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Approximately 36% of the 19670 human protein-coding genes have predicted secreted transcripts or transcripts with at least one
predicted transmembrane region suggesting active transport of the corresponding protein out of the cell (secretion) or location in one of
the numerous membrane systems in the cell. Interestingly, several genes code for multiple protein isoforms (splice variants) with
alternative locations, including 189 genes with both secreted and membrane-bound isoforms. 1708 genes (9%) are predicted to have at
least one secreted protein product, while 5520 (28%) are predicted to have at least one membrane-bound protein product. In addition,
12631 (64%) genes are predicted to be intracellular, i.e. no secreted or membrane-bound protein product, and most likely act as
intracellular proteins in the cytoplasm and/or nucleus. In Figure 1, the number of protein-coding genes in the various categories are
shown for all 19670 genes.
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Figure 1. The number of all human protein-coding genes predicted to be (1) intracellular, (2) membrane-spanning (3) secreted and (4)

membrane-spanning and secreted protein isoforms, where the latter consists of a group of genes with multiple splice variants with at least

one secreted and one membrane-spanning.

Proteins that are secreted from the cell or located in the cellular membranes play a crucial role in many physiological and pathological
processes. Medically important secreted proteins include cytokines, coagulation factors, growth factors and other signaling molecules.
The functions of membrane proteins are diverse and include ion channel activity or transport of other molecules across the membrane,
enzymatic processes, anchoring of other proteins and receptor signaling. A large fraction of the clinically approved treatment regimes
today use drugs directed towards (or consisting of) secreted proteins or cell surface-associated membrane proteins. Out of the 754
protein targets with known pharmacological action for approved drugs on the market at present, 102 are secreted and 429 membrane-
bound. See the Druggable Proteome page for more details.

A secretory protein can be defined as a protein which is actively transported out of the cell. In humans, cells such as endocrine cells and
B-lymphocytes are specialized in the secretion of proteins, but all cells in the body secrete proteins to a varying degree. In addition to
being a rich source of new therapeutics and drug targets, a large fraction of the blood diagnostic tests used in the clinic are directed
towards secreted proteins, emphasizing the importance of this class of proteins for medicine and biology. The most abundant secreted
proteins include pancreatic enzymes (PRSS1, CELA3A, AMY2A) and other digestive enzymes expressed in salivary gland (PRR4,
STATH, ZG16B) or stomach (PGA3, PGA4). One of the most important secretory organs is the liver, which produces a large number of
plasma proteins such as albumin, [fibrinogen](/search/gene_name:FG AND fibrinogen chain) and transferrin. Another group of highly
abundant secreted proteins belong to the defensin family and are secreted by hematopoietic cells in the bone marrow (DEFA1, DEFA1B,
DEFA3).
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Figure 2. Immunohistochemistry-based images from the secreted proteins CELA3A (Chymotrypsin-like elastase family, member 3A) in

pancreas, CPA1 (Carboxypeptidase 1) in pancreas and AMY1B (amylase alpha 1B) in salivary gland.

Membrane proteins constitute one of the largest and most important classes of proteins. A membrane protein is associated or attached to
the membrane of a cell or an organelle inside the cell and can be classified as either peripheral or integral. Peripheral membrane proteins
are associated with the membrane by being bound to either peripheral regions of the membrane or to integral membrane proteins, but
they do not fully span the membrane. Integral membrane proteins contain alpha-helical or beta-barrel structures which are hydrophobic
and therefore can span the entire lipid bilayer and are linked by extramembranous loop regions. The alpha-helical integral membrane
proteins form the major category of membrane proteins and are found in all types of biological membranes and will be the main focus
here. Their key roles as transporters and receptors explain why they represent approximately 57% of all currently approved drug targets
and hence their immense importance for the pharmacological industry. Many important receptors and cell surface molecules are found in
the list of human cell differentiation molecules (CD-markers). G-protein coupled receptors (GPCRs) , which contain seven
transmembrane (TM) segments and include 775 of the human protein-coding genes, comprise the largest group of membrane protein
drug targets.
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• 19670 human protein-coding genes 
• 12631 (64%) genes are predicted to be intracellular 
• 36% are predicted to be secreted or contain transmembrane regions
• 5520 (28%) are predicted to have at least one membrane-bound protein product
• 1708 genes (9%) are predicted to have at least one secreted protein product 
• 189 genes (1%) have both secreted and membrane-bound isoforms 

https://www.proteinatlas.org/humanproteome/tissue/secretome
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Biological membranes
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Composition

in the range 10 to 40°C. Cholesterol, which by itself does not
form a bilayer, decreases membrane fluidity near the mem-
brane surface because cholesterol’s rigid steroid ring system
interferes with the motions of the fatty acid tails causing them
to become more ordered. However, because cholesterol does
not extend into the membrane as far as most lipids, it also
acts as a spacer that facilitates the increased mobility of the
fatty acid tails near their methyl ends. Cholesterol also
broadens the temperature range of the order–disorder tran-
sition and in high concentrations totally abolishes it.This be-
havior occurs because cholesterol inhibits the crystallization
(cooperative aggregation into ordered arrays) of fatty acid
tails by fitting in between them. Thus cholesterol functions
as a kind of membrane plasticizer.

The fluidity of biological membranes is one of their im-
portant physiological attributes since it permits their em-
bedded proteins to interact (Section 12-3C). The transition
temperatures of mammalian membranes are well below
body temperatures and hence these membranes all have a

fluidlike character. Bacteria and poikilothermic (cold-
blooded) animals such as fish modify (through lipid biosyn-
thesis and degradation) the fatty acid compositions of their
membrane lipids with the ambient temperature so as to
maintain membrane fluidity. For example, the membrane
viscosity of E. coli at its growth temperature remains con-
stant as the growth temperature is varied from 15 to 43°C.

c. Gaseous Anesthetics Alter Neuronal 
Membrane Structures
Gaseous anesthetics, such as diethyl ether, cyclopropane,

isoflurane (CF3¬CHCl¬O¬CHF2), and the noble gas
Xe, act by interfering with the transmission of nerve im-
pulses in the central nervous system. Since the body ex-
cretes these general anesthetics unchanged, it appears that
they do not act by chemical means. Rather, experimental
evidence, such as the linear correlation of their anesthetic
effectiveness with their lipid solubilities, suggests that these
nonpolar substances alter the structures of membranes by

398 Chapter 12. Lipids and Membranes

Human Beef Heart
Lipid Erythrocyte Human Myelin Mitochondria E. coli

Phosphatidic acid 1.5 0.5 0 0
Phosphatidylcholine 19 10 39 0
Phosphatidylethanolamine 18 20 27 65
Phosphatidylglycerol 0 0 0 18
Phosphatidylinositol 1 1 7 0
Phosphatidylserine 8.5 8.5 0.5 0
Cardiolipin 0 0 22.5 12
Sphingomyelin 17.5 8.5 0 0
Glycolipids 10 26 0 0
Cholesterol 25 26 3 0

Table 12-3 Lipid Compositions of Some Biological Membranesa

aThe values given are weight percent of total lipid.

Source: Tanford, C., The Hydrophobic Effect, p. 109, Wiley (1980).

Carbohydrate Protein to 
Membrane Protein (%) Lipid (%) (%) Lipid Ratio

Plasma membranes:
Mouse liver cells 46 54 2–4 0.85
Human erythrocyte 49 43 8 1.1
Amoeba 52 42 4 1.3

Rat liver nuclear membrane 59 35 2.0 1.6
Mitochondrial outer membrane 52 48 (2–4)a 1.1
Mitochondrial inner membrane 76 24 (1–2)a 3.2
Myelin 18 79 3 0.23
Gram-positive bacteria 75 25 (10)a 3.0
Halobacterium purple membrane 75 25 3.0

Table 12-4 Compositions of Some Biological Membranes

aDeduced from the analyses.

Source: Guidotti, G., Annu. Rev. Biochem. 41, 732 (1972).
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• Enzymes that build and modify lipids are genetically encoded but 
lipid composition of biomembranes is also dependent on the food 
we consume 

• Very thin, quasi two-dimensional film of lipids and proteins 

• Held together by non-covalent interactions among membrane 
components


• Membranes are fluid and dynamic


• Supported by interactions with the cytoskeleton/tethering proteins 

Nature of Biomembranes
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Technological developments, especially in mass
spectrometry and bioinformatics, have revealed
that living cells contain thousands rather than
dozens of different lipids [for classification and
nomenclature, see Fahy et al. (Fahy et al.,
2009)]. Now, the resulting questions are what is
the relevance of each of these unique molecules
for the cell and how do cells use lipids for their
vital functions? The answer requires an

integrative approach – cellular lipidomics –
which addresses first the distribution of all lipids
between the various organelle membranes and
then their local organization within each
membrane. To understand lipid homeostasis and
its dynamics, one has to study the localized
metabolism of lipids, their transport within and
between the various membranes, and the sensors
and effectors that govern these processes. In
terms of function, above all, we need to
understand the physical behavior of complex
lipid mixtures and their effect on local protein
structure, organization and function. Finally, in
the course of evolution, many lipids and lipid
metabolites have acquired key functions in the
signaling networks that wire the cell, by binding
to cognate receptors and by recruiting
proteins to specific membranes. The
accompanying poster describes the lipid content
of the various organelle membranes, illustrates
lipid localization and dynamics in various
subcellular locations, and explains the structure

of lipids and their biosynthetic pathways.
Below, we highlight additional issues that are
important in lipid cell biology, and aim to
provide a framework and a timely update for
lipid systems biology.

