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Figure 11.29: Protein coats that
mediate vesicle trafficking. Vesicles
from the endoplasmic reticulum are
formed with a coat of COPII protein
and then trafficked to the cis face of
the Golgi apparatus. Vesicles moving
from stack to stack in the Golgi
apparatus are formed by a different
protein, COPI. At the trans face of the
Golgi, vesicles bud with a clathrin
coat. Clathrin is also involved in
endocytosis at the plasma membrane.
(Adapted from T. Kirchhausen, Nat.
Rev. Mol. Cell Biol. 1:187, 2000.)

from the Golgi to the endoplasmic reticulum and within the Golgi cis-
ternae, while COPII leads from the endoplasmic reticulum to the Golgi.
Clathrin mediates the uptake of material at the plasma membrane,

which then passes to the early endosome and also permits vesicular
transport from the Golgi to endosomes. Clathrin is also involved in
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Figure 11.30: Structure of clathrin. (A) Individual, isolated clathrin molecules appear in the electron microscope as three-legged
structures known as triskelions. (B) As shown in the schematic, triskelions can associate with one another to form a regular lattice
structure. (C) Completely closed cages of clathrin, as shown in this cryo-electron microscopy reconstruction, form around budding
vesicles and contribute energy to the budding process. (A, adapted from E. Ungewickell and D. Branton, Nature 289:420, 1981;
B, adapted from I. S. Nathke et al., Cell 68:899, 1992; C, courtesy of B. M. F. Pearse, from C. J. Smith et al., EMBO J. 17:4943,
1998.)
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(A) Figure 14.22: Protein folding and
aggregation. A protein folded in
its native state sequesters
hydrophobic domains on the inside to
hide the hydrophobic core.
Denaturation disrupts the native
structure, exposing these
hydrophobic patches. (A) When the
protein is allowed to refold in very
dilute solution, the hydrophobic
patches within a single molecule
self-associate to reform the native
hydrophobic core. (B) At high
concentration, the hydrophobic patch
of one protein molecule may associate
with the hydrophobic patch of
another, triggering protein
aggregation rather than native
refolding. Hydrophobic residues are
shown in red, while hydrophilic
residues are shown in blue.concentrations of both substrate and enzyme are known and the

turnover rate of the enzyme has been accurately measured.

Protein Folding Is Facilitated by Chaperones

Another case where dilute in vitro biochemical experiments fail to
accurately represent the complexities of protein behavior inside cells
is in the study of protein folding. Many small proteins of rela-
tively simple structure can be purified and denatured with harsh
chemical agents such as urea or guanidinium chloride. When the
denaturing agents are removed, the proteins refold in vitro to their
original native structure. These kinds of experiments are successful
only when the protein concentration is several orders of magnitude
lower than the actual concentrations of protein inside of cells. In
more crowded solutions, denatured proteins tend to aggregate by
intermolecular association of their hydrophobic patches or domains,
preventing proper intramolecular association of these domains to
form the protein’s hydrophobic core as shown in Figure 14.22.

How do cells prevent aggregation of proteins as they are synthesized
from ribosomes in the highly crowded cytoplasmic environment? Spe-
cialized proteins called chaperones facilitate protein folding both by
increasing its rate and by preventing aggregation of partially folded
protein intermediates. These chaperones come in two flavors. Cham-
bered chaperones such as GroEL in bacteria and TRiC in eukaryotic
cells actually form a tiny private room in which an individual polypep-
tide chain is free to fold with no danger of random collision with
the hydrophobic patches of others. These chambered chaperones con-
sume ATP in the process of opening and closing the door to the room.
The second class of chaperone, exemplified by small heat-shock pro-
teins such as HSP70, tend not to require ATP for their action. These
bind to the hydrophobic domains of nascent proteins as they emerge
from the ribosome and prevent their aggregation until the entire
protein domain has been translated and is ready to fold.

