short bilayers
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Short Proteins decrease the Tm of long bilayers

Protein responses to mismatch
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Dumas et al. (1999) FEBS Lett. 458: 271-277



Adapting to mismatch: thinning

Aquaporin in fluid POPC bilayer Mechanosensitive channel, MscL
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Life-As a matter of fat: lipids in membrane biophysics perspective by Ole G. Mouritsen & Luis A. Bagatolli, 2™ edn. 2015, Springer
Gullingsrud et al. (2001) Biophys. J. 80: 2074-2081



Membrane proteins

Bacteriorhodopsin Mitochondrial porin, VDAC
a-helical bundle B-barrel

Mary Luckey, Chapter 1:Introduction to the Structural Biology of Membrane Proteins , in Computational Biophysics of Membrane Proteins, 2016, pp. 1-18



Membrane proteins classes

lon channels Transporters Enzymes Receptors

Membrane protein complexes



Transporters

Active transport

Passive transport
.

SOV
Facilitated diffusion

Copyright © 2005 Pearson Education, Inc. Publishing as Pearson Banjamin Cummings. All rights ressrved



Active transport

LIGHT

o\ /l O O ;§ O
\ [ electrochemical
I gradient
1
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()
t [ADFP
COUPLED ATP-DRIVEN LIGHT-DRIVEN
TRANSPORTER PUMP PUMP

1. Coupled transporters couple uphill tra‘?sport of one solute to the downhill transport of another

2. ATP-driven pumps use hydrolysis of ATP to uphill transport

3. Light driven pumps couple transport to light absorption




Membrane potential

* Membrane potential is the voltage difference across a
membrane

* Two combined forces, collectively called the electrochemical
gradient, drive the diffusion of ions across a membrane:
* A chemical fczrce (the ion’s concentration gradient)

* An electrical force (the effect of the membrane potential on ion’s
movement)



Channels vs. pumps

b
KcsA K-Jon channel Na‘ K--ATPase ion pump

~—f-subunit

/ a-subunit



Channels vs. pumps

a lon channel: single gate

Gate closed
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Gadsby (2009) Nat. Rev. Mol. Cell Biol. 10: 344-352






Model membranes

Planar Bilayer
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Study of unstructured protein oligomerization
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Multicomponent lipid membranes
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Model cell membranes-rafts
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Coexistence of liquid-disordered (La) and solid-
ordered (So) phase in planar supported lipid bilayer
mimicking raft-like domains.

(A) AFM topography image of ternary SLB composed
by DOPC, SM and cholesterol (66:33 +5% Chol).
Image was taken in aqueous buffer in dynamic AC-
mode. Scale bar: 1.0 um. (B) Section analysis (white
line in (A)) shows So-domains protruding from the
fluid matrix (La) of SLB of = 1.0 nm. (C) The height
distribution graph



Model membranes-rafts
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Membrane proteins

Hydrophobic mismatch .
Protein Association

Protein properties ¢ , 'Q‘ %
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Hembrane propertiei
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Translation to membrane domains¥ &
of increased thickness

Lipid-protein interactions are very important for the stabilization of protein structure, regulation
of protein activity and for partition of proteins in different lipid domains, as in lipid rafts. At the

molecular level, these interactions drive the complex organization of plasma membrane.



Membrane proteins: Lipidated-Prion protein (PrPC)

DOPC/SM (66:33) + 5 % Chol + FL-PrP-MA (1 h)
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Membrane proteins: Iron-mediated Alpha Synuclein
(aS) aggregation

Iron is implicated in the electron transfer during cellular respiration and as cofactor in the
catalysis of enzymatic reactions.

Iron is potentially toxic when is present at high concentrations in the cell. It has been
demonstrated that the total amount of iron increases physiologically in the brain with age
and that this fact could be correlated with the old-age onset of PD
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Membrane proteins: Iron-mediated Alpha Synuclein

(aS) aggregation

A DOPC/SM(66:33) +5 % Chol
i monomeric wt aS
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The wt aS seems to interact with
both lipid phases (La and So)

leading to a change in the

morphology of raft-like domains

which appear to have irregular and
indented borders, as well as a more
pronounced roughness.
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Membrane proteins: Iron-mediated Alpha Synuclein
(aS) aggregation

DOPC/SM (66:33) + 5 % Chol + iron-induced wt aS oligomers
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The protein clusters of the mutant species are
bigger in terms of dimensions and coverage of
the membrane area, reflecting the faster rate
of aggregation in the presence of iron

compared to the wt aS E_M =
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