Lipid self-organization and subcellular
distribution
Bacteria, archaea and eukaryotes share glycerol
as the backbone of most of their lipids. The
typical bacterial phospholipids are phos-
phatidylserine (PS), phosphatidylethanolamine
(PE), phosphatidylglycerol (PG) and cardiolipin
(CL), which are also found in eukaryotes. PG
and CL are synthesized in and confined to
mitochondria (see Poster). Mitochondria also
harbor the (bacterial) enzyme PS-decarboxylase
(PSD), which synthesizes half of the cellular PE.
Phosphatidylcholine (PC) and phosphatidy l -
inositol (PI) are the other major eukaryotic
glycerophospholipids. Owing to its two fatty
acyl chains and a large polar head, PC has a

(See poster insert)
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Abbreviations: ABC, ATP-binding cassette; BMP, bis(monoacylglycero)phosphate; CDP, cytidine diphosphate; 
Cer, ceramide; CERT, ceramide transfer protein; cho, choline; Chol, cholesterol; CL, cardiolipin; DG, diacylglycerol; 
ER, endoplasmic reticulum; etn, ethanolamine; ffa, free fatty acid; GalCer, galactosylceramide; gangliosides, 
glycosphingolipids containing sialic acid; Gb3, globotriaosylceramide; Gg3, gangliotriaosylceramide; GL, glycerolipid; 
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lactosylceramide; NPC, Niemann-Pick type C protein; PA, phosphatidic acid; PC, phosphatidylcholine; 
PDME, phosphatidyldimethylethanolamine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; 
PGP, phosphatidylglycerol phosphate; PI, phosphatidylinositol; PMME, phosphatidylmonomethylethanolamine; 
PS, phosphatidylserine; SCAP, SREBP-cleavage-activating protein; SL, sphingolipid; SM, sphingomyelin; 
Sph, sphingoid base; SREBP, sterol regulatory element binding protein.
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*Courtesy of Poul Nissen, Centre for Membrane Pumps in Cells and Disease—PUMPKIN, Danish National Research Foundation, Department of Molecular Biology,
University of Aarhus, Gustav WiedsVej 10C, DK-8000 Aarhus, Denmark.
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Technological developments, especially in mass
spectrometry and bioinformatics, have revealed
that living cells contain thousands rather than
dozens of different lipids [for classification and
nomenclature, see Fahy et al. (Fahy et al.,
2009)]. Now, the resulting questions are what is
the relevance of each of these unique molecules
for the cell and how do cells use lipids for their
vital functions? The answer requires an

integrative approach – cellular lipidomics –
which addresses first the distribution of all lipids
between the various organelle membranes and
then their local organization within each
membrane. To understand lipid homeostasis and
its dynamics, one has to study the localized
metabolism of lipids, their transport within and
between the various membranes, and the sensors
and effectors that govern these processes. In
terms of function, above all, we need to
understand the physical behavior of complex
lipid mixtures and their effect on local protein
structure, organization and function. Finally, in
the course of evolution, many lipids and lipid
metabolites have acquired key functions in the
signaling networks that wire the cell, by binding
to cognate receptors and by recruiting
proteins to specific membranes. The
accompanying poster describes the lipid content
of the various organelle membranes, illustrates
lipid localization and dynamics in various
subcellular locations, and explains the structure

of lipids and their biosynthetic pathways.
Below, we highlight additional issues that are
important in lipid cell biology, and aim to
provide a framework and a timely update for
lipid systems biology.

Lipid self-organization and subcellular
distribution
Bacteria, archaea and eukaryotes share glycerol
as the backbone of most of their lipids. The
typical bacterial phospholipids are phos-
phatidylserine (PS), phosphatidylethanolamine
(PE), phosphatidylglycerol (PG) and cardiolipin
(CL), which are also found in eukaryotes. PG
and CL are synthesized in and confined to
mitochondria (see Poster). Mitochondria also
harbor the (bacterial) enzyme PS-decarboxylase
(PSD), which synthesizes half of the cellular PE.
Phosphatidylcholine (PC) and phosphatidy l -
inositol (PI) are the other major eukaryotic
glycerophospholipids. Owing to its two fatty
acyl chains and a large polar head, PC has a

(See poster insert)
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Technological developments, especially in mass
spectrometry and bioinformatics, have revealed
that living cells contain thousands rather than
dozens of different lipids [for classification and
nomenclature, see Fahy et al. (Fahy et al.,
2009)]. Now, the resulting questions are what is
the relevance of each of these unique molecules
for the cell and how do cells use lipids for their
vital functions? The answer requires an

integrative approach – cellular lipidomics –
which addresses first the distribution of all lipids
between the various organelle membranes and
then their local organization within each
membrane. To understand lipid homeostasis and
its dynamics, one has to study the localized
metabolism of lipids, their transport within and
between the various membranes, and the sensors
and effectors that govern these processes. In
terms of function, above all, we need to
understand the physical behavior of complex
lipid mixtures and their effect on local protein
structure, organization and function. Finally, in
the course of evolution, many lipids and lipid
metabolites have acquired key functions in the
signaling networks that wire the cell, by binding
to cognate receptors and by recruiting
proteins to specific membranes. The
accompanying poster describes the lipid content
of the various organelle membranes, illustrates
lipid localization and dynamics in various
subcellular locations, and explains the structure

of lipids and their biosynthetic pathways.
Below, we highlight additional issues that are
important in lipid cell biology, and aim to
provide a framework and a timely update for
lipid systems biology.

Lipid self-organization and subcellular
distribution
Bacteria, archaea and eukaryotes share glycerol
as the backbone of most of their lipids. The
typical bacterial phospholipids are phos-
phatidylserine (PS), phosphatidylethanolamine
(PE), phosphatidylglycerol (PG) and cardiolipin
(CL), which are also found in eukaryotes. PG
and CL are synthesized in and confined to
mitochondria (see Poster). Mitochondria also
harbor the (bacterial) enzyme PS-decarboxylase
(PSD), which synthesizes half of the cellular PE.
Phosphatidylcholine (PC) and phosphatidy l -
inositol (PI) are the other major eukaryotic
glycerophospholipids. Owing to its two fatty
acyl chains and a large polar head, PC has a
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Technological developments, especially in mass
spectrometry and bioinformatics, have revealed
that living cells contain thousands rather than
dozens of different lipids [for classification and
nomenclature, see Fahy et al. (Fahy et al.,
2009)]. Now, the resulting questions are what is
the relevance of each of these unique molecules
for the cell and how do cells use lipids for their
vital functions? The answer requires an

integrative approach – cellular lipidomics –
which addresses first the distribution of all lipids
between the various organelle membranes and
then their local organization within each
membrane. To understand lipid homeostasis and
its dynamics, one has to study the localized
metabolism of lipids, their transport within and
between the various membranes, and the sensors
and effectors that govern these processes. In
terms of function, above all, we need to
understand the physical behavior of complex
lipid mixtures and their effect on local protein
structure, organization and function. Finally, in
the course of evolution, many lipids and lipid
metabolites have acquired key functions in the
signaling networks that wire the cell, by binding
to cognate receptors and by recruiting
proteins to specific membranes. The
accompanying poster describes the lipid content
of the various organelle membranes, illustrates
lipid localization and dynamics in various
subcellular locations, and explains the structure

of lipids and their biosynthetic pathways.
Below, we highlight additional issues that are
important in lipid cell biology, and aim to
provide a framework and a timely update for
lipid systems biology.

Lipid self-organization and subcellular
distribution
Bacteria, archaea and eukaryotes share glycerol
as the backbone of most of their lipids. The
typical bacterial phospholipids are phos-
phatidylserine (PS), phosphatidylethanolamine
(PE), phosphatidylglycerol (PG) and cardiolipin
(CL), which are also found in eukaryotes. PG
and CL are synthesized in and confined to
mitochondria (see Poster). Mitochondria also
harbor the (bacterial) enzyme PS-decarboxylase
(PSD), which synthesizes half of the cellular PE.
Phosphatidylcholine (PC) and phosphatidy l -
inositol (PI) are the other major eukaryotic
glycerophospholipids. Owing to its two fatty
acyl chains and a large polar head, PC has a

(See poster insert)
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Formation of Biomembranes - Hydrophobic Effect

• Water molecules form hydrogen bonds with 
each other that are constantly formed and 
broken and hence dynamically arranged and 
stabilized by entropy

• The dominant force that holds 
membranes together is contributed by 
water



• Stability of the H-bond network leads to exclusion of molecules that cannot form 
H-bonds

https://www.google.co.in/search?
q=hydrophobic+effect&source=lnms&tbm=isch&sa=X&ved=0ahUKEwiRhbOwoM7VAhUCNo8KHYNwDdMQ_AUICigB&biw=1226&bih=654#imgrc=2Toaslh2hDMezM:



• The hydrophobic effect ensures 
that the fatty acyl chains of lipids 
are screened from water as 
much as possible. 


• This results in formation of 
ordered aggregates of lipids 

• Family of supramolecular 
aggregates that spontaneously 
form by self-assembly and 
requires that several lipid 
molecules act together


Lipids form Ordered Aggregates



• X-ray and neutron diffraction of 
multilamellar stacks of lipid bilayers


• Intrinsically low resolution structure due to 
thermal motion


• Average distribution of atoms can be 
represented

Cheng et al. (2003) Proc. Natl. Acad. Sci.100:9826-9830

Structure of the Lipid Bilayer



Wiener and White (1992) Biophys. J. 61:434-437.

