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Unlike a bacterium, which generally consists of a single intracellular compart-
ment surrounded by a plasma membrane, a eukaryotic cell is elaborately sub-
divided into functionally distinct, membrane-enclosed compartments. Each 
compartment, or organelle, contains its own characteristic set of enzymes and 
other specialized molecules, and complex distribution systems transport specific 
products from one compartment to another. To understand the eukaryotic cell, it 
is essential to know how the cell creates and maintains these compartments, what 
occurs in each of them, and how molecules move between them.

Proteins confer upon each compartment its characteristic structural and 
functional properties. They catalyze the reactions that occur there and selectively 
transport small molecules into and out of the compartment. For membrane-en-
closed organelles in the cytoplasm, proteins also serve as organelle-specific sur-
face markers that direct new deliveries of proteins and lipids to the appropriate 
organelle. 

An animal cell contains about 10 billion (1010) protein molecules of perhaps 
10,000 kinds, and the synthesis of almost all of them begins in the cytosol, the 
space of the cytoplasm outside the membrane-enclosed organelles. Each newly 
synthesized protein is then delivered specifically to the organelle that requires it. 
The intracellular transport of proteins is the central theme of both this chapter 
and the next. By tracing the protein traffic from one compartment to another, one 
can begin to make sense of the otherwise bewildering maze of intracellular mem-
branes. 

THE COMPARTMENTALIZATION OF CELLS
In this brief overview of the compartments of the cell and the relationships 
between them, we organize the organelles conceptually into a small number of 
discrete families, discuss how proteins are directed to specific organelles, and 
explain how proteins cross organelle membranes.

All Eukaryotic Cells Have the Same Basic Set of Membrane-
enclosed Organelles
Many vital biochemical processes take place in membranes or on their surfaces. 
Membrane-bound enzymes, for example, catalyze lipid metabolism; and oxida-
tive phosphorylation and photosynthesis both require a membrane to couple the 
transport of H+ to the synthesis of ATP. In addition to providing increased mem-
brane area to host biochemical reactions, intracellular membrane systems form 
enclosed compartments that are separate from the cytosol, thus creating function-
ally specialized aqueous spaces within the cell. In these spaces, subsets of mol-
ecules (proteins, reactants, ions) are concentrated to optimize the biochemical 
reactions in which they participate. Because the lipid bilayer of cell membranes is 
impermeable to most hydrophilic molecules, the membrane of an organelle must 
contain membrane transport proteins to import and export specific metabolites. 
Each organelle membrane must also have a mechanism for importing, and incor-
porating into the organelle, the specific proteins that make the organelle unique.
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Every cell must eat, communicate with the world around it, and quickly respond 
to changes in its environment. To help accomplish these tasks, cells continually 
adjust the composition of their plasma membrane and internal compartments in 
rapid response to need. They use an elaborate internal membrane system to add 
and remove cell-surface proteins, such as receptors, ion channels, and transport-
ers (Figure 13–1). Through the process of exocytosis, the secretory pathway deliv-
ers newly synthesized proteins, carbohydrates, and lipids either to the plasma 
membrane or the extracellular space. By the converse process of endocytosis, cells 
remove plasma membrane components and deliver them to internal compart-
ments called endosomes, from where they can be recycled to the same or different 
regions of the plasma membrane or be delivered to lysosomes for degradation. 
Cells also use endocytosis to capture important nutrients, such as vitamins, cho-
lesterol, and iron; these are taken up together with the macromolecules to which 
they bind and are then moved on to endosomes and lysosomes, from where they 
can be transported into the cytosol for use in various biosynthetic processes.

The interior space, or lumen, of each membrane-enclosed compartment 
along the secretory and endocytic pathways is equivalent to the lumen of most 
other membrane-enclosed compartments and to the cell exterior, in the sense 
that proteins can travel in this space without having to cross a membrane as 
they are passed from one compartment to another by means of numerous mem-
brane-enclosed transport containers. These containers are formed from the donor 
compartment and are either small, spherical vesicles, larger irregular vesicles, or 
tubules. We shall use the term transport vesicle to apply to all forms of these con-
tainers.

Within a eukaryotic cell, transport vesicles continually bud off from one mem-
brane and fuse with another, carrying membrane components and soluble lume-
nal molecules, which are referred to as cargo (Figure 13–2). This vesicular traffic 
flows along highly organized, directional routes, which allow the cell to secrete, 
eat, and remodel its plasma membrane and organelles. The secretory pathway 
leads outward from the endoplasmic reticulum (ER) toward the Golgi apparatus 
and cell surface, with a side route leading to lysosomes, while the endocytic path-
way leads inward from the plasma membrane. In each case, retrieval pathways 
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preexisting peroxisomes, but others are first integrated into the ER membrane, 
where they are packaged into specialized peroxisomal precursor vesicles. New 
precursor vesicles may then fuse with one another and begin importing addi-
tional peroxisomal proteins, using their own protein import machinery to grow 
into mature peroxisomes, which can undergo cycles of growth and fission. 

Summary
Peroxisomes are specialized for carrying out oxidation reactions using molecular 
oxygen. They generate hydrogen peroxide, which they employ for oxidative pur-
poses—and contain catalase to destroy the excess. Like mitochondria and plastids, 
peroxisomes are self-replicating organelles. Because they do not contain DNA or 
ribosomes, however, all of their proteins are encoded in the cell nucleus. Some of 
these proteins are conveyed to peroxisomes via peroxisomal precursor vesicles that 
bud from the ER, but most are synthesized in the cytosol and directly imported. A 
specific sequence of three amino acids near the C-terminus of many of the latter pro-
teins functions as a peroxisomal import signal. The mechanism of protein import 
differs from that of mitochondria and chloroplasts, in that even oligomeric proteins 
are imported from the cytosol without unfolding.

