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Biological membranes serve 5 distinct functions:

1) Define boundaries and serve as permeability barriers plasma
membrane (surrounding cell), and intracellular membranes

2) Sites of specific functions (transport proteins, vesicle sorting, ER)

3) Regulate transport of solutes
Facilitated diffusion: transport across membrane by specific proteins
Active transport: energy requiring transport against a gradeint (pump)

4) Membranes Detect and Transmit Electrical and Chemical Signals
signal transduction: detection and transmission of signals from the
membrane to the cell interior (eventually the nucleus)

5) Mediate Cell-Cell communication
adhesion proteins, gap junction- cytoplasmic connection in animal cells



Main Concepts

» Membrane models:
historical perspectives

» The Singer-Nicolson “fluid
mosaic” model

» Dynamics of lipids and
proteins in membranes

» Physical state of lipids in
membranes; influence of
cholesterol

» Membrane asymmetry:
proteins, lipids,
carbohydrates

THE PLASMA MEMBRANE




Historical Perspective: Evolving Concepts of
_I\/Iembrane Structure

- Overton (1895) -

Found that the

ability of a substance to pass

through membrane was related

to its chemical nature.

- Nonpolar substances pass more
quickly through membranes into

cells than polar molecules.
[Contrary to prevailing view at
the time; the exception being

water.]
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Gorter & Grendel (1925)

a) Does the red blood cell (RBC) plasma
membrane contain lipid? b) If so, how much?

Prepared RBC membranes, extracted them with
organic solvent (acetone)

Spread lipid extract onto water surface In
Langmuir trough (acetone evaporated)

Applied lateral pressure with glass bar to
compress surface film; measured Force

(dynes/cm) necessary to compress film o
Measured surface area of film (Ag,,) at point =~ == w.
where resistance to compression (Tetec ed NN

Measured RBC dimensions and computed cell - bt
surface area (A.y)

Calculated area ratio (A /A) ~2 =
LIPIDS MUST BE ARRANGED AS BILAYER

(E. Gorter, F. Grendel (1925) J. Exp. Med. 41: 439)



Thoughts about the Gorter-Grendel
Experiment: Good idea / Dumb luck

e Acetone does not quantitatively extract all the lipids-

- they under-estimated the lipid content of the RBC
membrane

e Their calculation of membrane surface area also less
than actual figure

* These two errors fortuitously cancelled one another,
providing the correct answer after all!

NOTE: Although the Langmuir trough method is “old”, it is still used today to gain
useful information about membrane structure and packing of lipids (e.g., see

A.B. Serfis, S. Brancato, and S.J. Fliesler (2001) Comparative behavior of sterols in
phosphatidylcholine-sterol monolayer films. Biochim. Biophys. Acta 1511: 341-348)



» “Sandwich” Model

e Lipid bilayer with PL polar |
headgroups facing outwards and fatty .
acyl “tails” inside. | interior 7

» Globular proteins coat bllayer

Subsequently refined mociel to
include protein channels
(“pores”) interrupting bllayer to L.ﬁ.a;;

be consistent with water and l
lon permeability .

J.F. Danielli, H. Davson (1935) J. Cell Comp. Physiol. 5: 495.
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g J.D. Robertson (1957): h

“Unit Membrane” Hypothesis

» Based upon KMnQ,-stained electron
microscopic (EM) images of myelin, |
and various tissues and cells

o Characteristic “trilaminar” unit- !
two outer dark lines (interpreted as W -
monolayer of protein) separated by a lipid |
lighter “inner core” line (interpreted prmemug..i b
as lioid bi |ayer) Biochem. Soc. Symp., 16:3-43, 1959

e Proposed ALL cellular membranes
are like this!

protein




Problems with D-D Model

Proteins are amphipathic- protein layer as
Interface between PL polar head groups and water
exposes hydrophobic residues of protein to
water/charge (energetically unfavorable)

Largely assumed predominant B-sheet conformation
of proteins (later found not to be true)



Electron Microscopy Images

(1950’s-1960’s)
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s [ransmission electron
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-"cobblestone” appearance Transme’ﬁﬂ;e Freeze-Fracture

. : Protein
- proteins embedded in and traverse
membrane bi|ayer D. Branton (1969) Annu. Rev. Plant Physiol. 20: 209-238