• Position of the scattering distribution 
reflects the centre of scattering of 
each molecular species and width 
reflects the range of thermal motions

• Gradient of thermal distribution from 
glycerol backbone to the terminal 
methyl group

• Glycerol region has the narrowest 
thermal distribution and the distribution 
widens on either side

• For DOPC bilayers, interphosphate 
distance is 30 oA and the area is 70 oA2

• Interphase (region around the glycerol 
backbone) accounts for half the bilayer 
thickness

Structure of the Lipid Bilayer



Overton (1895)  

• Charles Ernest Overton 
investigated the osmotic 
properties of cells 

• Permeation of molecules 
through membranes is related 
to their partition coefficient 
between water and oil  

• Overton’s hypothesis was that 
the thin membranes 
surrounding cells have the 
properties of oil 

• He called the layers 
surrounding cells “lipoids” 
made from lipids and 
cholesterol

From: Mouritsen, O.G. 2005. Life - as a matter of fat

Models of biological membranes



From: Mouritsen, O.G. 2005. Life - as a matter of fat

Models of biological membranes
Langmuir (1917)  

• Langmuir developed an 
apparatus in which molecular 
layers of lipids were spread at 
the air–water interface.  

• With this monolayer trough 
the lateral pressure of the 
monolayer films could be 
measured.  

• Langmuir proposed that in the 
molecular film the polar head 
groups were directed toward 
the water whereas the 
hydrophobic hydrocarbons are 
pointed toward the air phase. 



Gorter and Grendel (1925)  

• Experimentally investigated 
the surface area of lipids  

• Extracted lipids from red blood 
cells of man, dog, rabbit, 
sheep, guinea pig, and goat in 
acetone  

• Spread on a water surface 
and the area was measured 
using a Langmuir film balance  

• Measured the surface area of 
the red blood cells from the 
microscopic images.  

• Found that the surface area of 
the monofilms was within error 
exactly two times that of the 
cells  

• Concluded that cell 
membranes are made of two 
opposing thin molecular layers 

• Proposed that two lipid layers 
form a bilayer with the polar 
head groups pointing toward 
the aqueous environment 

From: Mouritsen, O.G. 2005. Life - as a matter of fat

Models of biological membranes



From: Mouritsen, O.G. 2005. Life - as a matter of fat

Models of biological membranes

Danielli and Davson (1935)  

• Earliest molecular model for 
biomembrane structure that 
included proteins  

• Took into account that the 
layers surrounding cells had a 
significant content of proteins 
adsorbed to the layers.  

• Model of the cell membrane 
consisting of a lipid bilayer, with 
which a protein layer is tightly 
associated 



From: Mouritsen, O.G. 2005. Life - as a matter of fat

Models of biological membranes
Robertson (1958)  

• Electron microscopy 
• Described the membrane 

structures of the different 
organelles including the double 
membrane layers of 
mitochondria and the cell 
nucleus, also described 
membranes of nerve cells and 
recognized that the Schwann 
cells form membrane layers 
surrounding the nerve 
membranes.  

• Conclusion - Three-layered 
structure and is about 7.5 nm 
thick.  

• Two protein layers are adsorbed 
to the lipid bilayer. 



Singer and Nicolson (1972)  

• Membranes constructed from 
lipids and proteins. 


• Proteins form mainly two 
classes - peripheral and 
integral


• Structure forming unit (matrix) 
is the lipid double layer 
(bilayer). 


• Proteins seem to interact with 
the surrounding lipids and 
that protein function may 
depend on the presence of 
specific lipids 

From: Mouritsen, O.G. 2005. Life - as a matter of fat

Models of biological membranes

Science. 1972 Feb 18;175(4023):720-31. The fluid mosaic model of the structure of cell membranes.
Cited by 10516



Singer and Nicolson (1972)  

• Postulated that the lipid 
membranes of biological cells 
are in the fluid lipid state in 
which proteins can freely 
diffuse. 


• Short range order due to 
protein–protein interactions 


• Implies that the lipids form a 
matrix and no long-range 
order of proteins exists within 
the matrix. 


• Frye and Edidin (1970)  -  two 
different cells with different 
proteins are forced to fuse, 
the proteins redistribute over 
the whole surface within 40 
min. 


•
From: Mouritsen, O.G. 2005. Life - as a matter of fat

Models of biological membranes

Science. 1972 Feb 18;175(4023):720-31. The fluid mosaic model of the structure of cell membranes.
Cited by 10516



• Refinements to Singer 
Nicholson’s model


• Recognized the need for 
membrane proteins to adjust 
with lipids


• Incorporated concepts of 
membrane protein folding, pore 
formation, and thickness 
variations as well as 
heterogeneity of lipid and protein 
distribution


• Sackmann’s model emphasised 
the importance of extracellular 
matrix and cytoskeleton 
interactions on membrane 
organization

From: Mouritsen, O.G. 2005. Life - as a matter of fat

Models of biological membranes



• Singer-Nicholson’s model assumed fluidity in membranes

• Fluidity is correlated with dynamics and hence randomness

• But dynamics can cause lipids and proteins to self-associate and form domains

• Causes of non-random distribution of lipids and proteins are many - lipid-lipid 
and -protein interactions, cytoskeletal interactions etc


Takamori et al. (2006) Cell 127:831–846.

• The idea of proteins embedded in a ‘sea of 
lipids’ does not hold true in most cases for 
e.g. in synaptosomes

Need for new models
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ferential slowing effect referred to as the increased packing
near the protein (in terms of the free volume theory) (Sper-
otto and Mouritsen, 1991; Almeida et al., 1992), or to the
increased hydrodynamic friction (in terms of the hydrody-
namic theory) (Bussell et al., 1995; Dodd et al., 1995). In
light of the proceeding, we propose an anchored mem-
brane-protein picket model (Fig. 5) in which transmem-
brane proteins anchored to the actin-based membrane skel-
eton effectively act as pickets along the membrane skeleton
fence. Such rows of pickets possibly confine the movement
of phospholipids through both steric hindrance (Saxton,
1994) and circumferential slowing. A major characteristic
of this model is the coupling of the membrane skeleton to
lipids in the outer leaflet of the membrane by means of the
membrane skeleton–anchored proteins.

To test this model, a series of Monte Carlo simulations of
the diffusion of phospholipids, including the effects of steric
hindrance and circumferential slowing caused by proteins an-
chored to the membrane skeleton, were performed. The free
area theory of lipid diffusion gives an expression for the re-
duction in the diffusion constant that extends radially from
the immobilized proteins (Almeida et al., 1992). Fig. 6 A dis-
plays typical Monte Carlo trajectories. To reproduce experi-
mental parameters such as the residency time of DOPE
within a compartment (11 ms), !16, 24, and 34% coverage
of the compartment boundaries by 1-, 2-, and 3-nm protein
obstacles was required, respectively (Fig. 6 B).

The NRK cell membrane is doubly compartmentalized
A representative long-term 2-s trajectory (compared with the
short-term 56-ms trajectories displayed in Fig. 2 A) of a DOPE

molecule obtained at a 25-!s resolution is shown in Fig. 7 A,
left, indicating the presence of compartments greater than the
230-nm compartments. Typical smaller 230-nm compart-
ments present within the greater purple compartment are
shown by circles in Fig. 7 A, left (enlarged in Fig. 7 C). In-
stances of hops between greater compartments at 0.5–1-s inter-
vals are apparent when the locations of gold–DOPE complexes
at 81-frame intervals were connected by straight lines (like a
time-lapse trajectory at a time resolution of 2 ms) as shown in
Fig. 7 A, right. These results clearly indicate the double com-
partmentalization of the NRK cell membrane (Fig. 8).

Figure 5. Anchored membrane-protein picket model. The 
transmembrane proteins anchored to the actin membrane skeleton 
meshwork effectively act as rows of pickets, and temporarily confine 
the movement of phospholipids through steric hindrance and 
circumferential slowing (packing or frictional) effects (Jacobson et 
al., 1981; Sperotto and Mouritsen, 1991; Almeida et al., 1992; Saxton, 
1994; Bussell et al., 1995; Dodd et al., 1995). Our Monte Carlo 
simulations indicate that mobile particles cannot form effective 
diffusion barriers or obstacles.

Figure 6. A series of Monte Carlo simulations support the
anchored-protein picket model. (A) Typical trajectories of test 
particles (2,250 steps with 25-!s intervals) bounded by immobile 
obstacles as observed in Monte Carlo simulations. Stationary barrier 
obstacles of set hard-core radius were placed along the edges of a 
square grid (200 nm "  200 nm) such that there were a set number of 
barriers per unit cell. The effects of steric hindrance and circumferential 
slowing due to anchored proteins are included. (B) Plot of residency 
time versus percent of the side of the compartment boundary covered 
with anchored membrane proteins (1, 2, or 3 nm in diameter). 100 
trajectories were generated and the mean D50ms (50-ms time window) 
was obtained for each condition. The mean residency time was 
determined as (200 nm)2/4D50ms. The dashed line shows the 
experimentally determined 11-ms residency time for 230-nm 
compartments. About 16, 24, and 34% coverage of the boundary 
(31, 24, and 23 protein molecules on a given 200-nm barrier) with 
1-, 2-, and 3-nm-# anchored proteins, respectively, was required to 
obtain the residency time similar to the experimental value.

 on April 26, 2007 
w

w
w

.jcb.org
D

ow
nloaded from

 

JCB • VOLUME 174 • NUMBER 6 • 2006 858

These results indicate that in the same cell line (for both 
the NRK and FRSK cases), the MSK mesh size determined by 
electron tomography and the diffusion compartment size deter-
mined by the high speed single-particle tracking of a phospho-
lipid are similar to each other. However, between these two cell 
lines, both the MSK mesh and the diffusion compartment sizes 
differ greatly. The similarities between the MSK mesh sizes 
and the diffusion compartment sizes in cell lines that exhibit 
quite different distributions strongly support the MSK fence 
and picket models.

Discussion
We performed quantitative analyses of the undercoat structure 
of the cytoplasmic surface of the plasma membrane using elec-
tron tomography for samples prepared by a rapid-freeze, deep-
etch, platinum replication technique. One of the most important 
limitations of this technique is that the cell has to be placed in 
a hypotonic medium at 4°C for 5–15 min to remove the upper 
cell membrane. However, with this method, large membrane 
fragments that were covered by the dense MSK meshwork 
could be obtained, which was important for the purpose of the 
present research.