14.3.2 Diffusion in Crowded Environments

As was illustrated in Figures 14.4 and 14.5, diffusion in crowded
environments is more subtle than its dilute-solution counterpart.
Theoretical responses to this challenging problem are usually all built
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Shape of red blood cells

G. Lim et al., PNAS 99, 16766 (2002)

whenever the membrane is not flat, a purely geometrical differ-
ence !A is induced between the areas of the inner and outer
leaflets. If !A is not identical to !A0, then elastic energy is

required to make them conform. The shape–free–energy func-
tional that incorporates these two effects is
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where D is the membrane thickness," A is the membrane area, "b
and "! are known bending elastic moduli, and the integral is over
the surface S of the closed vesicle. Eq. 1 defines the so-called
area–difference–elasticity (ADE) model (13). Mechanically sta-
ble shapes of fixed area and volume correspond to constrained
energy minima. For appropriately chosen parameters, the ADE
model does exhibit discocytic shapes, which become unstable
and transform to stomatocytic shapes when !A0 is decreased,
in accordance with the bilayer-couple hypothesis. However,

"More precisely, D is the separation between the neutral surfaces of the two bilayer leaflets
and is assumed independent of bending. The neutral surface of the leaflet is the plane
about which the net bending moment caused by the stress profile vanishes.

Fig. 1. Representative shapes from the main stomatocyte–discocyte–
echinocyte sequence, including (top to bottom) stomatocyte III, II, and I;
discocyte; and echinocyte I, II, and III. (Left) Laboratory images reproduced
with permission from refs. 31 (Copyright 1956, Grune & Stratton), 32 (Copy-
right 1980, Academic Press), 33 (Copyright 1975, Biophysical Society), and 2
(Copyright 1973, Springer). (Right) Minimum-energy shapes calculated from
our model with v0 & 0.950 and !a0 of (top to bottom in percentages) ' 0.858,
' 0.358, 0.072, 0.143, 1.717, 1.788, and 2.003 with all other parameters re-
maining fixed.

Fig. 2. A sample of observed non-main-sequence shapes, including (top to
bottom) nonaxisymmetric discocyte, stomatocyte with triangular mouth, and
knizocyte. (Left) Laboratory images reproduced with permission from refs. 27
(Copyright 1981, Biophysical Society), 32 (Copyright 1980, Academic Press),
and 2 (Copyright 1973, Springer). (Right) Minimum-energy shapes calculated
from our model with values of v0 and !a0 of 0.989 and 0.215%, 0.950 and
' 0.858%, and 1.000 and 1.144% (from top to bottom) with all other param-
eters remaining fixed.

Lim et al. PNAS # December 24, 2002 # vol. 99 # no. 26 # 16767
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In the usual environment red blood cells 
have discocyte shape. Modifying cell 

environment can induce different shapes.
⇠ 7µm

anionic amphipaths, high salt, 
high pH, cholesterol enrichment

cationic amphipaths, low salt, 
low pH, cholesterol depletion
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Sickle-cell disease (anaemia)

Wikipedia

Sickle cells are much stiffer and 
cannot deform in order to pass 

through small capillaries. 

In low oxygen environment 
hemoglobin proteins inside sickle cells 

polymerize and form long strands. 

Normal red blood cells Abnormal, sickled, red blood cells
(sickle cells) sickle cells 

blocking 
blood flow

sticky sickle cellsRBCs flow freely 
within blood vessel

Normal 
red blood 
cell (RBC)

Cross-section of RBC Cross-section of sickle cell

Normal 
hemoglobin

Abnormal 
hemoglobin 
from strands 
that cause 
sickle shape
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Protein aggregation and diseases
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(A) Figure 14.22: Protein folding and
aggregation. A protein folded in
its native state sequesters
hydrophobic domains on the inside to
hide the hydrophobic core.
Denaturation disrupts the native
structure, exposing these
hydrophobic patches. (A) When the
protein is allowed to refold in very
dilute solution, the hydrophobic
patches within a single molecule
self-associate to reform the native
hydrophobic core. (B) At high
concentration, the hydrophobic patch
of one protein molecule may associate
with the hydrophobic patch of
another, triggering protein
aggregation rather than native
refolding. Hydrophobic residues are
shown in red, while hydrophilic
residues are shown in blue.concentrations of both substrate and enzyme are known and the

turnover rate of the enzyme has been accurately measured.

Protein Folding Is Facilitated by Chaperones

Another case where dilute in vitro biochemical experiments fail to
accurately represent the complexities of protein behavior inside cells
is in the study of protein folding. Many small proteins of rela-
tively simple structure can be purified and denatured with harsh
chemical agents such as urea or guanidinium chloride. When the
denaturing agents are removed, the proteins refold in vitro to their
original native structure. These kinds of experiments are successful
only when the protein concentration is several orders of magnitude
lower than the actual concentrations of protein inside of cells. In
more crowded solutions, denatured proteins tend to aggregate by
intermolecular association of their hydrophobic patches or domains,
preventing proper intramolecular association of these domains to
form the protein’s hydrophobic core as shown in Figure 14.22.

