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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



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.
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If one pictures a tetrahedral cage of four water molecules

hydrogen bonding a central water molecule,
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k/* " the central water can donate its hydrogen atoms in any
combination of two of its four neighbors. This gives six ways
to be fully hydrogen bonded. Replacing one water of the
cage by a hydrophobic, nonhydrogen-bonding neighbor
reduces the number of ways this can happen by a factor of
about two.
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Hydrophobic forces

The restriction in orientation of vicinal water varies with temperature.
It becomes harder and harder to order molecules as the temperature is
raised. As a result, hydrocarbon—water contacts have a very high heat
capacity. Raising the temperature gradually melts the ice-like vicinal
water. Interestingly, and somewhat paradoxically, as the temperature rises
and the entropy goes up, the hydrophobic effect does not get weaker, but
instead gets slightly stronger. This is because the dispersion force
becomes stronger with increasing temperature, and this compensates for
the loss of entropic drive.

We must therefore view the hydrophobic force as entropy-driven at low
temperatures (around room temperature) and enthalpy-driven at higher
temperatures (near the boiling point of water). This in a limited range of

temperatures.



Hydrophobic effect




Hydrophobic effect

Organized molecular assemblies of various types

formed due to the Hydrophobic Effect
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Phospholipid Supramolecular Assemblies
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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.
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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

Stearic acid - saturated Oleic acid - unsaturated

hydrophobic tail

hydrophobic tail




Fatty acids are used as E storage

_ o| fatty acids

To ensure a continuous supply of fuel for I

oxidative metabolism, animal cells store cn.—o—Cr- I
glucose in the form of glycogen and fatty S o

acids in the form of fats. g | | (li_

A fat molecule is composed of three molecules 7:

of fatty acid linked to glycerol: triacylglycerols T
(triglycerides). c+,—o—C iGN

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...
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Sphingolipids
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Sphingolipids are derivatives of sphingosine (E), 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

18:2; n9

18:3; n6



Saturated vs Unsaturated Fatty Acids

DSPE DSPC SOPC

(a) (b)
i,

(c)/————\ The actual conformation of a molecule
v 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).



Head and Tail
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Lipid polar head groups

Substituent
choline

serine

myo-inositol

Chemical fotmula Polar head group name AbT

-CH,CH,N(CH,)4" phosphatidylcholine PC

- CH,CH(NH,)COO phosphatidylserine
H
HO OH
w phosphatidylinositol PI
H H
H OH

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



Sphingosine based phospholipids
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Solubility at 30°C
solvent
Carbon Common name Melting (me/s )
skeleton  Structure” Systematic name®  (derivation) point (°C) Water Berzene
12:0 CHy(CH,),oCOOH nDodecanoic acid  Laurie acid (Latin 442 0.063 2600
Burus, “lawrel
plant”)
14:0 CH,{(CH,),CO0H n-Tatradecanoic Myristic acid (Latin 539 0.024 874
acid myristica, nutmeg.
genus)
10 CH(CH 1 COOH nHexadecanoic Paimitic acid (Latin 631 0.0083 348
oacid paima, “paim tree”)
18:0 CH,{CH,16COOH nOctadecanoic Stoaric acld (Greok  69.6 0.0034 124
acid stear, “hard fat™)
20:0 CHy(CH, ) COOH nE acid ackd (Latin 765
Arachis, logume
genus)
240 CHy(CH,},COOH n-Tetracosanoic Lignoceric acid (Latin  86.0
acid lignum, “wood” +
cora, “wax")
16:1 (A9) CHLCH,) cisOHexadecenoic  Palmitoloic acid 0.5
CH=CH(CH,),COOH acid
18:1 (A9)  CH4CH,), cis9O0ctadecenoic  Oleic acid (Latin 134
CH=CH(CH,),COOH acid oloum, “oil*)
18:2(A9,  CH(CH 4 CHeCHCH; cis-cis9,12- Linoeic acid (Greek -5
12) CH=CH(CH,),COOH Octadocadienoic fnon, “flax”)
acid
18:3(A0,  CH,CH; CH=CHCH, ois, cis, cis- aLinolenic acid -11
12,15) CH=CHCH, 012,15
CH=CH(CH,),COOH Octadecatrienoic
acid
20:4(A5,  CH4(CH,)y CH=CHCH, cis,cis.cis,cis- Arachidonic acid -49.5
8,11,14) CH~CHCH, 581114
CH=CHCH, Excosatetraenoic
CH=CH{CH,),COOH acid
* The symbol for fatty acids gives the number of carbon atoms, followed by the number of carbon-carbon double honds. For unsaturated fatty
acids, the notations in parentheses denote the positions of their double bords. For example, A9 denctes a double bond between C9 and
C10. NI the double bonds in these fatty ackds have cis configuration,
* Al acids are shawn in their nonionized form. At pHl 7, all froe fatty acids have an lonized carbaxyl Note that b of carbon atoms
bogins at the carbanyl carbon.
“The prefx n the: normal For simply 12 cawbon stoms, which could be armanged
n & variety of forms; fhes the: Ninesst, hed form.
Source: Duta from Nelson, D. L, and M. M. Cox, | ¥ of Bi Ath od. New York: W. H, Freeman, 2008,