Problems with Historical Models

Assume membrane constituents are static (not
moving/movable)

Most do not account for differential permeabllity of
lons, water, small molecules of varying polarity (pores,
channels, transporters)

Assume all membranes alike, disregarding known
differences in morphology, thickness, and biological
function

Do not take into account a-helical and random coll
motifs of proteins (assume dominant beta sheet)




Singer-Nicolson
“Fluid Mosaic” Model

Hydrophilic region
of protein
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Hydrophobic'.:région of protein

The proteins interact with the lipid bilayer by electrostatic interactions (extrinsic
proteins) or penetrate partially or completely span the hydrophobic domain of
the lipid bilayer (intrinsic proteins).

The lipids of the bilayer matrix are in a liquid-crystal (fluid) state and can diffuse
laterally in the plane of the membrane.

The matrix of the membrane consists of a lipid bilayer.

Proteins are able to freely diffuse within the bilayer plane and about their axes
perpendicular to the plane of the membrane.

There is no long-range order in the arrangement of components other than that
which results from summation of short-range intermolecular interactions.

S.J. Singer & G. Nicolson (1972) Science 175: 720-731.
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Essential Concepts

Phospholipid bilayer is the major structural feature (forms the matrix
of the membrane); asymmetric distribution of lipids in the bilayer.

“FLUID”-- Lipids and proteins diffuse freely in plane of membrane;
Proteins “float” in a “sea” of lipid (hno constraints indicated). Allowed
because protein-lipid and lipid-lipid interactions weak, compared to
covalent bonds.

“MOSAIC”-- membrane composed of heterogeneous mixture of
lipids and proteins, organized in dynamically changing patterns.
Proteins also asymmetrically distributed.

Proteins distributed asymmetrically: attached to either side of
bilayer, or partially or full¥ embedded in the bilayer, even traversing
(penetrating) bilayer- NOT just coating the bilayer.

THERMODYNAMICS taken into account: Maximize hydrophobic-

hydrophobic and_hydrop_hlll_c-throphlllc Interactions. Alpha-helical
ortions of proteins maximize hydrophobic residue interactions with
ydrophobic lipid bilayer interior, allows for hydrophilic residues to

be exposed to water (channels) or polar, charged PL head groups.



Two Types of
Membrane Proteins

Ipheral (“extrinsic”) membrane proteins

osely associated with bilayer
K, electrostatic forces (non-covalent)

ble with mild treatments (ApH, Aio
. spectrin; ankyrin; actin




Multi-Spanning
Transmembrane Proteins

EXTRACELLULAR
SIDE

N-terminus

C-terminus CYTOPLASMIC
SIDE

: ; Sites of interaction
Phosphorylation sites with cytoplasmic proteins
HOOC, § 3 Papmsort pcnce
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ways Iin which membrane proteins associ

with the lipid bilayer




embrane protein attachment by a fatty a

chain or a prenyl group

(A&}  protein anchorad (B}  protein anchored
to membrane 1o membrana
by & fatty acid chain by a prenyl group
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amide linkage .|;|:H1
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egment of a transmembrane polypeptide chain crossing t

lipid bilayer as an a helix

e Only the a-C
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A single-pass transmembrane protein

* Note that the polypeptide ct
traverses the lipid bilayer ¢
right-handed a helix anc
oligosaccharide chain
disulfide bonds are &
noncytosolic

Tierniprar

A7 N oligosaccharides

J transmembrane
e hvielix



Schematic drawing of the bacterium Halobacterium halobium showin
the patches of purple membrane that contain bacteriorhodopsin

HYDROPHOBIC
CORE CF
LIPID EILAYER




Solubilization of Integral
Membrane Protein




monly used detergents for membre
protein solubilization

IONIC DETERGENTS Polar head
Hac 0 ~ group

I [
HC—CH,—CH,—CO0=Ng* H3C—{CH2}11—D—ﬁ—O'Na+

Hydrocarbon
tails

-
OH
CH

Sodium deoxycholate =~ Sodium dodecylsulfate (SDS)

NONIONIC DETERGENTS HOCH,

0
O—(CH,),—CH
HsC CHy (CH,);—CH,

| | OH
H3C—?_EH2—C|: D_':CHE_EHZ_DIQE_H HD
H,C CH, (Average) OH

Triton X-100 Octylglucoside
(polyoxyethylene(9.5)p-t-octylphenol) (octyl-B-p-glucopyranoside)