We obtained the results by specifi cally addressing the fol-
lowing three questions. (1) Does the dense meshwork of the 
MSK exist everywhere on the cytoplasmic surface of the cell 
membrane, and, if so, how is it linked to the bulk cytoskeleton? 

(2) If so, what is its relationship with other structures of the 
plasma membrane, such as CCPs and caveolae? (3) How is the 
distribution of the MSK mesh size right on the cytoplasmic 
 surface of the plasma membrane?

The fi nal point is important because this part of the MSK 
might form the corrals of the plasma membrane for the diffu-
sion of membrane molecules. Therefore, it is interesting to 
compare the distribution of the mesh size of the MSK directly 
attached to the cytoplasmic surface of the plasma membrane, as 
determined by an EM method, with that of the compartment 
size for the diffusion of membrane molecules. NRK (median 
size =  230 nm) and FRSK (41 nm) cell lines were selected for 
such a comparison because their compartment sizes are very 
different (Fujiwara et al., 2002; Murase et al., 2004). This will 
be an interesting test for the MSK fence and MSK-anchored 
transmembrane protein picket models and became possible by 
obtaining the 3D reconstructed images of the MSK structure on 
the cytoplasmic surface of the plasma membrane.

Does the dense meshwork of the MSK 
exist everywhere on the cytoplasmic 
surface of the cell membrane, and, if so, 
how is it linked to the bulk cytoskeleton?
The cytoplasmic surface of the plasma membrane has been ob-
served by EM for >30 yr (Byers and Porter, 1977). Stunning 
high resolution EM images of the structures near the cytoplasmic 
surface have been published previously (Heuser and Kirschner, 

Figure 7. The MSK meshwork directly on the cytoplasmic surface of the plasma membrane. The central parts of the fi gures in the top row (bar, 300 nm) 
are magnifi ed by a factor of three and are shown in the bottom row (bar, 100 nm). (A) Typical stereo views of the plasma membrane specimen (anaglyph; 
left =  red). (B) Normal electron micrographs of the plasma membrane samples. The same view fi elds as those in A. (C) The areas delimited by the actin 
 fi laments closely apposed to the cytoplasmic surface of the cell membrane are shown. Different colors are shown to help the eye. 

Fujiwara et al. (2002) J. Cell Biol. 157:1071-1081

Morone et al. (2006) J. Cell Biol. 174:851-862
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Abstract
The recent rapid accumulation of knowledge on the dynamics and
structure of the plasma membrane has prompted major modifications
of the textbook fluid-mosaic model. However, because the new data
have been obtained in a variety of research contexts using various
biological paradigms, the impact of the critical conceptual modifi-
cations on biomedical research and development has been limited.
In this review, we try to synthesize our current biological, chemical,
and physical knowledge about the plasma membrane to provide new
fundamental organizing principles of this structure that underlie every
molecular mechanism that realizes its functions. Special attention is
paid to signal transduction function and the dynamic aspect of the
organizing principles. We propose that the cooperative action of
the hierarchical three-tiered mesoscale (2–300 nm) domains—actin-
membrane-skeleton induced compartments (40–300 nm), raft domains
(2–20 nm), and dynamic protein complex domains (3–10 nm)—is
critical for membrane function and distinguishes the plasma membrane
from a classical Singer-Nicolson-type model.
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Membrane Organization analyzed by  
Single Particle Tracking (SPT)  
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SPT IN MEMBRANES 375

Capabilities of SPT
SPT has several advantages over FRAP measurements. The spatial resolu-
tion is approximately two orders of magnitude higher than FRAP, so that with
sufficient time resolution (65) motion in small domains can be characterized.
Typically the time resolution is similar to FRAP, so the minimum detectable
diffusion coefficient is lowered by approximately two orders ofmagnitude. Fur-
thermore, FRAP averages over hundreds or thousands of diffusing molecules,
but SPT measures individual trajectories. Thus, different subpopulations indis-
tinguishable by FRAP can be resolved. SPT provides the ultimate specificity
in measurement of motion of membrane components, particularly if the in-
dividual particle tracked could be characterized in terms of, for example, its
phosphorylation state.

Modes of Motion
A major advantage of SPT is the ability to resolve modes of motion of in-
dividual molecules, and a major result of the technique is that motion in the
membrane is not limited to pure diffusion. Several modes of motion have
been observed: immobile, directed, confined, tethered, normal diffusion, and
anomalous diffusion. In an ensemble average, the time dependence of the
mean-square displacement (MSD) for pure modes of motion is much different
(Figure 1) so the motion can be classified readily.

Figure 1 The mean-square displacement �r2⇥ as a function of time t for simultaneous diffusion
and flow, pure diffusion, diffusion in the presence of obstacles, and confined motion.
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compartments. The DOPE diffusion rate within a 230-nm
compartment is 5.4 

 

!

 

m

 

2

 

/s, which is nearly as fast as that in
large unilamellar vesicles, suggesting that DOPE undergoes
free diffusion within 230-nm compartments. In contrast,
macroscopic diffusion of DOPE over many compartments is
much slower, indicating that the diffusion in the cell mem-
brane is reduced not because diffusion per se is slow in the cell
membrane, but because the cell membrane is compartmental-
ized with regard to the lateral diffusion of phospholipids.

We then investigated how such compartmentalization oc-
curs. The results were quite unexpected: such compartmen-
talization does not depend on the extracellular matrix, extra-
cellular domains of membrane proteins, or rafts, but on the
actin-based membrane skeleton, which is located on the cy-
toplasmic surface of the cell membrane. It is concluded that
the various transmembrane proteins anchored to the actin
membrane skeleton meshwork act as rows of pickets due to
the effects of both steric hindrance and the circumferential
slowing. Circumferential slowing is caused by the increased
packing near the protein (in terms of the free volume theory)
(Sperotto and Mouritsen, 1991; Almeida et al., 1992) or by
the increased hydrodynamic friction (in terms of the hydro-
dynamic theory) (Bussell et al., 1995; Dodd et al., 1995).
These anchored-protein pickets temporarily confine phos-
pholipids. Such compartmentalization may be necessary for
localization of intracellular signals at the point where the ex-
tracellular signal has been received.

 

Results

 

Both single fluorophore video imaging and single 
particle tracking of DOPE molecules in a 100-ms time 
window showed the same diffusion rate of 

 

!

 

0.5 

 

!

 

m

 

2

 

/s, 
which is smaller by a factor of 

 

!

 

20 than that in 
artificial bilayers

 

DOPE was tagged with Cy3 in the head group region and was
incorporated into the cell membrane of normal rat kidney
(NRK) fibroblastic cells, and these Cy3–DOPE molecules
were observed individually under an objective lens-type total
internal reflection fluorescence microscope at 37

 

"

 

C at the
video rate (33-ms resolution; Fig. 1 A; Video 1 available
at http://www.jcb.org/cgi/content/full/jcb.200202050/DC1).
The diffusion coefficients in a 100-ms time window (obtained
for a period of 100 ms; 

 

D

 

100ms

 

) and in a 3-s time window (

 

D

 

3s

 

;
Fig. 1 B) were 0.41 and 0.42 

 

!

 

m

 

2

 

/s on average, respectively.
The predominant freely diffusing behavior of Cy3–DOPE
molecules in this time scale is consistent with the single dye
tracing results of Cy5–DOPE by Schütz et al. (2000). These
values, however, were found to be smaller by a factor of 

 

!

 

20
than those in artificial bilayers (Table I). Such slowing of dif-
fusion suggests the presence of mechanisms for hampering the
lipid movement in the cell membrane, mechanisms that can-
not be resolved at the video rate.

Because achieving higher time resolutions in single fluo-
rophore observations is difficult due to the problem of low
signal-to-noise ratios, we employed a single particle track-
ing (SPT) technique of binding a 40-nm-diameter (

 

#

 

) col-
loidal gold particle to a DOPE molecule in the cell mem-
brane (Video 1). SPT provides higher signal intensities that

allow high-speed observations, whereas single fluorophore
video imaging of Cy3–DOPE has the advantage that a
single fluorescent spot represents a single molecule. The
movement of DOPE–gold complexes was examined by
contrast-enhanced optical microscopy at 37

 

"

 

C recorded by
a high-speed video camera with a temporal resolution of
25 

 

!

 

s (a spatial precision of 17 nm at this recording rate).
Labeling conditions were optimized by adjusting the con-
centration of fluorescein–DOPE incubated with the cells
and the amount of Fab fragments conjugated with the gold
particles, so that the effect of cross-linking by gold particles
was minimized while sufficient specificity in binding of the
gold particles was maintained.

 

D

 

3s

 

 (3-s time window) observed was 0.17 

 

!

 

m

 

2

 

/s, which was
smaller by a factor of 2.5 than that of single Cy3–DOPE mol-
ecules (0.42 

 

!

 

m

 

2

 

/s), suggesting a moderate steric or cross-
linking effect of gold particles on long-range diffusion. How-
ever, 

 

D

 

100ms

 

 (100-ms time window) under this condition was
0.49 

 

!

 

m

 

2

 

/s. This value agrees with that of Cy3–DOPE (0.41

 

!