How do cells prevent aggregation of proteins as they are synthesized
from ribosomes in the highly crowded cytoplasmic environment? Spe-
cialized proteins called chaperones facilitate protein folding both by
increasing its rate and by preventing aggregation of partially folded
protein intermediates. These chaperones come in two flavors. Cham-
bered chaperones such as GroEL in bacteria and TRiC in eukaryotic
cells actually form a tiny private room in which an individual polypep-
tide chain is free to fold with no danger of random collision with
the hydrophobic patches of others. These chambered chaperones con-
sume ATP in the process of opening and closing the door to the room.
The second class of chaperone, exemplified by small heat-shock pro-
teins such as HSP70, tend not to require ATP for their action. These
bind to the hydrophobic domains of nascent proteins as they emerge
from the ribosome and prevent their aggregation until the entire
protein domain has been translated and is ready to fold.

14.3.2 Diffusion in Crowded Environments

As was illustrated in Figures 14.4 and 14.5, diffusion in crowded
environments is more subtle than its dilute-solution counterpart.
Theoretical responses to this challenging problem are usually all built
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R. Phillips et al., Physical 
Biology of the Cell

(A) In dilute solution misfolded proteins 
refold back into their native state.

Cells have special proteins called chaperons, which assist proteins 
folding into their native state and thus prevent aggregation.

Protein aggregation is a cause of many 
diseases (Alzheimer’s, Parkinson’s, …)

(B) In concentrated solution misfolded proteins tend to form aggregates.

“chap14.tex” — page 567[#25] 29/9/2012 10:16

denaturation refolding in
dilute solution

refolding in
concentrated

solution

aggregation

(B)

(A) Figure 14.22: Protein folding and
aggregation. A protein folded in
its native state sequesters
hydrophobic domains on the inside to
hide the hydrophobic core.
Denaturation disrupts the native
structure, exposing these
hydrophobic patches. (A) When the
protein is allowed to refold in very
dilute solution, the hydrophobic
patches within a single molecule
self-associate to reform the native
hydrophobic core. (B) At high
concentration, the hydrophobic patch
of one protein molecule may associate
with the hydrophobic patch of
another, triggering protein
aggregation rather than native
refolding. Hydrophobic residues are
shown in red, while hydrophilic
residues are shown in blue.concentrations of both substrate and enzyme are known and the

turnover rate of the enzyme has been accurately measured.

Protein Folding Is Facilitated by Chaperones

Another case where dilute in vitro biochemical experiments fail to
accurately represent the complexities of protein behavior inside cells
is in the study of protein folding. Many small proteins of rela-
tively simple structure can be purified and denatured with harsh
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original native structure. These kinds of experiments are successful
only when the protein concentration is several orders of magnitude
lower than the actual concentrations of protein inside of cells. In
more crowded solutions, denatured proteins tend to aggregate by
intermolecular association of their hydrophobic patches or domains,
preventing proper intramolecular association of these domains to
form the protein’s hydrophobic core as shown in Figure 14.22.
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from ribosomes in the highly crowded cytoplasmic environment? Spe-
cialized proteins called chaperones facilitate protein folding both by
increasing its rate and by preventing aggregation of partially folded
protein intermediates. These chaperones come in two flavors. Cham-
bered chaperones such as GroEL in bacteria and TRiC in eukaryotic
cells actually form a tiny private room in which an individual polypep-
tide chain is free to fold with no danger of random collision with
the hydrophobic patches of others. These chambered chaperones con-
sume ATP in the process of opening and closing the door to the room.
The second class of chaperone, exemplified by small heat-shock pro-
teins such as HSP70, tend not to require ATP for their action. These
bind to the hydrophobic domains of nascent proteins as they emerge
from the ribosome and prevent their aggregation until the entire
protein domain has been translated and is ready to fold.