THE ENDOPLASMIC RETICULUM
All eukaryotic cells have an endoplasmic reticulum (ER). Its membrane typi-
cally constitutes more than half of the total membrane of an average animal cell 
(see Table 12–2, p. 643). The ER is organized into a netlike labyrinth of branching 
tubules and flattened sacs that extends throughout the cytosol (Figure 12–31 and 
Movie 12.4). The tubules and sacs interconnect, and their membrane is continu-
ous with the outer nuclear membrane; the compartment that they enclose there-
fore is also continuous with the space between the inner and outer nuclear mem-
branes. Thus, the ER and nuclear membranes form a continuous sheet enclosing 
a single internal space, called the ER lumen or the ER cisternal space, which often 
occupies more than 10% of the total cell volume (see Table 12–1, p. 643).

As mentioned at the beginning of this chapter, the ER has a central role in both 
lipid and protein biosynthesis, and it also serves as an intracellular Ca2+ store 
that is used in many cell signaling responses (discussed in Chapter 15). The ER 
membrane is the site of production of all the transmembrane proteins and lip-
ids for most of the cell’s organelles, including the ER itself, the Golgi apparatus, 
lysosomes, endosomes, secretory vesicles, and the plasma membrane. The ER 
membrane is also the site at which most of the lipids for mitochondrial and per-
oxisomal membranes are made. In addition, almost all of the proteins that will be 
secreted to the cell exterior—plus those destined for the lumen of the ER, Golgi 
apparatus, or lysosomes—are initially delivered to the ER lumen.

THE ENDOPLASMIC RETICULUM
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Figure 12–31 Fluorescent micrographs of 
the endoplasmic reticulum. (A) An animal 
cell in tissue culture that was genetically 
engineered to express an ER membrane 
protein fused to a fluorescent protein. The 
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sheets throughout the entire cytosol, so that 
all regions of the cytosol are close to some 
portion of the ER membrane. The outer 
nuclear membrane, which is continuous 
with the ER, is also stained. (B) Part of 
an ER network in a living plant cell that 
was genetically engineered to express a 
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Patrick Chitwood and Gia Voeltz; B, courtesy 
of Petra Boevink and Chris Hawes.) 
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Co-translational and post- translational protein translocation to the ER
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The ER Is Structurally and Functionally Diverse
While the various functions of the ER are essential to every cell, their relative 
importance varies greatly between individual cell types. To meet different func-
tional demands, distinct regions of the ER become highly specialized. We observe 
such functional specialization as dramatic changes in ER structure, and different 
cell types can therefore possess characteristically different types of ER membrane. 
One of the most remarkable ER specializations is the rough ER.

Mammalian cells begin to import most proteins into the ER before complete 
synthesis of the polypeptide chain—that is, import is a co-translational process 
(Figure 12–32A). In contrast, the import of proteins into mitochondria, chloro-
plasts, nuclei, and peroxisomes is a post-translational process (Figure 12–32B). In 
co-translational transport, the ribosome that is synthesizing the protein is attached 
directly to the ER membrane, enabling one end of the protein to be translocated 
into the ER while the rest of the polypeptide chain is being synthesized. These 
membrane-bound ribosomes coat the surface of the ER, creating regions termed 
rough endoplasmic reticulum, or rough ER; regions of ER that lack bound ribo-
somes are called smooth endoplasmic reticulum, or smooth ER (Figure 12–33).

Most cells have scanty regions of smooth ER, and the ER is often partly smooth 
and partly rough. Areas of smooth ER from which transport vesicles carrying 
newly synthesized proteins and lipids bud off for transport to the Golgi apparatus 
are called transitional ER. In certain specialized cells, the smooth ER is abundant 
and has additional functions. It is prominent, for example, in cells that specialize 
in lipid metabolism, such as cells that synthesize steroid hormones from choles-
terol; the expanded smooth ER accommodates the enzymes that make choles-
terol and modify it to form the hormones (see Figure 12–33B).

The main cell type in the liver, the hepatocyte, also has a substantial amount 
of smooth ER. It is the principal site of production of lipoprotein particles, which 
carry lipids via the bloodstream to other parts of the body. The enzymes that 
synthesize the lipid components of the particles are located in the membrane of 
the smooth ER, which also contains enzymes that catalyze a series of reactions 
to detoxify both lipid-soluble drugs and various harmful compounds produced 
by metabolism. The most extensively studied of these detoxification reactions are 
carried out by the cytochrome P450 family of enzymes, which catalyze a series of 
reactions in which water-insoluble drugs or metabolites that would otherwise 
accumulate to toxic levels in cell membranes are rendered sufficiently water-solu-
ble to leave the cell and be excreted in the urine. Because the rough ER alone can-
not house enough of these and other necessary enzymes, a substantial portion of 
the membrane in a hepatocyte normally consists of smooth ER (see Table 12–2).