* Transmembrane proteins can be solubilized only by agents that disrupt
hydrophobic associations and destroy the lipid bilayer. Detergents, which
are small amphipathic molecules that tend to form micelles in water. When
mixed with membranes, the hydrophobic ends of detergents bind to the
hydrophobic regions of the membrane proteins, thereby displacing the lipid
molecules. Since the other end of the detergent molecule is polar, this
binding tends to bring the membrane proteins into solution as detergent-
protein complexes (although some tightly bound lipidmolecules may also
remain. The polar (hydrophilic) ends of detergents can be either charged
lonic), as in the case of sodium dodecyl sulfate (SDS), or uncharged
onionic), as in the case of the Triton detergents.

= 1%
h‘f‘d I'E}]h[:l bic membrane protein detergent detergent

! I - I .l in lipid bilayer micelles MOonoMmers
s di

ﬂ!

“’

head group . -&"t\
x WX -

water-soluble protein- soluble mixed

lipid-detergent complex lipid-detergent
micelles




New Approach:
Lipopeptide Detergents (LPDs)

iciently solubilizes membrane
eins
ative conformation -
m protein (retair aficerblii

8 membrane
protein (green)
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o |tiseasy to prepare empty red blood cell membranes, or "ghosts," by
putting the cells in a medium with a lower salt concentration than the cell
Interior. Water then flows into the red cells, causing them to swell and
burst and release their hemoglobin (the major nonmembrane protein).
Membrane ghosts can be studied while they are still leaky (in which case
any reagent can interact with molecules on both faces of the membrane),
or they can be allowed to reseal so that water-soluble reagents cannot
reach the internal face. Moreover, since sealed inside-outvesicles can also
be prepared from red blood cell ghosts, the external side and internal
(cytoplasmic) side of the membrane can be studied separately. The use of
sealed and unsealed red cell ghosts led to the first demonstration that
some membrane proteins extend across the lipid bilayer and that the lipid
compositions of the two halves of the bilayer are different. Like most of
the basic principles initially demonstrated in red blood cell membranes,
these findings were later extended to the membranes of nucleated cells.




e orientation of integral proteins can be determin
sing nonpenetrating agents that label the protein
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Hydropathy Plots: Predicting Membrane
Protein Structure

1A} BLYCORHORIN (B} BACTERRHODORSIN Using hydropathy plots to localize pote
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dentification of transmembrane domains can be predicted from th
amino acid sequence using a hydropathy plot

Exterior Surface

LE R ER RN RN RENESENEREDR]

+ A\l

Bilayer

Hydrophobicity
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(cytosol)

&\ , 50 100
Interior Surface [ Amino acid residue #

N-terminus C-terminus




e Freeze-fracture electro
microscopy

» The drawing shows how the techni
drovon | RN provides images of the hydroph
of racture | ff interior of the cytoplasmic (or
| 28 - protoplasmic) half of the bi
N sy the P face) and the ext

transmembrane protein

T r— bilayer (called the
g fracturin

e
i

E fracture face P fracture face
exposed exposed




xperiment demonstrating the mixing of plasma membrane

proteins on mouse-human hybrid cells

membrane I'I'IHI'I'IbI‘&T'IG
protein CELLFUSION  Protein

2 ::

A

antibodies (5] to antibodies () to
mouse membrane +® human membrane
protein, labeled protein, labeled
with fluorescein (@) @ With rhodamine (@)

time = 0 minutes

INCUBATION AT 37°C

e
time = 40 minutes ‘.

The mouse and human
proteins are initially
confined to their own
halves of the newly
formed heterocary




Mouse Cell

Ime after fusion m

Human Cell

Mouse cell

Hybrid cell



Antibody-induced patching and capping of a cell-surface

protein on a white blood cell
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The bivalent
antibodies cross-li
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to which the

This cause

Cc




easuring the rate of lateral diffusion of a plasma membra

protein by the FRAP technigque

A specific protein is labelec
the cell surface with a fluc
' monovalent antibody the
l ; only to that protein (fo
no other proteins are
_ After the antibodie
' in a small area
[ beam, the