14.3.2 Diffusion in Crowded Environments

As was illustrated in Figures 14.4 and 14.5, diffusion in crowded
environments is more subtle than its dilute-solution counterpart.
Theoretical responses to this challenging problem are usually all built
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Protein aggregates are associated with diseases
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DNA structure
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Production of new proteins
Transcription of DNAtranscription

factors

Transcription factors are proteins, which bind to specific locations 
on DNA, and they help recruiting RNA polymerase (RNAP) that 

makes a messenger RNA (mRNA) copy of certain DNA segment.

Translation of mRNA

mRNA

protein

Note: some transcription factors (repressors) also prevent transcription.

DNA
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Chaperons assist with protein folding 
and prevent protein aggregation

B. Alberts et al., Molecular Biology of the Cell

ribosome translation 
of mRNA to proteins

chaperons bind to translated 
protein and protect them from 

interactions with other 
proteins to prevent 

aggregation of proteins

isolated proteins in chaperonin 
chambers fold into their 

compact native state
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Chaperons assist with disassembly
of protein aggregates

S. M. Doyle et al., Nat. Rev. Mol. Cell Biol. 14, 617 (2013)

Nature Reviews | Molecular Cell Biology

Hsp104
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Prion propagation and amyloid disaggregation
In yeast, Hsp104 is required for the inheritance of nearly 
all known prions, which are insoluble amyloid protein 
aggregates29,32,33,121–124. There are many yeast prions, 
including [PSI+], [URE3], [RNQ+] and [SWI+]29,32,121,124. 
In their native conformations, prion forming proteins 
have diverse biological functions. However, they all pos-
sess the ability to adopt a prion conformation that assem-
bles into ordered amyloid fibres. Prion-forming proteins 
contain a Gln- and Asp-rich region that is required and 
sufficient for prion formation and propagation31,32,121. 
This region forms a cross-β-sheet structure125 (amyloid), 
and the prion ‘grows’ by incorporating soluble monomers 
into the amyloid at the ends of the fibre121,124,126,127 (FIG. 6a).

Prion propagation (that is, prion inheritance) involves 
severing of the amyloid fibres into smaller fibres20,121,124,128 
(FIG. 6a). During cell division, severed fibres, referred to 
as amyloid seeds, partition between the mother and 
daughter cell. The amyloid seeds then act as templates 
for further prion growth20,129 (FIG. 6a). The proposed role 
of Hsp104 in prion propagation is to promote the sever-
ing of the large amyloid fibres into smaller fibres29,124,130,131 
(FIG. 6a). Yeast Hsp70 (Ssa1), Hsp40 (Sis1) and a yeast NEF 
(Sse1) are also involved in prion propagation, although 
the requirement varies depending on the prion113,124,132–137. 
Disruption of protein homeostasis by high expression 
levels of Hsp104 results in the elimination of [PSI+], the 
prion form of the Sup35 translation terminator protein, 
but not other prions124,134,136,138,139. One possible explana-
tion is that high levels of Hsp104 cause an increase in 
the number of partially remodelled Sup35 amyloid inter-
mediates, probably by extracting a single β-strand from 

the cross-β-sheet region of the prion. These partially 
unfolded inter mediates may promote strand-swapping 
between amyloid fibres and ultimately the assembly of 
very large particles136,138. The formation of these large par-
ticles would decrease the number of amyloid seeds and 
potentially lead to a decreased efficiency of transmission 
to daughter cells136,138.

Recent in vitro and in vivo studies have shown that 
Hsp104 can interact directly with Sup35 in the prion 
conformation113,136,140. The interaction between Hsp104 
and Sup35 does not require the Hsp70 system and is 
unique to the Sup35 prion113. In addition, several in vitro 
studies have shown that Hsp104 acts in ATP-dependent 
reactions to disassemble amyloid fibres in the absence 
of co-chaperon e components93,139,141. However, these 
observations have been difficult to reproduce110,140,142,143. 
It has also been reported, both in vitro and in vivo, that 
amyloid disassembly by Hsp104 is stimulated by the 
combined action of yeast Hsp70 (Ssa1) and yeast Hsp40 
(Sis1 or Ydj1)20,93,108,132. Moreover, an in vivo study indi-
cated that Ssa1 targets Hsp104 to the surface of multiple 
prion fibrils20.