More than 500
species of fatty
acids !




Lipidomic survey of a budding yeast
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Water and Oil interface

oil-water
emulsion

All interfaces are covered with interfacially active molecules



Lateral pressure profile of a lipid bilayer
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Head group repulsions (n > 0)

Interfacial tension
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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
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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
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Membrane physical properties

Fluidity Curvature

Unsaturated Saturated
Cone

RRRR A T
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Fluid Non-fluid Negé'tlve

Width Sterol
Cylinder

SR
Sous Al arane

Thick
Neutral
Packing defects

RpfRR SR ecrcne
IR

Major packing Minor packing
defects defects
Positive
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

Monomer

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

lipid volume



Membrane physical properties

Amphiphile Shape Hypothesis:
Relationship to Packing Parameter & Lipid Polymorphism

P =A val
Inverted  SSOORSET
micelles " TSERERE
val>1 B

Inverted Area
hexagonal a

Hy,

Cubic ede? \Volumc

Lamellar %
bilayer

val = | E’q

Micelles @ val < 1/3 @

Hexagonal
H,

P= lipid volume/ (cross sectional are of the polar group x lipid length)



Lamellar
bilayer

Hexagonal 482

Lipid conformation

vial = 1

vial < 1/3 @

Conformation depends on temperature.
It affects packing in the lipid bilayer.
Indeed the shape itself is affected by the
other molecules forming the aggregate.

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

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



Lipids and membrane curvature

A. Negative curvature Positive curvature
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Zero curvature

Curvature of a lipid
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Lipids and membrane curvature

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

fﬁ:;;;{;gi \ gga%ga &: :;gmg Each layer tend to elastically relax to a

negative zero positive state of finite, spontaneous curvature,

Ry
Wy Wl s

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).

If the bilayer cohesion does nor sustain
the curvature stress, non lamellar
structures form.

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



Lipids and membrane curvature

A I

negative zero positive
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phospholipiase A2 phospholipase C
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Cholesterol has an inverted conical
shape (small OH, big steroid ring). Tends
to promote the H,. Stress field is
mitigated by enzymes.

Inverted
hexagonal
H,,

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)



Membrane physical properties

Playing with shapes
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{a Change in hydratlon
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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

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



Self-organized monolayers (on liquid surfaces)

Langmuir Films

Nonpolar tail

Polar head

L

-
<
3 Water .

-3

The term “molecular self-assembly” refers to spontaneous formation of an
ordered molecular overlayer on the surface, often proceeding through several
consecutive stages where 1D and 2D ordered structures can also exist.

Thermodynamically, molecular self-assembly proceeds toward the state of lower
entropy , and must therefore be compensated by the establishment of
intermolecular and molecule-surface interactions. 37



Self-organized monolayers (on solid surfaces)

| anchor transfer of LB films on substrates
hydrophilic hydrophobic T pressure measurement
head group @ chain
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Supported lipid bilayers

Monolayer i Monolayer l Air

Barrier Barrier

\ Sample

Liquid

Liquid

Langmuir-Blodgett

Aqueous medium

] y 1} |
] \ 11 1 i
| ]

Mica

Liposome Liposome on mica surface Lipid bilayer
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Supported lipid bilayers: Atomic
Force Microscopy (AFM)
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(A) AFM topography of flat lipid membrane with a central discontinuity which allows to measure the
height of the lipid bilayer. (B) Height profile. (C) One DOPC bilayer is characterized by an average height
of 5.3 £ 1.0 nm. (D) AFM topography of the scratch made by a scalpel. On the right side,a DOPC
membrane, on the left side glass can be observed. (E) Height profile indicates the presence of a
membrane formed by 30-40 lipid bilayers. AFM measurements were performed in tapping-mode in air at
room temperature.