Another crucially important function of the ER in most eukaryotic cells is to 
sequester Ca2+ from the cytosol. The release of Ca2+ into the cytosol from the ER, 
and its subsequent reuptake, occurs in many rapid responses to extracellular 
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Figure 12–32 Co-translational and post-
translational protein translocation. 
(A) Ribosomes bind to the ER membrane 
during co-translational translocation. (B) By 
contrast, cytosolic ribosomes complete the 
synthesis of a protein and release it prior 
to post-translational translocation. In both 
cases, the protein is directed to the ER by 
an ER signal sequence (red and orange).
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to the ER membrane and is then cleaved off by a signal peptidase in the ER mem-
brane before the polypeptide chain has been completed (Figure 12–35). Cell-free 
systems in which proteins are imported into microsomes have provided powerful 
procedures for identifying, purifying, and studying the various components of the 
molecular machinery responsible for the ER import process.

A Signal-Recognition Particle (SRP) Directs the ER Signal 
Sequence to a Specific Receptor in the Rough ER Membrane
The ER signal sequence is guided to the ER membrane by at least two compo-
nents: a signal-recognition particle (SRP), which cycles between the ER mem-
brane and the cytosol and binds to the signal sequence, and an SRP receptor in 
the ER membrane. The SRP is a large complex; in animal cells, it consists of six 
different polypeptide chains bound to a single small RNA molecule. While the 
SRP and SRP receptor have fewer subunits in bacteria, homologs are present in 
all cells, indicating that this protein-targeting mechanism arose early in evolution 
and has been conserved.

ER signal sequences vary greatly in amino acid sequence, but each has eight or 
more nonpolar amino acids at its center (see Table 12–3, p. 648). How can the SRP 
bind specifically to so many different sequences? The answer has come from the 
crystal structure of the SRP protein, which shows that the signal-sequence-bind-
ing site is a large hydrophobic pocket lined by methionines. Because methionines 
have unbranched, flexible side chains, the pocket is sufficiently plastic to accom-
modate hydrophobic signal sequences of different sequences, sizes, and shapes. 

The SRP is a rodlike structure, which wraps around the large ribosomal subunit, 
with one end binding to the ER signal sequence as it emerges from the ribosome 
as part of the newly made polypeptide chain; the other end blocks the elongation 
factor binding site at the interface between the large and small ribosomal subunits 
(Figure 12–36). This block halts protein synthesis as soon as the signal peptide has 
emerged from the ribosome. The transient pause presumably gives the ribosome 
enough time to bind to the ER membrane before completion of the polypeptide 
chain, thereby ensuring that the protein is not released into the cytosol. This safety 
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Figure 12–35 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. A signal 
peptidase is closely associated with 
the translocator and clips off the signal 
sequence during translation, and the 
mature protein is released into the lumen 
of the ER immediately after its synthesis 
is completed. The translocator is closed 
until the ribosome has bound, so that the 
permeability barrier of the ER membrane is 
maintained at all times.
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device may be especially important for secreted and lysosomal hydrolases, which 
could wreak havoc in the cytosol; cells that secrete large amounts of hydrolases, 
however, take the added precaution of having high concentrations of hydrolase 
inhibitors in their cytosol. The pause also ensures that large portions of a protein 
that could fold into a compact structure are not made before reaching the trans-
locator in the ER membrane. Thus, in contrast to the post-translational import of 
proteins into mitochondria and chloroplasts, chaperone proteins are not required 
to keep the protein unfolded.

When a signal sequence binds, SRP exposes a binding site for the SRP receptor 
(see Figure 12–36B,C), which is a transmembrane protein complex in the rough 
ER membrane. The binding of the SRP to its receptor brings the SRP–ribosome 
complex to an unoccupied protein translocator in the same membrane. The SRP 
and SRP receptor are then released, and the translocator transfers the growing 
polypeptide chain across the membrane (Figure 12–37).

This co-translational transfer process creates two spatially separate popula-
tions of ribosomes in the cytosol. Membrane-bound ribosomes, attached to the 
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Figure 12–36 The signal-recognition particle (SRP). (A) A mammalian SRP is a rodlike 
ribonucleoprotein complex containing six protein subunits (brown) and one RNA molecule (blue). 
The SRP RNA forms a backbone that links the protein domain containing the signal-sequence-
binding pocket to the domain responsible for pausing translation. Crystal structures of various 
SRP pieces from different species are assembled here into a composite model to approximate the 
structure of a complete SRP. (B) The three-dimensional outline of the SRP bound to a ribosome 
was determined by cryoelectron microscopy. SRP binds to the large ribosomal subunit so that its 
signal-sequence-binding pocket is positioned near the growing polypeptide chain exit site, and its 
translational pause domain is positioned at the interface between the ribosomal subunits, where it 
interferes with elongation factor binding. (C) As a signal sequence emerges from the ribosome and 
binds to the SRP, a conformational change in the SRP exposes a binding site for the SRP receptor. 
(B, adapted from M. Halic et al., Nature 427:808–814, 2004. With permission from Macmillan 
Publishers Ltd.)
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Figure 12–37 How ER signal sequences 
and SRP direct ribosomes to the ER 
membrane. The SRP and its receptor 
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 in animal cells 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 
until the ribosome has bound, so that the 
permeability barrier of the ER membrane is 
maintained at all times. 
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cytosolic side of the ER membrane, are engaged in the synthesis of proteins that 
are being concurrently translocated into the ER. Free ribosomes, unattached to 
any membrane, synthesize all other proteins encoded by the nuclear genome. 
Membrane-bound and free ribosomes are structurally and functionally identical. 
They differ only in the proteins they are making at any given time.