 

m

 

2

 

/s), indicating that the labeling with colloidal gold did
not affect the movement of DOPE in shorter time windows,

Figure 1. Phospholipid macroscopic diffusion in the cell membrane 
is slowed by a factor of !20 from that in LUV membranes. (A) Two 
representative trajectories of single Cy3–DOPE molecules on the 
NRK cell surface recorded at the video rate (30 frames/s) for a period of 
5 s (150 frames). Their diffusion rates, D3s (3-s time window), were 
0.48 and 0.32 !m2/s (trajectories on the left and right, respectively). 
Movement of single molecules of Cy3–DOPE in LUV could not be 
imaged at the video rate because their diffusion is very fast. However, 
movement of DOPE molecules could be imaged when they were 
tagged with colloidal gold particles and the time resolution was 
enhanced to 25 !s (Fig. 2 B; Table I). The diffusion rate of Cy3–DOPE 
in the NRK cell membrane was smaller by a factor of !20 than that of 
gold-tagged DOPE in LUV bilayers (Table I). (B) Histograms showing 
the distributions of the diffusion coefficients of DOPE in the NRK 
cell membrane. The arrowheads indicate the mean values. Shaded 
bars, D3s (3-s time window) obtained by Cy3–DOPE at the video 
rate; open bars, D100!s (100-!s time window) obtained by 
gold-tagged DOPE at a 25-!s resolution (Fig. 2).
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Cy3-DOPE = fluorescent lipid

G40-DOPE = gold particle tagged DOPE
Fujiwara et al. (2002) J. Cell Biol. 157:1071-1081.
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single fluorescent spot represents a single molecule. The
movement of DOPE–gold complexes was examined by
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Figure 1. Phospholipid macroscopic diffusion in the cell membrane 
is slowed by a factor of !20 from that in LUV membranes. (A) Two 
representative trajectories of single Cy3–DOPE molecules on the 
NRK cell surface recorded at the video rate (30 frames/s) for a period of 
5 s (150 frames). Their diffusion rates, D3s (3-s time window), were 
0.48 and 0.32 !m2/s (trajectories on the left and right, respectively). 
Movement of single molecules of Cy3–DOPE in LUV could not be 
imaged at the video rate because their diffusion is very fast. However, 
movement of DOPE molecules could be imaged when they were 
tagged with colloidal gold particles and the time resolution was 
enhanced to 25 !s (Fig. 2 B; Table I). The diffusion rate of Cy3–DOPE 
in the NRK cell membrane was smaller by a factor of !20 than that of 
gold-tagged DOPE in LUV bilayers (Table I). (B) Histograms showing 
the distributions of the diffusion coefficients of DOPE in the NRK 
cell membrane. The arrowheads indicate the mean values. Shaded 
bars, D3s (3-s time window) obtained by Cy3–DOPE at the video 
rate; open bars, D100!s (100-!s time window) obtained by 
gold-tagged DOPE at a 25-!s resolution (Fig. 2).
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Gray: Histogram of particle movement 
analyzed in a 3 sec window at frame rate of 
33 per second


White: Histogram of particle movement 
analyzed in a 100 microsecond window at 
frame rate of 40,000 per second

Higher frame rates allow monitoring of lateral diffusion in smaller areas in the membrane
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warranting the use of single gold particle tracking to study
DOPE movement in a time window of 

 

!

 

100 ms.

 

Phospholipids undergo hop diffusion

 

Fig. 2 A shows two representative trajectories of DOPE at a
time resolution of 25 

 

"

 

s obtained for a period of 56 ms. Sta-
tistical classification of such trajectories based on the mean

square displacement plotted against time (MSD–t plot) was
performed for each trajectory (Kusumi et al., 1993). As
shown in Table I, 85% of DOPE molecules were found to
undergo hop or confined-type diffusion. They were further
analyzed based on the theory developed by Powles et al.
(1992), which provided hop parameters, compartment size
(

 

L

 

), residency time within a compartment, the microscopic

 

Table I. 

 

Parameters that characterize hop diffusion of DOPE at 25-

 

"

 

s and 2-ms time resolutions

Motional mode Confinement size (median)

Time resolution Hop 

 

#

 

 confined Diameter Area

 

D

 

micro

 

D

 

MACRO

 

Residency time N

 

a

 

% nm

 

"

 

m

 

2

 

"

 

m

 

2

 

/s

 

"

 

m

 

2

 

/s ms

 

Cell membrane
25 

 

"

 

s 85 230 0.043 5.4 0.99 11 90
2 ms 94 750 0.44 1.6 0.17 650 84

LUV
25 

 

"

 

s 6 NA

 

b

 

NA 9.4 9.5 NA 18
Membrane bleb

25 

 

"

 

s 44 NA NA 8.8 7.4 NA 54
Membrane bleb 

 

#

 

 latrunculin-A
25 

 

"

 

s 10 NA NA 8.9 8.9 NA 30
Transferrin receptor

25 

 

"

 

s 94 260 0.054 5.2 0.31 55 107
33 ms 83 710 0.4 0.210 0.070 1,800 70

Quantitative analysis is based on the method described previously (Powles et al., 1992; Kusumi et al., 1993; Sako and Kusumi, 1994; Tomishige et al., 1998).
The diameter (

 

L

 

) of a compartment was determined as (

 

LxLy

 

)1/2, where 

 

Lx

 

 and 

 

Ly

 

 are the lengths of the confinement area in the 

 

x

 

 and 

 

y

 

 directions,
respectively.  The area was determined as A 

 

$

 

 (

 

%

 

/4)

 

LxLy

 

 (area of an ellipse whose major and minor axes are 

 

Lx

 

 and 

 

Ly

 

, respectively). 

 

D

 

micro

 

 represents 100-
ms and 20-ms scale diffusion rates (mean), whereas 

 

D

 

MACRO

 

 represents 50-ms (33-ms for LUV and membrane bleb) and 5-s scale diffusion rates (mean) for
25-ms and 2-ms time resolutions, respectively. The mean residency time within each compartment was determined as A/4

 

D

 

MACRO

 

.

 

a

 

Number of particles.

 

b

 

Not applicable or the actual number of particles observed is too small to be statistically significant. In the case of “membrane bleb,” the variations are too
large to obtain meaningful mean or median values.

Figure 2. Phospholipids undergo hop diffusion. (A) Two 
representative trajectories of DOPE molecules recorded at 
a time resolution of 25 "s (40,500 frames/s) for a period 
of 56 ms (2,250 frames). A statistical analysis (Kusumi et 
al., 1993) indicated that these trajectories are not at all 
likely to be due to simple Brownian diffusion, and they 
were further subjected to quantitative hop analysis 
(Powles et al., 1992). Based on the number of compartments 
in each trajectory as estimated by the hop analysis (six 
and four compartments, 290 nm and 230 nm in diameter 
on average; Dmicro $  6.5 and 4.6 "m2/s and DMACRO $  1.9 
and 1.2 "m2/s, for the trajectories on the left and right, 
respectively), plausible compartments were identified by 
software developed to identify these corralling 
compartments, and are shown in different colors. For 
example, the left DOPE molecule moves in the following 
color-coded compartments: purple, blue, green, orange, 
red, and back to the previously orange-colored 
compartment (now shown in purple). Color coding is 
always in this sequence in this paper (Video 2 available at 
http://www.jcb.org/cgi/content/full/jcb.200202050/DC1). 
(B) An MSD–t plot for the trajectory on the right in A. It 
was fitted to a theoretical curve representing hop diffusion 
(Powles et al., 1992). The fit parameters include L, Dmicro, 
and DMACRO, and the residency time can be calculated from 
L and DMACRO. X, Y, and R indicate diffusion in x and y 

directions and in a two-dimensional plane, respectively. (C) A typical trajectory of a DOPE molecule in an LUV bilayer, consisting of egg 
phosphatidylcholine/bovine brain phosphatidylserine/fluorescein–DOPE in a ratio of 500:50:1 by weight, recorded at a time resolution of 25 
"s for a period of 33 ms (1,350 frames). A statistical analysis classified this trajectory into a simple Brownian mode. By way of comparison, 
fake compartments were assigned and indicated by different colors, based on visual examination. The prominent difference in appearance of 
the trajectories between A and C is that, in the case of real hop diffusion, adjacent compartments tend to be closely apposed and the 
trajectories are denser within a given compartment (Video 3).
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• Phospholipids undergo hop diffusion within 
230 nm confined regions in cell membranes


• As a consequence, long range diffusion is a 
reflection of diffusion within the confined 
regions and their tendency to hop across 
these regions


• This explains why lipid diffusion is 10-fold 
slower in cell membranes than in model 
membranes

Membrane Organization analyzed by  
Single Particle Tracking (SPT)  
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MSK-anchored
protein

Membrane skeleton

Bottom view
(from inside the cell; anchored
proteins are hidden for clarity)

Top view
(from outside the cell)

MSK-anchored protein
(picket)

Membrane
skeleton

Transmembrane
protein

Transmembrane
proteinPhospholipid

Side view

Phospholipid

Transmembrane
protein

d  Hydrodynamic friction-like effect by immobilized transmembrane protein

a

b  Membrane-skeleton “fence” c  Anchored-protein “picket”
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Neuron Epithelial cell Sperm cellYeast
(bud-neck)

Figure 6
Representative macroscopic diffusion barriers, which we consider to be formed by the enhanced picket-fence effects.

may greatly reduce the bimolecular collision
rates and thus tremendously retard the reaction
rates in the plasma membrane. Meanwhile,
thermodynamic considerations suggest that
because the presence of semipermeable barriers
in the plasma membrane does not affect the
monomer-dimer equilibrium (thus reversible
bimolecular reaction) in the plasma membrane,
it should not affect the overall collision rate of
membrane molecules averaged over the entire
plasma membrane.