E. coli ClpB, when expressed from a plasmid, has 
recently been shown to propagate prions in yeast cells 
lacking Hsp104 (REF. 33). Propagation also requires 
exo  genously supplied E. coli DnaK and GrpE, which 
confirms the specificity between ClpB and DnaK and 
suggests the importance of nucleotide exchange33. 
Moreover, ClpB and DnaK collaborated with the yeast 
J-domain protein Sis1, but not Ydj1 in prion propaga-
tion. This work demon strates that Hsp104 is not the only 
member of the family of HSP100 disaggregases that has 

Figure 5 | Mechanism of disaggregation by Hsp104 and the Hsp70 system. J-domain protein (yellow) interacts with 

aggregated substrates and recruits heat shock protein 70 (Hsp70) (blue) to the aggregate. Hsp104 is probably targeted 

to the aggregate by Hsp70 via direct interactions between the middle domain (M-domain) of Hsp104 and the 
nucleotide-binding domain of Hsp70. Hsp70 coordinates ATP hydrolysis by Hsp104 and additionally assists in presenting 

the substrates to Hsp104. Hsp104 disaggregates the aggregate by extracting polypeptides. Hsp104 forces polypeptides 

through its central channel using the energy from ATP hydrolysis, and the polypeptides are unfolded during this process. 

The unfolded polypeptides are released to refold spontaneously or with assistance of other chaperones, which might 

include Hsp70. By the same mechanism, ClpB and the DnaK system disaggregate large protein aggregates in bacteria.

rEViEWS

624 | OCTOBER 2013 | VOLUME 14  www.nature.com/reviews/molcellbio

rEViEWS

© 2013 Macmillan Publishers Limited. All rights reserved

chaperons: Hsp40, Hsp70, Hsp104

Under normal cell conditions, protein 
aggregates are small and short lived!
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Figure 11.29: Protein coats that
mediate vesicle trafficking. Vesicles
from the endoplasmic reticulum are
formed with a coat of COPII protein
and then trafficked to the cis face of
the Golgi apparatus. Vesicles moving
from stack to stack in the Golgi
apparatus are formed by a different
protein, COPI. At the trans face of the
Golgi, vesicles bud with a clathrin
coat. Clathrin is also involved in
endocytosis at the plasma membrane.
(Adapted from T. Kirchhausen, Nat.
Rev. Mol. Cell Biol. 1:187, 2000.)

from the Golgi to the endoplasmic reticulum and within the Golgi cis-
ternae, while COPII leads from the endoplasmic reticulum to the Golgi.
Clathrin mediates the uptake of material at the plasma membrane,

which then passes to the early endosome and also permits vesicular
transport from the Golgi to endosomes. Clathrin is also involved in
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Figure 11.30: Structure of clathrin. (A) Individual, isolated clathrin molecules appear in the electron microscope as three-legged
structures known as triskelions. (B) As shown in the schematic, triskelions can associate with one another to form a regular lattice
structure. (C) Completely closed cages of clathrin, as shown in this cryo-electron microscopy reconstruction, form around budding
vesicles and contribute energy to the budding process. (A, adapted from E. Ungewickell and D. Branton, Nature 289:420, 1981;
B, adapted from I. S. Nathke et al., Cell 68:899, 1992; C, courtesy of B. M. F. Pearse, from C. J. Smith et al., EMBO J. 17:4943,
1998.)
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Small vesicles are used for
cellular transport of molecules

R. Phillips et al., Physical 
Biology of the Cell
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Figure 11.28: Schematic illustration
of a synapse. A neuron extends its
axon to a target cell where the axon
terminates in a specialized
pre-synaptic structure that is filled
with small vesicles containing
neurotransmitter molecules. On the
membrane of the target cell, a
specialized post-synaptic domain is
packed with a high density of
neurotransmitter receptors. When an
action potential reaches the synapse,
the synaptic vesicles fuse, emptying
their contents into the cleft between
the two cells.

lining of the intestine whose function is to secrete mucus that coats
the intestine and protects it against a variety of insults.

The next example, Figure 11.27(F), shows cases where vesicles are
used to transport materials from one region of the cell to another.
In some cases, such as vesicular transport in the Golgi apparatus,
vesicles move over very short distances (of the order of tens of
nanometers) from stack to stack within the Golgi. In other cases, such
as in a nerve axon, vesicles may be transported over very large dis-
tances of up to a meter. What all of these examples demonstrate is that
vesicle management by cells is a key facet of their overall behavior.