Since many ribosomes can bind to a single mRNA molecule, a polyribosome 
is usually formed. If the mRNA encodes a protein with an ER signal sequence, 
the polyribosome becomes attached to the ER membrane, directed there by the 
signal sequences on multiple growing polypeptide chains. The individual ribo-
somes associated with such an mRNA molecule can return to the cytosol when 
they finish translation and intermix with the pool of free ribosomes. The mRNA 
itself, however, remains attached to the ER membrane by a changing population 
of ribosomes, each transiently held at the membrane by the translocator (Figure 
12–38).

The Polypeptide Chain Passes Through an Aqueous Channel in 
the Translocator
It had long been debated whether polypeptide chains are transferred across the 
ER membrane in direct contact with the lipid bilayer or through a channel in a 
protein translocator. The debate ended with the identification of the transloca-
tor, which was shown to form a water-filled channel in the membrane through 
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Figure 12–38 Free and membrane-bound polyribosomes. (A) A common pool of ribosomes synthesizes 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 
binds to SRP, which directs the translating ribosome to the ER membrane. The mRNA molecule remains permanently bound 
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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. (B, courtesy of George Palade.)
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which the polypeptide chain passes. The core of the translocator, called the Sec61 
complex, is built from three subunits that are highly conserved from bacteria to 
eukaryotic cells. The structure of the Sec61 complex suggests that α helices con-
tributed by the largest subunit surround a central channel through which the 
polypeptide chain traverses the membrane (Figure 12–39). The channel is gated 
by a short α helix that is thought to keep the translocator closed when it is idle and 
to move aside when it is engaged in passing a polypeptide chain. According to 
this view, the pore is a dynamic gated channel that opens only transiently when a 
polypeptide chain traverses the membrane. In an idle translocator, it is important 
to keep the channel closed, so that the membrane remains impermeable to ions, 
such as Ca2+, which otherwise would leak out of the ER. As a polypeptide chain is 
translocating, a ring of hydrophobic amino acid side chains is thought to provide 
a flexible seal to prevent ion leaks.

The structure of the Sec61 complex suggests that the pore can also open along 
a seam on its side. Indeed, some structures of the translocator show it locked in an 
open-seam conformation. This opening allows a translocating peptide chain lat-
eral access into the hydrophobic core of the membrane, a process that is import-
ant both for the release of a cleaved signal peptide into the membrane (see Figure 
12–35) and for the integration of transmembrane proteins into the bilayer, as we 
discuss later.
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Figure 12–39 Structure of the Sec61 complex. (A) A side view (left) and a top view (right, seen 
from the cytosol) of the structure of the Sec61 complex of the archaeon Methanococcus jannaschii. 
The Sec61α subunit has an inverted repeat structure (see Figure 11–10) and is shown in blue and 
beige to indicate this pseudo-symmetry; the two smaller β and γ subunits are shown in gray. In 
the side view, some helices in front have been omitted to make the inside of the pore visible. The 
yellow short helix is thought to form a plug that seals the pore when the translocator is closed. To 
open, the complex rearranges itself to move the plug helix out of the way, as indicated by the red 
arrow. A ring of hydrophobic amino acid side chains is thought to form a tight-fitting diaphragm 
around translocating polypeptide chain to prevent leaks of other molecules across the membrane. 
The pore of the Sec61 complex can also open sideways at a lateral seam. (B) Models of the closed 
and open states of the translocator are shown in top view, illustrating how a signal sequence (or a 
transmembrane segment) could be released into the lipid bilayer after opening of the seam. (PDB 
codes: 1RH5 and 1RHZ.)
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which single-pass transmembrane proteins (see Figure 10–17) become inserted 
into the ER membrane.

In the simplest case, an N-terminal signal sequence initiates translocation, just 
as for a soluble protein, but an additional hydrophobic segment in the polypep-
tide chain stops the transfer process before the entire polypeptide chain is trans-
located. This stop-transfer signal anchors the protein in the membrane after the 
ER signal sequence (the start-transfer signal) has been cleaved off and released 
from the translocator (Figure 12–42). The lateral gating mechanism transfers 
the stop-transfer sequence into the bilayer, where it remains as a single α-helical 
membrane-spanning segment, with the N-terminus of the protein on the lumenal 
side of the membrane and the C-terminus on the cytosolic side.

In the other two cases, the signal sequence is internal, rather than at the N-ter-
minal end of the protein. As for an N-terminal ER signal sequence, the SRP binds 
to an internal signal sequence by recognizing its hydrophobic α-helical features. 
The SRP brings the ribosome making the protein to the ER membrane, and the 
ER signal sequence then serves as a start-transfer signal that initiates the pro-
tein’s translocation. After release from the translocator, the internal start-transfer 
sequence remains in the lipid bilayer as a single membrane-spanning α helix.

Internal start-transfer sequences can bind to the translocation apparatus in 
either of two orientations; this in turn determines which protein segment (the one 
preceding or the one following the start-transfer sequence) is moved across the 
membrane into the ER lumen. In one case, the resulting membrane protein has its 
C-terminus on the lumenal side (pathway A in Figure 12–43), while in the other, it 
has its N-terminus on the lumenal side (pathway B in Figure 12–43). The orienta-
tion of the start-transfer sequence depends on the distribution of nearby charged 
amino acids, as described in the figure legend.