This problem was examined theoretically
and computationally (Kalay et al. 2012). As
predicted thermodynamically, even in the
presence of membrane partitioning, the overall
reversible bimolecular reactions (formation
rates of dimers and monomers) in the entire
membrane were found to occur at the same
rate, except for extreme cases. In contrast,
bimolecular reactions that occur in each
compartment were found to proceed in bursts
during which the reaction rate is sharply and
briefly increased. Namely, it will take a long
time before two molecules enter the same

compartment, but once they enter the same
compartment, they will collide very often
within the compartment before one of them
escapes from the compartment (same as the
local concentration effect, Saxton 2002), greatly
enhancing the number of collisions. Namely,
actin-induced compartments are considered
to create spatial variations in the reaction rate,
without affecting the overall reaction rate. In at
least one experiment, the oligomerization rate
of the EGF receptor increased with an increase
in the density of the actin-based membrane
skeleton (Chung et al. 2010).

We believe that such localized enhanced
reactions will be very important for signaling.
Consider kinase activation. If weak kinase
activation occurs throughout the plasma mem-
brane, then phosphorylation will be eliminated
by the strong phosphatase activities (Heinrich
et al. 2002, Klarlund 1985, Lerea et al. 1989,
Mocciaro & Schiebel 2010). However, if kinase
activation occurs within a compartment, then
it can create many phosphorylated downstream
molecules within the compartment, and if a

236 Kusumi et al.
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Contemporary model of cell membranes



Molecular dynamics simulation of a DPPC lipid bilayer containing 20 
mol% cholesterol shown with water 

http://www.apmaths.uwo.ca/~mkarttu/membranes.shtml

How Dynamic is the Lipid Bilayer?



a = conformational changes

b = rotational motion

c = lateral motion

d = protrusion out of the plane of the bilayer

e = flip-flop motion

Types of motion Timescale

C-C bond rotation

10-12 s

Rotation of lipids 10-9 s

Lateral diffusion 10-8 s

Wobbling of fatty 
acyl chains 10-3-10-2 s

Typical Motions in Lipid Bilayers



A Comparison of Ion Concentrations Inside and Outside a Typical Mammalian Cell
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Table 11-1. A Comparison of Ion Concentrations Inside and Outside a 
Typical Mammalian Cell 
 

COMPONENT INTRACELLULAR 
CONCENTRATION (mM)

EXTRACELLULAR 
CONCENTRATION (mM)

Cations
 Na+ 5-15 145

 K+ 140 5

 Mg2+ 0.5 1-2

 Ca2+ 10-4 1-2

 H+ 7 × 10-5 (10-7.2 M or pH 7.2) 4 × 10-5 (10-7.4 M or pH 7.4)
Anions*

 Cl- 5-15 110

* The cell must contain equal quantities of positive and negative charges (that is, be 
electrically neutral). Thus, in addition to Cl-, the cell contains many other anions not 
listed in this table; in fact, most cellular constituents are negatively charged (HCO3-, 

PO43-, proteins, nucleic acids, metabolites carrying phosphate and carboxyl groups, 

etc.). The concentrations of Ca2+ and Mg2+ given are for the free ions. There is a 
total of about 20 mM Mg2+ and 1-2 mM Ca2+ in cells, but this is mostly bound to 
proteins and other substances and, for Ca2+, stored within various organelles. 

 
© 2002 by Bruce Alberts, Alexander Johnson, Julian Lewis, Martin Raff, Keith Roberts, and Peter Walter.

 
 

http://www.ncbi.nlm.nih.gov/books/bv.fcgi?rid=mboc4.table.198730/04/2006 14:23:42

Ionic composition across cell membranes



Permeability barrier

• Biological membranes are barriers to the passage of ions and polar 
molecules. 

Electrical resistance in biological membranes = 103 ohms cm–2


Electrical resistance in model membranes = 107 ohms cm–2  

• Biological membranes have a relatively high permeability to neutral 
molecules (including water)


• Passive permeability is dependent on fluidity of the bilayer


• Above the Tm, fatty acid chains are free to rotate by 120° around single 
bonds from trans to gauche conformations which gives rise to kinks. If 
a kink originates near the bilayer surface, a small molecule may jump 
into the void created. Since the kink can easily migrate through the 
bilayer, a small molecule may be carried through with it.	

Permeability coefficients for the passage of various molecules through synthetic lipid bilayers.
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 Principles of Membrane Transport 
  

 
Figure 11-2. Permeability coefficients for the passage of various molecules 
through synthetic lipid bilayers. The rate of flow of a solute across the 
bilayer is directly proportional to the difference in its concentration on the two 
sides of the membrane. Multiplying this concentration difference (in mol/cm3) 
by the permeability coefficient (in cm/sec) gives the flow of solute in moles 
per second per square centimeter of membrane. A concentration difference of 
tryptophan of 10-4 mol/cm3 (10-4/10-3 L = 0.1 M), for example, would cause a 
flow of 10-4 mol/cm3 × 10-7 cm/sec = 10-11 mol/sec through 1 cm2 of 
membrane, or 6 × 104 molecules/sec through 1 µm2 of membrane. 

 
© 2002 by Bruce Alberts, Alexander Johnson, Julian Lewis, Martin Raff, Keith Roberts, and Peter Walter.

http://www.ncbi.nlm.nih.gov/books/bv.fcgi?rid=mboc4.figgrp.1991 (1 sur 2)30/04/2006 14:26:33

J = –DmK∆c/x = –P∆c


J  = flux of molecules across the membrane

Dm = diffusion coefficient

K = partition coefficient

∆c = concentration gradient
x = membrane thickness



Endoplasmic Reticulum • Constitutes more than half of the 
total membranes of the cell

• Composed of a network of 
branching tubules and flattened 
sacs

• ER membrane connected to the 
nuclear membrane and lumen 
connected to extracellular space

• ER membrane is the site of most 
lipid and membrane protein 
synthesis in the cell

http://www2.warwick.ac.uk/fac/sci/maths/
research/events/2009_2010/symposium/
netwks/

Endoplasmic Reticulum and Membrane 
Protein Biogenesis



Smooth ERRough ER
Morphologically divided into two classes

The rough ER.
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Figure 12-36. The rough ER. (A) An electron micrograph of the rough ER in a pancreatic exocrine 
cell that makes and secretes large amounts of digestive enzymes every day. The cytosol is filled with 
closely packed sheets of ER membrane studded with ribosomes. At the top left is a portion of the 
nucleus and its nuclear envelope; note that the outer nuclear membrane, which is continuous with the 
ER, is also studded with ribosomes. (B) A thin section electron micrograph of polyribosomes attached 
to the ER membrane. The plane of section in some places cuts through the ER roughly parallel to the 
membrane, giving a face-on view of the rosettelike pattern of the polyribosomes. (A, courtesy of Lelio 
Orci; B, courtesy of George Palade.) 

 
© 2002 by Bruce Alberts, Alexander Johnson, Julian Lewis, Martin Raff, Keith Roberts, and Peter Walter.
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The smooth ER.
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Figure 12-38. The smooth ER. (A) Abundant smooth ER in a steroid-hormone-secreting cell. This electron micrograph is of a 
testosterone-secreting Leydig cell in the human testis. (B) A three-dimensional reconstruction of a region of smooth ER and 
rough ER in a liver cell. The rough ER forms oriented stacks of flattened cisternae, each having a lumenal space 20 30 nm 
wide. The smooth ER membrane is connected to these cisternae and forms a fine network of tubules 30 60 nm in diameter. (A, 
courtesy of Daniel S. Friend; B, after R.V. Krstic´, Ultrastructure of the Mammalian Cell. New York: Springer-Verlag, 1979.) 

http://www.ncbi.nlm.nih.gov/books/bv.fcgi?rid=mboc4.figgrp.2208 (1 sur 2)06/05/2006 13:00:39

• Termed rough ER because of bound 
polyribosomes present on the cytosolic side

• Exocrine cells have a large fraction of rough 
ER

• Termed smooth ER because they 
are devoid of bound ribosomes

• Steroid hormone secreting cells, 
hepatocytes that detoxify 
hydrophobic molecules

• Lipid synthesis
• Membrane and secreted protein synthesis

Endoplasmic Reticulum Organization



Recent Insights into Endoplasmic Reticulum 
Organization
Ref: Jonathon Nixon-Abell et al. Science  (2016)



Fig. 3 Many peripheral structures classically identified as sheets are instead dense matrices of 
tubules. 

Jonathon Nixon-Abell et al. Science 2016;354:aaf3928 

Published by AAAS 

Many peripheral structures 
classically identified as sheets are 
instead dense matrices of tubules. 
(A) Left: Fixed COS-7 cell 
expressing Sec61β, imaged by 3D-
SIM and color-coded by z position. 
Scale bar, 10 µm. Right: Magnified 
regions (i to iii) show that 3D-SIM 
reveals dense tubular matrices, 
which appear as sheets by 
diffraction-limited (DL) 
epifluorescence. Scale bars, 2 µm. 
(B) Left: Deconvolved, diffraction-
limited LLS imaging of a fixed 
COS-7 cell overexpressing Sec61β 
(gray). All internal lipid membranes 
were reconstructed using LLS-
PAINT microscopy. Data from 
three regions containing ER 
matrices are shown in colored 
insets. Scale bar, 10 µm. Right: 
The three boxed regions are 
enlarged, showing (i) 3D 
orientation of LLS-PAINT volume 
rendering, (ii) overlay of LLS-
PAINT and diffraction-limited LLS 
imaging volume rendering (gray), 
and (iii) LLS-PAINT color-coded by 
z position. White arrowheads mark 
areas that appear as sheets by 
diffraction-limited imaging; the red 
arrowhead [top of (ii)] denotes a 
mitochondrion. Scale bars, 2 µm. 

Jonathon Nixon-Abell et al. Science  (2016)



Jonathon Nixon-Abell et al. Science  (2016)



Goyal and Blackstone (2013) BBA - Molecular Cell Research

How is the ER made?