H

Fluorescence Recovery After Photobleaching




Motion of Proteins

Consider relative mass of protein, vs. lipid

Lateral diffusion ~10-104X slower than for lipids (D

10° - 1012 cm?sec)
Rotational diffusion (generally relatively rapid)

Transverse (flip-flop) diffusion NOT OBSERVED
(thermodynamically not allowed)- would require
moving highly polar/charged mass through a low

dielectric (nonpolar) medium
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rophobic
I region of protein
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Phospholipid
bilayer
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Motion of Membrane Lipids
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**Liposome
and
application

TP T
glesessamnng

Three kinds of movement:

Rotation about its long axis;

Lateral diffusion by
exchanging places:

Transverse diffusion, or
“flip-flop™ from one
monolayer to the other.

Elippases catalyze the flip-
flop.




Paracrystalline
rigid, solid)
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Membrane Dynamics

Lateral (In-Plane) Diffusion

Rotational Diffusion




Physical States of Lipids in Bilayer

Malecular Dynamics Simulation
of Phosphatidyl Choline Bilayer
Carbon/Palmitic Oleic

Nitrogen Phosphorus
VWater Oxygens

H Heller, M Schaefer, K Schulten,
J Phys Chem 97:8343, 1993.
RasMol Image by E Martz

http://courses.cm.utexas.edu/archive/Fall2001/CH339K/Hackert/Membranes/membranes.htm

Crystal

Phosphatidyl
cholines taken
from model lipid
bilayers
simulated by
Heller et al., J.
Phys. Chem.
97:8343, 1993.

Gel

Fluid

Eric Martz with
RasMol




« Membrane fluidity Is influenced by
temperature and by composition.

e As temperatures cool, membranes switch from
a fluid state to a solid state as the
phospholipids are more closely packed.

 Membranes rich in unsaturated fatty acids are
more fluid that those Fluid Viscous

dominated by saturated W W
fatty acids, because the
kinks in the unsaturated W W

Unsaturated Saturated

fa.tty aC|d ta| IS preve nt hydrocarbon hydrocarbon
) ht k tails with kinks tails
tlg paC Ing - Fig. 8.4b (b) Membrane fluidity

Copyright © 2002 Pearson Education, Inc., publishing as Benjamin Cummings



Ipoid and many protein are laterally mobile in biomemb

Below the phase tr
temperature fatty
chains are in a
(crystalline)
Above the
tempe
chai




rane fluidity important for membrane
n; determined by phospholipid
sition
acking of hydrocarbon tails =less
increased viscosity) g
d unsaturation (no of double bonds) el

? "

closeness of packing CHy

CH,

from 14-24 C atoms; shorter CH,
ess interaction =increased :

as one or more double
s); other tail has
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Cholesterol: A “Fluidity Buffe

b e e e Below T, - cholesterc

Lpd

) ()
gﬁ/w e 99@%@? disrupts close packi
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)

Rate of heat flow
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4. Influence thickness of membrane ; 5. Local curvature

cholesterol

Cholesterol can increase membr
thickness, but no effect of SM

Exoplasmic leaflet h
Cytosolic face

SM SM and
cholesterol




olesterol —-Membrane fluidity|
animal cells, cholesterol used to modulate membrane fluidity - fills
0s between kinks of unsaturated tails
d particularly in plasma membrane =closer packing =less
y/permeability

] polar head group

CHg rigid
steroid
ring
CH3z CHg structure
e

nonpolar
hydrocarbon
tail

Figure 10-10. Molecular Biology of the Cell, 4th Edition.




Membranes are ASYMMETRIC- they have
distinctive inside and outside faces.

— The two layers may differ
In lipid composition, and




Conseqguences of
Lipid Asymmetry

Packing of PLs different in the two bilayer leaflet

Ifferent PL classes have different acyl chain
position (e.g., PC tends to have more sat
E and PS tend to have more PUFAS)

e fluidity and physical state di
the bilayer




Lipid Asymmetry

Percent of
total
membrane Distribution in
Membrane phospholipid phospholipid membrane

Inner Outer
monolayer . monolayer

Phosphatidylethanolamine
Phosphatidylcholine

Sphingomyelin
Phosphatidylserine
Phosphatidylinositol

Phosphatidylinositol 4-phosphate
Phosphatidylinositol 4,5-bisphosphate
Phosphatidic acid