Combinations of Start-Transfer and Stop-Transfer Signals 
Determine the Topology of Multipass Transmembrane Proteins
In multipass transmembrane proteins, the polypeptide chain passes back and 
forth repeatedly across the lipid bilayer as hydrophobic α helices (see Figure 
10–17). It is thought that an internal signal sequence serves as a start-transfer 
signal in these proteins to initiate translocation, which continues until the trans-
locator encounters a stop-transfer sequence; in double-pass transmembrane  
proteins, for example, the polypeptide can then be released into the bilayer  
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Figure 12–42 How a single-pass 
transmembrane protein with a cleaved 
ER signal sequence is integrated into 
the ER membrane. In this protein, the 
co-translational translocation process 
is initiated by an N-terminal ER signal 
sequence (red) that functions as a start-
transfer signal, opening the translocator as 
in Figure 12–35. In addition to this start-
transfer sequence, however, the protein 
also contains a stop-transfer sequence 
(orange); when this sequence enters the 
translocator and interacts with a binding 
site within the pore, the translocator opens 
at the seam and discharges the protein 
laterally into the lipid bilayer, where the 
stop-transfer sequence remains to anchor 
the protein in the membrane. (In this 
figure and the two figures that follow, the 
ribosomes have been omitted for clarity.)
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(Figure 12–44). In more complex multipass proteins, in which many hydro-
phobic α helices span the bilayer, a second start-transfer sequence reinitiates 
translocation further down the polypeptide chain until the next stop-transfer 
sequence causes polypeptide release, and so on for subsequent start-transfer and 
stop-transfer sequences (Figure 12–45 and Movie 12.5).

Hydrophobic start-transfer and stop-transfer signal sequences both act to fix 
the topology of the protein in the membrane by locking themselves into the mem-
brane as membrane-spanning α helices; and they can do this in either orienta-
tion. Whether a given hydrophobic signal sequence functions as a start-transfer 
or stop-transfer sequence must depend on its location in a polypeptide chain, 
since its function can be switched by changing its location in the protein by using 
recombinant DNA techniques. Thus, the distinction between start-transfer and 
stop-transfer sequences results mostly from their relative order in the growing 
polypeptide chain. It seems that the SRP begins scanning an unfolded polypep-
tide chain for hydrophobic segments at its N-terminus and proceeds toward the 
C-terminus, in the direction that the protein is synthesized. By recognizing the 
first appropriate hydrophobic segment to emerge from the ribosome, the SRP 
sets the “reading frame” for membrane integration: after the SRP initiates trans-
location, the translocator recognizes the next appropriate hydrophobic segment 
in the direction of transfer as a stop-transfer sequence, causing the region of the 
polypeptide chain in between to be threaded across the membrane. A similar 

Figure 12–43 Integration of a single-
pass transmembrane protein with 
an internal signal sequence into the 
ER membrane. An internal ER signal 
sequence that functions as a start-transfer 
signal can bind to the translocator in one 
of two ways, leading to a membrane 
protein that has either its C-terminus 
(pathway A) or its N-terminus (pathway 
B) in the ER lumen. Proteins are directed 
into either pathway by features in the 
polypeptide chain flanking the internal 
start-transfer sequence: if there are 
more positively charged amino acids 
immediately preceding the hydrophobic 
core of the start-transfer sequence than 
there are following it, the membrane 
protein is inserted into the translocator 
in the orientation shown in pathway 
A, whereas if there are more positively 
charged amino acids immediately following 
the hydrophobic core of the start-transfer 
sequence than there are preceding it, 
the membrane protein is inserted into 
the translocator in the orientation shown 
in pathway B. Because translocation 
cannot start before a start-transfer 
sequence appears outside the ribosome, 
translocation of the N-terminal portion of 
the protein shown in (B) can occur only 
after this portion has been fully synthesized.
   Note that there are two ways to insert a 
single-pass membrane-spanning protein 
whose N-terminus is located in the ER 
lumen: that shown in Figure 12–42 and that 
shown here in (B).
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scanning process continues until all of the hydrophobic regions in the protein 
have been inserted into the membrane as transmembrane α helices.

Because membrane proteins are always inserted from the cytosolic side of the 
ER in this programmed manner, all copies of the same polypeptide chain will have 
the same orientation in the lipid bilayer. This generates an asymmetrical ER mem-
brane in which the protein domains exposed on one side are different from those 
exposed on the other side. This asymmetry is maintained during the many mem-
brane budding and fusion events that transport the proteins made in the ER to 
other cell membranes (discussed in Chapter 13). Thus, the way in which a newly 
synthesized protein is inserted into the ER membrane determines the orientation 
of the protein in all of the other membranes as well.