Goyal and Blackstone (2013) BBA - Molecular Cell Research



Molecular Machinery Involved in ER Biogenesis 
A. Membrane fusion

Lee et al. (2015) JCB



Park and Blackstone (2010) EMBO reports

Molecular Machinery Involved in ER Biogenesis 
B. Membrane curvature stabilization



Recent Insights into Reconstituting the ER 
Network
Ref: Reconstitution of the tubular endoplasmic reticulum network with purified components 
Power et al. Nature (2017)



Power et al. Nature (2017)



Power et al. Nature (2017)



Power et al. Nature (2017)



Power et al. Nature (2017)



Integral membrane protein (IMP) biogenesis

Membrane Protein Insertion at the 
Endoplasmic Reticulum
Sichen Shao and Ramanujan S. 
Hegde
Annu Rev Cell Dev Biol. 2011; 27: 
25–56.



• Co-translational synthesis

Non-constitutiveConstitutive

• Assisted (not involving 
the translocon 
apparatus)/spontaneous 
insertion into membranes

• Post-translational synthesis

• Synthesized and assembled at 
the ER

• Involves the translocon 
apparatus

• Constitutes bulk of the 
membrane proteins

• Constitutes membrane proteins of 
mitochondria and chloroplast, nuclei 
and peroxisome and some bacterial 
toxins for e.g., alpha hemolysin, 
colicin, melittin and C-terminally 
anchored proteins found in synaptic 
vesicles

• No chaperones 
necessary for folding

• Chaperones necessary 
to maintain solubility in 
the cytosol

Membrane Protein Biogenesis



The signal hypothesis.
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Figure 12-40. The signal hypothesis. A simplified view of protein translocation 
across the ER membrane, as originally proposed. When the ER signal sequence 
emerges from the ribosome, it directs the ribosome to a translocator on the ER 
membrane that forms a pore in the membrane through which the polypeptide is 
translocated. The signal sequence is clipped off during translation by a signal 
peptidase, and the mature protein is released into the lumen of the ER immediately 
after being synthesized. We now know that the hypothesis is correct in outline but 
that additional components besides those shown in this figure are required. 

 
© 2002 by Bruce Alberts, Alexander Johnson, Julian Lewis, Martin Raff, Keith Roberts, and Peter Walter.
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• Secreted proteins contain a ~8 amino 
acids long hydrophobic segment at the 
N terminus called the ER signal 
sequence


• ER signal sequences emerge from the 
soluble pool of ribosomes  

• Signal sequence directs the ribosome 
to the translocon in the ER membrane 

• Protein synthesis and translocation 
occurs sequentially 

• Signal sequence is cleaved off 

• Protein is retained in the ER lumen

Secretory Protein Biogenesis



How a single-pass transmembrane protein with a cleaved ER signal sequence is integrated into the ER membrane.
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Figure 12-47. How a single-pass transmembrane protein with a cleaved ER signal 
sequence is integrated into the ER membrane. In this hypothetical protein the co-
translational translocation process is initiated by an N-terminal ER signal sequence 
(red) that functions as a start-transfer signal, as in Figure 12-46. In addition to this 
start-transfer sequence, however, the protein also contains a stop-transfer sequence 
(orange). When the stop-transfer sequence enters the translocator and interacts with a 
binding site, the translocator changes its conformation and discharges the protein 
laterally into the lipid bilayer. 

 
© 2002 by Bruce Alberts, Alexander Johnson, Julian Lewis, Martin Raff, Keith Roberts, and Peter Walter.
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• Events start off like for secreted 
proteins

• Translocon encounters a stop-transfer 
hydrophobic segment

• Rest of the protein is translated

• Translocon releases the stop transfer 
hydrophobic segment into the lipid 
bilayer (partitioning into the lipid bilayer)

Co-translational Membrane Protein Biogenesis

Shay and Hegde (2011) Annu Rev Cell Dev Biol



• IMPs make up 20–30% of the eukaryotic proteome


• Extremely diverse - signaling receptors, mediate intracellular trafficking, facilitate 
organelle biogenesis, and transport a variety of molecules across cellular 
membranes 


• IMPs range from having a single transmembrane domain (TMD) that simply 
anchors a soluble domain to the membrane to having tightly packed bundles 
containing more than 20 TMDs. 


• Most IMPs are initially assembled at the endoplasmic reticulum (ER)


• IMP’s TMD(s) are integrated into the membrane, final topology is determined, and 
tertiary and quaternary structures are achieved


• If these steps in IMP biogenesis are successful, the IMP is subsequently sorted 
to its final location of function


• Otherwise, one of several quality-control pathways routes the IMP for 
degradation 

Integral membrane protein (IMP) biogenesis



• IMPs destined to be inserted into the ER face a set of biophysical challenges


• The hydrophobic TMDs of IMPs must be continuously shielded from the aqueous 
cytosol (shielding is essential because the tremendously crowded cytosolic 
environment (~300 mg/ml protein) would promote potentially toxic aggregation and 
inappropriate interactions)


• TMDs need to be recognized as they emerge from the ribosome by the targeting 
machinery. 


• IMPs must be targeted to the appropriate organelle, which requires the cytosolic 
targeting factors to interface with specific membrane receptors. 


• TMDs need a route of transport past the highly polar surface of the membrane into 
the hydrophobic core of the lipid bilayer. 


• TMD insertion must be asymmetric, with the final orientation consistent with the 
IMP’s final folded state. 


• This means that the insertion machinery must recognize, orient, and provide a 
potential path into the membrane for a remarkably wide range of sequences.

Integral membrane protein (IMP) biogenesis



Free and membrane-bound ribosomes.
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Figure 12-37. Free and membrane-bound ribosomes. A common pool of 
ribosomes is used to synthesize the proteins that stay in the cytosol and those 
that are transported into the ER. The ER signal sequence on a newly formed 
polypeptide chain directs the engaged ribosome to the ER membrane. The 
mRNA molecule remains permanently bound to the ER as part of a 
polyribosome, while the ribosomes that move along it are recycled; at the end of 
each round of protein synthesis, the ribosomal subunits are released and rejoin 
the common pool in the cytosol. 

 
© 2002 by Bruce Alberts, Alexander Johnson, Julian Lewis, Martin Raff, Keith Roberts, and Peter Walter.
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• Common pools of ribosomes are used 
to synthesize soluble and membrane 
proteins

• The mRNA remains bound to the ER 
membrane as part of the polyribosome

• Ribosomes that move along the mRNA 
are recycled at the end of each 
translation cycle and returned to the 
cytosol

Free and membrane-bound ribosomes



The signal hypothesis.
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Figure 12-40. The signal hypothesis. A simplified view of protein translocation 
across the ER membrane, as originally proposed. When the ER signal sequence 
emerges from the ribosome, it directs the ribosome to a translocator on the ER 
membrane that forms a pore in the membrane through which the polypeptide is 
translocated. The signal sequence is clipped off during translation by a signal 
peptidase, and the mature protein is released into the lumen of the ER immediately 
after being synthesized. We now know that the hypothesis is correct in outline but 
that additional components besides those shown in this figure are required. 

 
© 2002 by Bruce Alberts, Alexander Johnson, Julian Lewis, Martin Raff, Keith Roberts, and Peter Walter.
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• Secreted proteins contain a ~8 amino 
acids long hydrophobic segment at the 
N terminus called the ER signal 
sequence


• ER signal sequences emerge from the 
soluble pool of ribosomes  

• Signal sequence directs the ribosome 
to the translocon in the ER membrane 

• Protein synthesis and translocation 
occurs sequentially 

• Signal sequence is cleaved off 

• Protein is retained in the ER lumen

Signal hypothesis



How ER signal sequences and SRP direct ribosomes to the ER membrane.
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Figure 12-42. How ER signal sequences and SRP direct ribosomes to the ER membrane. The SRP and its receptor are 
thought to act in concert. The SRP binds to both the exposed ER signal sequence and the ribosome, thereby inducing a pause in 
translation. The SRP receptor in the ER membrane, which is composed of two different polypeptide chains, binds the SRP-
ribosome complex and directs it to the translocator. In a poorly understood reaction, the SRP and SRP receptor are then 
released, leaving the ribosome bound to the translocator in the ER membrane. The translocator then inserts the polypeptide 
chain into the membrane and transfers it across the lipid bilayer. Because one of the SRP proteins and both chains of the SRP 
receptor contain GTP-binding domains, it is thought that conformational changes that occur during cycles of GTP binding and 
hydrolysis (discussed in Chapter 15) ensure that SRP release occurs only after the ribosome has become properly engaged with 
the translocator in the ER membrane. The translocator is closed (indicated schematically by the ER-lumenal plug) until the 
ribosome has bound, so that the permeability barrier of the ER membrane is maintained at all times. 

http://www.ncbi.nlm.nih.gov/books/bv.fcgi?rid=mboc4.figgrp.2215 (1 sur 2)06/05/2006 13:01:17

• SRP binds signal peptide and ribosome

• Binding induces pause in translation

• SRP receptor binds the SRP-ribosome 
complex and directs it to translocon

• SRP receptor and SR are released

• Translocon transfers protein across the 
lipid bilayer

Co-translational protein synthesis



function in sensing or guiding the emerging
peptide to the pore of the PCC, consistent with its
observed role in translocation (4, 31).

The mammalian Sec61 complex bound to
an active ribosome. We determined the struc-
ture of themammalian Sec61 complex fromCanis
familiaris bound to an active DP120 signal anchor
containing 80S ribosome (Triticum aestivum)
(6, 22) at 6.5 Å resolution (Fig. 5A). It is con-
siderably larger than that observed for the yeast
Ssh1 complex and, when filtered to lower res-
olution, is very similar to the previously observed
densities of mammalian Sec61 (Fig. 5B) (8, 17).