Supported lipid bilayers: Atomic
Force Microscopy (AFM)

DOPC S:00nm
|,2-dioleoyl-sn-glycero- 4.5
3-phosphocholine 40
M 3.5
Sphingomyelin 3.0
Chol 2:3
Cholesterol 20

1.5
1.0

raft
non-raft

0.0

AFM imaging in dynamic AC-mode in liquid environment
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surface roughness: La=0.16 == 0.01 nm, Lo=0.14 &= 0.0 nm

GOAL: study the role of cholesterol in regulating membrane fluidity/rigidity and
in turn the mechanisms of cell uptake of molecules/nanoparticles



Let’s increase cholesterol
| 7% chol + DOPC/SM

Ly phase - - 5 mol% 10 10 mol% 1177 17 mol%
- phase

a b C

DOPC SM+Chol
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F 140 s -
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3 5

20 . . .
Rafts-covered area scales with chol. Height difference decreases.
0 S mol % 10 mol % Tmolos Both preferred co-localization with SM and chol-condensing effect on Ld phase

‘cholesterol-condensing effect’ on phospholipids thickening of the Ld
phase and a reduced height difference with the Lo domains

C.Paba, et al. JCIS , 652 (2023) 1937-1943. In collaboration with K. Voitchovsky, Univ. of Durham



How fluid/stiff are our membranes?
Up to 33% chol, different mimic

DOPC/DSPC/SM

Ld Lo (DOPC:DSPC) 1.75; (DOPC:SM) 2.91
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Temperature evolution: 7% chol

DOPC Tm=-17°C 0

SM (Brain Porcine)
7 °C H OH

Tm=3 (I?

Cholesterol

7% LOW, 33% High




Temperature evolution: 33% chol

Low cholesterol

100

Surface Area (%)
H (e} (o]
o o o

N
o

0

= Ld

. .[':']

23 24 25 26 27 28 29 30 31 32| 33

T(°C)

4

Surface Area (%)

N
o

100

(0]
o

60

40

o

High cholesterol

= |d
* Lo

24

25

([

26 27 28
T(°C)




Evaluation of Membrane Stiffness:
AFM nanomechanics

' — Breakthrough Forces
6 . :g:g: : :f;}o) 1 Optimization:
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Sullan et al. Biophysical Journal (2010).

Force maps: Point&Shoot:
+: High throughput + : control of rafts dynamics

- : different sample dynamics and mechanical response Lo/Ld, low/high chol - :limited data set



Evaluation of Membrane Stiffness:
Breakthrough Forces

N w o

Breakthrough Force / nN

(RN

80 HiLo phase (Chol 7%) i Lo phase
N.~ 110
o ¢ Ld phase
[2]
1 §40
MlLo phase (Chol 33%)
S 80
N. ~ 150
20
i I 360
0 —— .i---—__ —_— —_ g
1 2 3 4 5 6 7 8 9 10 340

Breakthrough Force / nN

. III
. mlN Y
1 2 3 4 5 6 7 8 9 10

Breakthrough Force / nN

Ld phase (Chol 33%)
Ld phase (Chol 7%) 80 N I 50
c

% N, ~ 200

5 6 7 8 9 10
Breakthrough Force / nN

’ I I ; I II
. [ | —r— AN ||| [ .
1 2 3 4 5 6 7 8 9 10 1 2 3 4
Breakthrough Force / nN

| —_— - |
rr

7 33 40
Cholesterol / mol. %

Median +/- Mad

Lo phase (7%) 422 £ 0.68 nN
Ld phase (7%) .57£0.78 nN Results in agrrement with FRAP data
Lo phase (33%) 2.60 + 0.46 nN

Ld phase (33%) 2.14 £ 0.24 nN



valuation of Membrane Stiffness:
AM-FM Viscoelastic mapping mode

Cantilever

Cantilever detection signal

,M drive signal
[N

LA

g

<

As fast as topographic imaging!
Measures elastic and dissipative
modules