When proteins are extracted with detergent from a membrane and then recon-
stituted into artificial lipid vesicles, a random mixture of right-side-out and inside-
out protein orientations usually results. Thus, the protein asymmetry observed in 
cell membranes seems not to be an inherent property of the proteins, but instead 
results solely from the process by which proteins are inserted into the ER mem-
brane from the cytosol.
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Figure 12–44 Integration of a double-
pass transmembrane protein with an 
internal signal sequence into the ER 
membrane. In this protein, an internal ER 
signal sequence acts as a start-transfer 
signal (as in Figure 12–43) and initiates 
the transfer of the C-terminal part of the 
protein. At some point after a stop-transfer 
sequence has entered the translocator, 
the translocator discharges the sequence 
laterally into the membrane.
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Figure 12–45 The insertion of the 
multipass membrane protein rhodopsin 
into the ER membrane. Rhodopsin is the 
light-sensitive protein in rod photoreceptor 
cells in the mammalian retina (discussed 
in Chapter 15). (A) A hydropathy plot 
(see Figure 10–20) identifies seven short 
hydrophobic regions in rhodopsin. (B) The 
hydrophobic region nearest the N-terminus 
serves as a start-transfer sequence that 
causes the preceding N-terminal portion 
of the protein to pass across the ER 
membrane. Subsequent hydrophobic 
sequences function in alternation as start-
transfer and stop-transfer sequences. The 
green arrows indicate the paired start and 
stop signals inserted into the translocator. 
(C) The final integrated rhodopsin has its 
N-terminus located in the ER lumen and its 
C-terminus located in the cytosol. The blue 
hexagons represent covalently attached 
oligosaccharides. 
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ER Tail-anchored Proteins Are Integrated into the ER Membrane 
by a Special Mechanism
Many important membrane proteins are anchored in the membrane by a C-ter-
minal transmembrane, hydrophobic α helix. These ER tail-anchored proteins 
include a large number of SNARE protein subunits that guide vesicular traffic 
(discussed in Chapter 13). When such a tail-anchored protein inserts into the ER 
membrane from the cytosol, only a few amino acids that follow the transmem-
brane α helix on its C-terminal side are translocated into the ER lumen, while 
most of the protein remains in the cytosol. Because of the unique position of the 
transmembrane α helix in the protein sequence, translation terminates while the 
C-terminal amino acids that will form the transmembrane α helix have not yet 
emerged from the ribosome exit tunnel. Recognition by SRP is therefore not pos-
sible. It was long thought that these proteins are released from the ribosome and 
the hydrophobic C-terminal tail spontaneously partitions into the ER membrane. 
Such a mechanism could not explain, however, why ER tail-anchored proteins 
insert into the ER membrane selectively and not also into all other membranes 
in the cell. It is now clear that a specialized targeting machinery is involved that 
is fueled by ATP hydrolysis (Figure 12–46). Although the components and details 
differ, this post-translational targeting mechanism is conceptually similar to 
SRP-dependent protein targeting (see Figure 12–37).

Not all tail-anchored proteins are inserted into the ER, however. Some pro-
teins contain a C-terminal membrane anchor that contains additional sorting 
information that directs the protein to mitochondria or peroxisomes. How these 
proteins are sorted there remains unknown.

Translocated Polypeptide Chains Fold and Assemble in the Lumen 
of the Rough ER
Many of the proteins in the lumen of the ER are in transit, en route to other desti-
nations; others, however, normally reside there and are present at high concen-
trations. These ER resident proteins contain an ER retention signal of four amino 
acids at their C-terminus that is responsible for retaining the protein in the ER (see 
Table 12–3. p. 648; discussed in Chapter 13). Some of these proteins function as 
catalysts that help the many proteins that are translocated into the ER lumen to 
fold and assemble correctly. 

One important ER resident protein is protein disulfide isomerase (PDI), which 
catalyzes the oxidation of free sulfhydryl (SH) groups on cysteines to form disul-
fide (S–S) bonds. Almost all cysteines in protein domains exposed to either the 
extracellular space or the lumen of organelles in the secretory and endocytic 
pathways are disulfide-bonded. By contrast, disulfide bonds form only very rarely 
in domains exposed to the cytosol, because of the reducing environment there. 
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Figure 12–46 The insertion mechanism 
for tail-anchored proteins. In this post-
translational pathway for the insertion of 
tail-anchored ER membrane proteins, a 
soluble pre-targeting complex captures 
the hydrophobic C-terminal α helix after 
it emerges from the ribosomal exit tunnel 
and loads it onto the Get3 ATPase. The 
resulting complex is targeted to the ER 
membrane by interaction with the Get1–
Get2 receptor complex that functions as 
a membrane protein insertion machine. 
After Get3 hydrolyzes its bound ATP, the 
tail-anchored protein is released from 
the receptor and inserted into the ER 
membrane. ADP release and renewed ATP 
binding recycles Get3 back to the cytosol. 
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similar way, as discussed in Chapter 15.) The oligomerization and autophosphor-
ylation of IRE1 activates an endoribonuclease domain in the cytosolic portion 
of the same molecule, which cleaves a specific cytosolic mRNA molecule at two 
positions, excising an intron. (This is a unique exception to the rule that introns 
are spliced out while the RNA is still in the nucleus.) The separated exons are then 
joined by an RNA ligase, generating a spliced mRNA, which is translated to pro-
duce an active transcription regulatory protein. This protein activates the tran-
scription of genes encoding the proteins that help mediate the unfolded protein 
response (Figure 12–51B). 

Misfolded proteins also activate a second transmembrane kinase in the ER, 
PERK, which inhibits a translation initiation factor by phosphorylating it, thereby 
reducing the production of new proteins throughout the cell. One consequence 
of the reduction in protein synthesis is to reduce the flux of proteins into the ER, 
thereby reducing the load of proteins that need to be folded there. Some pro-
teins, however, are preferentially translated when translation initiation factors are 
scarce (discussed in Chapter 7, p. 424), and one of these is a transcription regula-
tor that helps activate the transcription of the genes encoding proteins active in 
the unfolded protein response.