Closer inspection, however, revealed distinct
structural features such as central rodlike den-
sities surrounded by two belts of weaker and
stronger density, respectively. We calculated a
homologymodel of the Sec61 complex and fitted
the helices into the central, rodlike densities
requiring only minor adjustments with the use
of molecular dynamics flexible fitting (MDFF)
(Fig. 5C and fig. S4) (32). We observed the same
four major connections to the ribosome (Fig. 5C)
(6), with the two central connections representing
the cytoplasmic loops L6 and L8 of the Sec61
complex reaching into the ribosomal tunnel exit
via the universal adaptor site (fig. S5 and table
S2), similar to the inactive complex (17). Com-
pared with the Ssh1 complex, the loops were

somewhat rotated without changing the overall
position of the Sec complex (fig. S5). Thus, the
binding mode appears to be well conserved and
is basically the same in inactive and active
complexes.

The weak proximal and strong distal beltlike
density surrounding the central Sec61 complex
did not show any rodlike features and apparently
represents a mixed detergent/lipid micelle, as sug-
gested before at lower resolution (17). As expected
in a micelle, we observed a characteristic density
distribution (33) of regions containing acyl chains
or polar head groups of phospholipids (Fig. 5D
and fig. S4). Substantial amounts of the phospho-
lipids phosphatidylcholine and phosphatidyleth-
anolamine copurified with Sec61 in our preparation
(fig. S6), confirming the presence of a mixed
micelle. It appears likely that previous recon-
structions also represent single copies of the Sec61
or the SecYEG complex in micelles of varying
sizes when considering the appearance of the
micelle-surrounded, single-copy Sec61 complex
filtered to lower resolution.

The identification of just one copy of the Sec61
complex indicates that, also in higher eukaryotes,
a single complex is stably recruited to the ribo-
some in the presence of a signal sequence and is
probably sufficient to function as the active PCC.
This finding is difficult to reconcile with previous

interpretations of Sec complex dimers or even
larger oligomers bound to the ribosome.

Conformation of the Sec61 complex and
interaction with the nascent chain.We compared
the conformation of the ribosome-bound Sec61
complex (Fig. 6A) with available crystal struc-
tures (13, 18, 34) to address two questions: (i)
How does the Sec61 complex, in particular the
proposed lateral gate, behave in the presence
of a signal anchor, and (ii) how is the translo-
cating peptide accommodated in the PCC? The
ribosome-bound conformation is most similar to
the SecYEb structure of Methanocaldococcus
jannaschii (Fig. 6B and fig. S7) (13). The region
of the proposed lateral gate around helices 2b
and 7 of Sec61a was well resolved and indicated
only a small movement of helix 2b of clearly less
than 5 Å when compared to the SecYEb structure
(Fig. 6B). In contrast, the opening movement ob-
served in the SecYEG-SecA crystal structure (18)
and in the Fab-bound SecYE (34) shifted the entire
helix more than 5 Å (fig. S7).

We observed density representing the nascent
polypeptide in the ribosomal exit tunnel and also
in the central aqueous pore of the Sec61 complex
(Fig. 6, C and D). This density was well defined
in the last section of the ribosomal tunnel in
which it is contacting the Sec61 L6 loop, but then
it becomes disordered. In the cytoplasmic ves-

Fig. 6. Conformation and nascent
polypeptide chain interactions of
the RNC-bound mammalian Sec61
complex. (A) Fit of the Sec61 mod-
el (red ribbons) into the density
(gray transparent mesh). Side views
on the lateral gate (top) and cyto-
solic loops L6 and L8 (bottom). (B)
Crystal structure of theM. jannaschii
SecYEb complex (gray) (13) super-
imposed on an Sec61model. The C-
and N-terminal halves are shown in
red and dark blue, transmembrane
(TM) helix 7 in yellow, and TM helix
2 in light blue. b (dark red) and g
subunits (SecE, magenta) are indi-
cated. (C) Side view [top, as in (A)] and top view [bottom, as in (B)] of the Sec61 model and extra
density for the nascent polypeptide chain (green). (D) Side view as in top panel of (C), but rotated
to focus on the nascent chain (green). Color code as in Fig. 2E. (E) Schematic representation of an
actively translating and translocating eukaryotic ribosome-Sec61 complex with a single copy
acting as PCC.
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Becker et al. (2009) Science 326:1369-1373

NC - Nascent polypeptide chain

PCC - Protein conducting channel/translocon

Translocon structure



How a single-pass transmembrane protein with a cleaved ER signal sequence is integrated into the ER membrane.
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Figure 12-47. How a single-pass transmembrane protein with a cleaved ER signal 
sequence is integrated into the ER membrane. In this hypothetical protein the co-
translational translocation process is initiated by an N-terminal ER signal sequence 
(red) that functions as a start-transfer signal, as in Figure 12-46. In addition to this 
start-transfer sequence, however, the protein also contains a stop-transfer sequence 
(orange). When the stop-transfer sequence enters the translocator and interacts with a 
binding site, the translocator changes its conformation and discharges the protein 
laterally into the lipid bilayer. 

 
© 2002 by Bruce Alberts, Alexander Johnson, Julian Lewis, Martin Raff, Keith Roberts, and Peter Walter.
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• Events start off like for soluble proteins

• Translocon encounters a stop-transfer 
hydrophobic segment

• Rest of the protein is translated

• Translocon releases the stop transfer 
hydrophobic segment into the lipid 
bilayer (mechanism ?)

Co-translational protein synthesis  
and insertion into membranes



Integration of a single-pass membrane protein with an internal signal sequence into the ER membrane.
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Figure 12-48. Integration of a single-pass membrane protein with an internal 
signal sequence into the ER membrane. In these hypothetical proteins, an internal 

http://www.ncbi.nlm.nih.gov/books/bv.fcgi?rid=mboc4.figgrp.2225 (1 sur 2)06/05/2006 13:02:17

• Distribution of amino acids around the 
hydrophobic segment determine the topology 
of membrane proteins

• For type I membrane proteins, positively 
charged amino acid clusters are present 
after the hydrophobic segment

• For type II membrane proteins, positively 
charged amino acid clusters are present 
before the hydrophobic segment

• Signal sequences are present internally and 
very often form transmembrane segments of 
proteins

Generating membrane proteins of different orientation

Integration of a single-pass membrane protein with an internal signal sequence into the ER membrane.
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Figure 12-48. Integration of a single-pass membrane protein with an internal 
signal sequence into the ER membrane. In these hypothetical proteins, an internal 

http://www.ncbi.nlm.nih.gov/books/bv.fcgi?rid=mboc4.figgrp.2225 (1 sur 2)06/05/2006 13:02:17

Insertion of type I membrane protein

Insertion of type II membrane protein
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Unfolded Protein Response (UPR)

Walter and Ron (2011) Science 334:1081-1086



ATF6 
• Transcription factor

• ER-resident transmembrane protein bearing a large ER-luminal domain

• Accumulation of unfolded proteins causes it to become packaged into 

transport vesicles that bud from the ER and fuse with the Golgi 

• Encounters two proteases, S1P and S2P (site-1 and site-2 protease) at 

the Golgi

• Luminal domain cleaved from the transmembrane anchor 

• Liberated N-terminal cytosolic fragment (ATF6(N)) moves into the 

nucleus to activate UPR target genes 

• Target genes are prominent ER-resident proteins involved in protein 

folding; BiP (a chaperone of the heat shock protein HSP70 family), 
protein disulfide isomerase, and glucose-regulated protein 94 (GRP94; 
a chaperone of the Hsp90 family). 


• Pathway resembles the mechanism by which sterol response element 
binding protein (SREBP), the transcription factor that controls sterol 
biosynthesis, is regulated in mammalian cells and uses the same 
proteases 


• Little is known about how ATF6 responds to ER stress 

• ER-luminal domain shows no sequence homology to other proteins

• ATF6 associates with BiP and BiP release under conditions of ER 

stress may contribute to its activation. 

• ATF6 luminal domain also contains intra- and intermolecular disulfide 

bonds that may monitor the ER environment as redox sensors.



PERK 
• ER-resident transmembrane kinase 

• Activated upon sensing ER stress

• Oligomerizes and phosphorylates itself and the 

ubiquitous translation initiation factor eIF2α

• Inactivates eIF2 and inhibiting mRNA translation

• PERK helps reduce the flux of protein entering the ER to 

alleviate ER stress

• Some mRNAs containing short open reading frames in 

their 5′-untranslated regions are preferentially translated 
when eIF2 is limiting, for e.g., ATF4


• Two important target genes driven by ATF4 are CHOP 
(transcription factor C/EBP homologous protein) and 
GADD34 (growth arrest and DNA damage–inducible 34)


• CHOP controls genes encoding components involved in 
apoptosis


• Thus, the PERK branch of the UPR is strongly protective 
at modest levels of signaling but can contribute signals 
to cell death pathways



IRE1 


• Bifunctional transmembrane kinase/
endoribonuclease 


• Uses a unique mechanism of nonconventional 
mRNA splicing to transmit the UPR signal 


• Ribonuclease (RNase) function is activated by 
conformational changes following lateral IRE1 
oligomerization in the ER membrane


• Activated IRE1 cleaves the mRNA encoding a UPR-
specific transcription factor, called XBP1 (X-box 
binding protein 1) in metazoans, in two specific 
positions, excising an intron 


• Severed exons are then ligated (by tRNA ligase in 
yeast and by one or more yet-undiscovered 
enzymes in mammalian cells), giving rise to a 
spliced mRNA that is translated to the active forms 
of the transcription factor XBP1s (the superscript 
indicates that it is the product of the spliced mRNA)


• IRE1 activity drives the entire UPR gene expression 
program


• XBP1s appears to have a special role in regulating 
lipid biosynthetic enzymes and ER-associated 
degradation components, as well as in promoting 
the development of an elaborate ER that is 
characteristic of active secretory cells.