Lipid Asymmetry

Chutsicle of cell
Sphingomyelin Cilyeolipid Phosphatidylcholine Cholesterol
|II Ill '|I

Phosphatidylserine  Phosphatidylinositol N&Waﬂdylethanalmnlne
Cytosol




Generation of Membrane Lipid Asymmetry

» Glycerophospholipids synthesized on cytosolic leaflet of SER
(topologically equivalent to cytoplasmic face of PM)

* “Flippase” specifically translocates PE and PS (but not PC) to
SER lumenal leaflet (topologically equivalent to extraplasmic
face of PM)

« “Scramblase” exchanges PC from cytosolic to lumenal leaflet

» Sphingolipids synthesize on lumen leaflet of SER (and Golgi—
glycosylation)

CYTOSOL

?? V : : 7
cytosolic leaflet 22 2 i $38382232 2,

lumenal leaflet $3 $3 33 33 ¢

ER LUMEN




Carbohydrate Asymmetry

lycolipids exclusively on external leaflet

arbohydrate chains of glycoproteins face
Side of cell

carbohydrate group of glycolipid

extracellular face

g = phospholipid

ammdno acid

chain
! - carbohydrate
wnit
toplasmic face




Isolate gene or

Determine nuclectide
sequence of DMNA

Deduce amino
acid sequence
of protein

Transcription
and transiation
in cultured cells

z d Protein inserted into
Identify likely Use to '09:_';:-' cell membrane in vivo
transmembrans segments 1
protrude from Determine
the membrans Assay for nucleotide
transport sequences
function of DNAS
Al
Y
Sequence
information
Repeat process
for various amino
acids in protein s e
sequences
Y Y
ldentification of likely structure and Identification of functionally Identification of fal_'nilias
orientation of protein in membrane important amino acids of hamologous proteins

(continued)



Summary

Concepts about membrane structure have evolved over the
past >100 years, based upon principles of physical chemistry
and augmented by evidence obtained through biophysical
methods (e.g., microscopy, spectroscopy, x-ray diffraction,
etc.) and biochemical/cell biological methods (e.g.,
Immunofluorescence, chemical modification, etc.)

Even methods considered “old” (e.g., Langmuir trough) can
provide new and useful insights into current problems
concerning membrane structure and function.

The most common structural motif of ALL biological
membranes is the LIPID BILAYER

The Singer-Nicolson “fluid mosaic” model of membrane
structure (1972) replaced prior models; it depicts proteins
floating in a “sea” of lipids, with relatively few constraints to
diffusion within the bilayer plane



Summary (cont’d)

Proteins in the fluid mosaic model are depicted as either
“peripheral” (extrinsic) or “integral” (intrinsic), depending on the
strength and nature of their association with the lipid bilayer
Integral proteins are strongly associated with the bilayer, requiring
harsh means (detergents, chaotropes) to remove them from the
membrane; Peripheral proteins are more loosely associated with
the membrane and only require mild treatments (change in pH or
lonic strength) to remove them from the membrane.

The transbilayer distribution of proteins and lipids is
ASYMMETRICAL

Choline-PLs (PC, Sph) favor the extracellular (outer; lumenal) leaflet,
while amino-PLs (PE, PS) favor the cytoplasmic (inner) leaflet of the
bilayer

Such asymmetry can generate fluidity differences in the two halves
of the bilayer, which can affect biological properties and function



Summary (cont’d)

Physical state of membrane lipids depends on composition and
temperature; Cholesterol is a “fluidity buffer”- can enhance or
restrict fluidity, depending on ambient temperature relative to
T, of lipids
Lateral (in-plane) and rotational diffusion of lipids, and flexing of
PL acyl chains, are rapid (in the absence of extrinsic constraints);
transverse (“flip-flop 2 diffusion of lipids is extremely slow in
ure lipid blla%/ers, but is more ragld In biological membranes,
acilitated by translocases (scramblases, flippases)

Proteins diffuse relatively freely within the plane of the
membrane, and rotate about an axis perP_endlcuIar_ to the plane
of the membrane; however, transverse E)Ilp-ﬂop) diffusion does
not occur (energetically highly unfavorable)

Carbohydrates are also distributed asymmetrically in biological
membranes: glycolipids (GSLs) and the oligosaccharide chains
of glycoproteins are exclusively found on external leaflet of the
plasma membrane bilayer