Finally, a third transcription regulator, ATF6, is initially synthesized as a trans-
membrane ER protein. Because it is embedded in the ER membrane, it cannot 
activate the transcription of genes in the nucleus. When misfolded proteins accu-
mulate in the ER, however, the ATF6 protein is transported to the Golgi appara-
tus, where it encounters proteases that cleave off its cytosolic domain, which can 
now migrate to the nucleus and help activate the transcription of genes encoding 
proteins involved in the unfolded protein response. (This mechanism is similar 
to that described in Figure 12–16 for activation of the transcription regulator that 
controls cholesterol biosynthesis.) The relative importance of each of these three 
pathways in the unfolded protein response differs in different cell types, enabling 
each cell type to tailor the unfolded protein response to its particular needs.

Some Membrane Proteins Acquire a Covalently Attached 
Glycosylphosphatidylinositol (GPI) Anchor 
As discussed in Chapter 10, several cytosolic enzymes catalyze the covalent addi-
tion of a single fatty acid chain or prenyl group to selected proteins. The attached 
lipids help direct and attach these proteins to cell membranes. A related process 
is catalyzed by ER enzymes that covalently attach a glycosylphosphatidylinosi-
tol (GPI) anchor to the C-terminus of some membrane proteins destined for the 
plasma membrane. This linkage forms in the lumen of the ER, where, at the same 
time, the transmembrane segment of the protein is cleaved off (Figure 12–52). A 
large number of plasma membrane proteins are modified in this way. Since they 
are attached to the exterior of the plasma membrane only by their GPI anchors, 
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Figure 12–52 The attachment of a GPI 
anchor to a protein in the ER. GPI-
anchored proteins are targeted to the 
ER membrane by an N-terminal signal 
sequence (not shown), which is removed 
(see Figure 12–42). Immediately after 
the completion of protein synthesis, the 
precursor protein remains anchored in the 
ER membrane by a hydrophobic C-terminal 
sequence of 15–20 amino acids; the rest of 
the protein is in the ER lumen. Within less 
than a minute, an enzyme in the ER cuts 
the protein free from its membrane-bound 
C-terminus and simultaneously attaches 
the new C-terminus to an amino group 
on a preassembled GPI intermediate. The 
sugar chain contains an inositol attached to 
the lipid from which the GPI anchor derives 
its name. It is followed by a glucosamine 
and three mannoses. The terminal 
mannose links to a phosphoethanolamine 
that provides the amino group to attach 
the protein. The signal that specifies 
this modification is contained within the 
hydrophobic C-terminal sequence and 
a few amino acids adjacent to it on the 
lumenal side of the ER membrane; if this 
signal is added to other proteins, they too 
become modified in this way. Because 
of the covalently linked lipid anchor, the 
protein remains membrane-bound, with all 
of its amino acids exposed initially on the 
lumenal side of the ER and eventually on 
the exterior of the plasma membrane.
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plasma membrane. This linkage forms in the lumen of the ER, where, at the same 
time, the transmembrane segment of the protein is cleaved off (Figure 12–52). A 
large number of plasma membrane proteins are modified in this way. Since they 
are attached to the exterior of the plasma membrane only by their GPI anchors, 
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Figure 12–52 The attachment of a GPI 
anchor to a protein in the ER. GPI-
anchored proteins are targeted to the 
ER membrane by an N-terminal signal 
sequence (not shown), which is removed 
(see Figure 12–42). Immediately after 
the completion of protein synthesis, the 
precursor protein remains anchored in the 
ER membrane by a hydrophobic C-terminal 
sequence of 15–20 amino acids; the rest of 
the protein is in the ER lumen. Within less 
than a minute, an enzyme in the ER cuts 
the protein free from its membrane-bound 
C-terminus and simultaneously attaches 
the new C-terminus to an amino group 
on a preassembled GPI intermediate. The 
sugar chain contains an inositol attached to 
the lipid from which the GPI anchor derives 
its name. It is followed by a glucosamine 
and three mannoses. The terminal 
mannose links to a phosphoethanolamine 
that provides the amino group to attach 
the protein. The signal that specifies 
this modification is contained within the 
hydrophobic C-terminal sequence and 
a few amino acids adjacent to it on the 
lumenal side of the ER membrane; if this 
signal is added to other proteins, they too 
become modified in this way. Because 
of the covalently linked lipid anchor, the 
protein remains membrane-bound, with all 
of its amino acids exposed initially on the 
lumenal side of the ER and eventually on 
the exterior of the plasma membrane.



Translocation of proteins to the ER 

1: Soluble proteins. All soluble (non membrane bound) proteins must have an ER 
localization signal -> N-Terminal Amino Acid sequence, which is cleaved off.
2: Membrane proteins
- Membrane proteins can have an N-Terminal ER localization signal: this is generally the 

case for proteins whose N-terminus is in the lumen/extracellular
- Multipass integration of membrane proteins is driven by START/STOP sequences.
- This N-Terminal ER localization signal is not obligatory! Proteins where the N-terminus is 

cytoplasmic have an "internal" Signal sequence (=at a transmembrane domain), or a tail 
anchor

- GPI anchors are a special case of membrane attachment

Summary of ER protein translocation



What happens (can happen) to a protein inside the lumen of the ER and Golgi?



Les protéines délivrées dans le RE lors de la synthèse, se replient
dans le RE et ne sortent que si celà s’est bien passé

Control de 
Qualité

Repliement 
dans le RE

Quality control of proteins takes places in the ER



Repliement des protéines nécessite souvent
une assistance en particulier pour éviter
l’aggregation pendant les phases où des 
acides aminés hydrophobes sont exposées

Cette assistance est assurée par des 
protéines dites “chaperones”

Le repliement d’une protéine

Protein folding often requires assistance in particular to avoid 
aggregation during phases when hydrophobic amino acids are 
exposed
This assistance is provided by proteins called "chaperones".