There Is a Fixed Free-Energy Cost Associated with Spherical Vesicles
of All Sizes

One question of immediate importance in thinking about the vesicle
budget of cells is how much free energy it costs to make them. An esti-
mate of this free-energy cost can be made by recourse to the bending
energy introduced in Equation 11.7. Recall that the idea embodied in
that equation is that we should visit each little patch of area on the
membrane of interest, compute the mean curvature, and then com-
pute the energy. With their spherical geometries, vesicles are probably
the simplest of all shapes to consider and have an energy of the form

Gvesicle = Kb
2

∫

∂"

(
2
R

)2
da, (11.26)

where ∂" indicates that we should integrate over the whole membrane
area. Since the curvature is constant everywhere on the sphere, we can
do the integration immediately, yielding

Gvesicle = Kb
2

(
2
R

)2
4πR2 = 8πKb. (11.27)

This result is very instructive for several reasons. First, the energy
to make a vesicle (when viewed from the perspective of the bending
energy) is independent of the vesicle size. That is, there is a fixed
energy cost for all vesicles. The second lesson to emerge from this
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transport of neurotransmitters 
in neuron cells

Vesicles are changing 
membrane topology!
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Transport of neurotransmitters  
in neuron cells

https://www.youtube.com/watch?v=FqTSYHtyHWE

https://www.youtube.com/watch?v=FqTSYHtyHWE
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Gauss-Bonet theorem

Z
dA

R1R2
= 4⇡ (1� g)

For closed surfaces the integral 
over Gaussian curvature only 

depends on the surface topology!

g = 0 g = 1 g = 2 g = 3

CHAPTER 1. PHENOMENOLOGY OF MEMBRANES

Figure 1.7: Representative shapes from the stomatocyte–discocyte–echinocyte sequence of red blood
cells obtained from experiments (left images) and theory (right plots). See also Sec. 3.3. (After
Ref. [6].)

Figure 1.8: Schematic illustration of the great diversity in cell shape found in nature, with E. coli,
which roughly has the shape of a cylinder of length 2 µm and thickness/height 1 µm, as a “measurement
stick”. For details, see Fig. 2.8 of Ref. [3]. (After Ref. [3].)

10

Creation of new vesicles or fusion 
of vesicles modifies the genus g!
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Vesicle fusion with membrane
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has a completely closed, contiguous membrane. Membranes in biolog-
ical systems have balanced these multiple demands by exploiting the
special physical properties of the molecules that make them up.

The primary constituent of any biological membrane must be a
molecule with two physically separated subdomains, one part of
which is hydrophilic (able to form hydrogen bonds with water) and the
other part of which is hydrophobic. The most common membrane con-
stituent is a lipid molecule as illustrated in Figure 11.1(A). The nearly
cylindrical shape of most membrane lipids makes the bilayer the most

hydrophilic
head

hydrophobic
tail

spontaneous shape change

membrane fusion

(A)

(B)

(C) shape change because of applied forces

membrane budding

+

Figure 11.1: Structure and properties of biological membranes. (A) A major
constituent of membranes is a lipid molecule, shown here diagrammatically as having
a hydrophilic (water-loving) head group and a hydrophobic (water-fearing) tail. One
spontaneous arrangement of these molecules consists of a bilayer, two molecules
thick, where all the head groups are arranged on the two surfaces and the tails span
the space in between. Membrane bilayers of this kind can be extremely large. In order
to avoid edge effects, it is common for bilayers to form closed structures such as the
sphere shown here. (B) Within the lipid bilayer, individual molecules can move in
several ways. Lipid molecules may spontaneously diffuse laterally within each of the
two leaflets within the bilayer. Protein molecules embedded in the bilayer may also
diffuse laterally, and, in addition, some interesting membrane proteins may undergo
conformational changes that open selective channels, for example, to allow the
passage of charged ions across the hydrophobic barrier. At a very slow spontaneous
rate, individual lipids may flip over from one leaflet to the other. This process of
flipping may be sped up by certain membrane proteins called flippases. (C) Membrane
shape changes associated with biological function. All membranes undergo
spontaneous shape changes and fluctuations due to thermal energy. Application
of external forces, for example by molecular motor proteins, can further deform
equilibrium membrane shapes. A common geometry is the extrusion of a tube.
Membranes may also undergo fusion and fission (or budding) to change their
topology.
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Vesicle fusion with membrane
Fusion of small vesicles with the membrane is energetically 

favorable, but the initial merging provides a large energy barrier!

R. Phillips et al., Physical 
Biology of the Cell

“chap11.tex” — page 459[#33] 5/10/2012 16:41

(A)

(B)

vesicle

influenza
virus

SNARE
proteins

hemagglutinin

Figure 11.32: Vesicle fusion catalyzed by proteins. (A) During normal membrane trafficking in eukaryotic cells, specialized
SNARE proteins help transport vesicles find their appropriate targets and fuse. Complementary SNARE proteins in the membranes
of the vesicle and the target form tightly bundled helices with one another, pulling the two members physically close together.
Fusion is thought to proceed in several steps, first with fusion of the outer leaflet, forming an unstable intermediate, and then
fusion of the inner leaflets, forming a leaky pore, and eventually a completely fused new membrane. (B) Viruses may use
analogous processes to fuse with cell membranes. For example, the influenza virus is initially taken up into host cell endosomes
and then fusion of the viral membrane with the endosomal membrane ejects the virus genome into the cytoplasm of the host cell.
Fusion is mediated by the viral hemagglutinin protein, which undergoes a pH-dependent conformational change as the endosome
is acidified.

11.4.1 Pinching Vesicles: The Story of Dynamin

Our study of trafficking can shed yet further light on the energet-
ics associated with membrane rearrangements in cells. As shown in
Figure 11.33, the last step prior to the existence of a detached (but
coated) vesicle is that the tube of membrane that links the vesicle
to the membrane must be severed. The protein dynamin, a GTPase
that polymerizes on tubules, is thought to pinch off the last connec-
tion between the vesicle and the membrane from which it has been
produced.

cargo
receptor

adaptor
proteincargo

molecules
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dynamin
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naked transport
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Figure 11.33: Membrane scission by accessory proteins. The electron microscopy images show clathrin-coated vesicles in
various stages of the process of vesicle creation. The schematics above show the hypothesized stages in the process of membrane
scission and subsequent formation of a vesicle filled with cargo. (Top, adapted from B. Alberts et al., Molecular Biology of the Cell,
5th ed., Garland Science, 2008; bottom, adapted from V. I. Slepnev and P. De Camilli, Nat. Rev. Neurosci. 1:161, 2000).
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In eukaryotic cells SNARE proteins accelerate membrane 
fusion by bringing vesicles closer to the membrane!
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Figure 11.1: Structure and properties of biological membranes. (A) A major
constituent of membranes is a lipid molecule, shown here diagrammatically as having
a hydrophilic (water-loving) head group and a hydrophobic (water-fearing) tail. One
spontaneous arrangement of these molecules consists of a bilayer, two molecules
thick, where all the head groups are arranged on the two surfaces and the tails span
the space in between. Membrane bilayers of this kind can be extremely large. In order
to avoid edge effects, it is common for bilayers to form closed structures such as the
sphere shown here. (B) Within the lipid bilayer, individual molecules can move in
several ways. Lipid molecules may spontaneously diffuse laterally within each of the
two leaflets within the bilayer. Protein molecules embedded in the bilayer may also
diffuse laterally, and, in addition, some interesting membrane proteins may undergo
conformational changes that open selective channels, for example, to allow the
passage of charged ions across the hydrophobic barrier. At a very slow spontaneous
rate, individual lipids may flip over from one leaflet to the other. This process of
flipping may be sped up by certain membrane proteins called flippases. (C) Membrane
shape changes associated with biological function. All membranes undergo
spontaneous shape changes and fluctuations due to thermal energy. Application
of external forces, for example by molecular motor proteins, can further deform
equilibrium membrane shapes. A common geometry is the extrusion of a tube.
Membranes may also undergo fusion and fission (or budding) to change their
topology.
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Viral entry to cell via receptor
mediated membrane fusion

virus

cell

Example of viruses with viral envelope (lipid bilayer):
HIV, influenza, hepatitis B virus, herpes viruses, …

Wikipedia
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Lipid vesicles can be used for 
administration of drugs and nutrients

Targeted delivery to 
specific cells is 

achieved via binding 
of peptides to 

receptors expressed 
on the surface of 

target cells.

Wikipedia