Reversible
- Formation of disulfide bridges 
- Isomerization of prolines
- Phosphorylation( Not in the ER)
- Ubiquitination (Not in the ER)

Irreversible (meaning a cell does not edit these once 
done, during degradation this can be different!)
- Proteolytic cleavage
- Glycosylation
- Anchoring on a GPI 

Protein folding can be influenced by post translational modifcations



The carbohydrate layer on the cell surface

Directionality as a consequence 
of location of  discussed last 
week!
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Synthesis of the lipid- linked precursor oligosaccharide in the rough ER membrane 
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oligosaccharyl transferase, which has its active site exposed on the lumenal side 
of the ER membrane; this explains why cytosolic proteins are not glycosylated 
in this way. A special lipid molecule called dolichol anchors the precursor oli-
gosaccharide in the ER membrane. The precursor oligosaccharide is transferred 
to the target asparagine in a single enzymatic step immediately after that amino 
acid has reached the ER lumen during protein translocation. The precursor oligo-
saccharide is linked to the dolichol lipid by a high-energy pyrophosphate bond, 
which provides the activation energy that drives the glycosylation reaction (Figure 
12–47B). One copy of oligosaccharyl transferase is associated with each protein 
translocator, allowing it to scan and glycosylate the incoming polypeptide chains 
efficiently. 

The precursor oligosaccharide is built up sugar by sugar on the mem-
brane-bound dolichol lipid and is then transferred to a protein. The sugars are 
first activated in the cytosol by the formation of nucleotide (UDP or GDP)-sugar 
intermediates, which then donate their sugar (directly or indirectly) to the lipid in 
an orderly sequence. Part way through this process, the lipid-linked oligosaccha-
ride is flipped, with the help of a transporter, from the cytosolic to the lumenal 
side of the ER membrane (Figure 12–48).

All of the diversity of the N-linked oligosaccharide structures on mature glyco-
proteins results from the later modification of the original precursor oligosaccha-
ride. While still in the ER, three glucoses (see Figure 12–47) and one mannose are 
quickly removed from the oligosaccharides of most glycoproteins. We shall return 
to the importance of glucose trimming shortly. This oligosaccharide “trimming,” 
or “processing,” continues in the Golgi apparatus, as we discuss in Chapter 13.

The N-linked oligosaccharides are by far the most common oligosaccharides, 
being found on 90% of all glycoproteins. Less frequently, oligosaccharides are 
linked to the hydroxyl group on the side chain of a serine, threonine, or hydroxy-
lysine amino acid. A first sugar of these O-linked oligosaccharides is added in the 
ER and the oligosaccharide is then further extended in the Golgi apparatus (see 
Figure 13–32).
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Figure 12–48 Synthesis of the lipid-
linked precursor oligosaccharide 
in the rough ER membrane. The 
oligosaccharide is assembled sugar by 
sugar onto the carrier lipid dolichol (a 
polyisoprenoid; see Panel 2–5, pp. 98–99). 
Dolichol is long and very hydrophobic: its 
22 five-carbon units can span the thickness 
of a lipid bilayer more than three times, so 
that the attached oligosaccharide is firmly 
anchored in the membrane. The first sugar 
is linked to dolichol by a pyrophosphate 
bridge. This high-energy bond activates 
the oligosaccharide for its eventual transfer 
from the lipid to an asparagine side chain 
of a growing polypeptide on the lumenal 
side of the rough ER. As indicated, the 
synthesis of the oligosaccharide starts on 
the cytosolic side of the ER membrane 
and continues on the lumenal face after 
the (Man)5(GlcNAc)2 lipid intermediate is 
flipped across the bilayer by a transporter 
(which is not shown). All the subsequent 
glycosyl transfer reactions on the lumenal 
side of the ER involve transfers from 
dolichol-P-glucose and dolichol-P-
mannose; these activated, lipid-linked 
monosaccharides are synthesized from 
dolichol phosphate and UDP-glucose or 
GDP-mannose (as appropriate) on the 
cytosolic side of the ER and are then 
flipped across the ER membrane. GlcNAc 
= N-acetylglucosamine; Man = mannose;  
Glc = glucose.
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oligosaccharyl transferase, which has its active site exposed on the lumenal side 
of the ER membrane; this explains why cytosolic proteins are not glycosylated 
in this way. A special lipid molecule called dolichol anchors the precursor oli-
gosaccharide in the ER membrane. The precursor oligosaccharide is transferred 
to the target asparagine in a single enzymatic step immediately after that amino 
acid has reached the ER lumen during protein translocation. The precursor oligo-
saccharide is linked to the dolichol lipid by a high-energy pyrophosphate bond, 
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being found on 90% of all glycoproteins. Less frequently, oligosaccharides are 
linked to the hydroxyl group on the side chain of a serine, threonine, or hydroxy-
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linked precursor oligosaccharide 
in the rough ER membrane. The 
oligosaccharide is assembled sugar by 
sugar onto the carrier lipid dolichol (a 
polyisoprenoid; see Panel 2–5, pp. 98–99). 
Dolichol is long and very hydrophobic: its 
22 five-carbon units can span the thickness 
of a lipid bilayer more than three times, so 
that the attached oligosaccharide is firmly 
anchored in the membrane. The first sugar 
is linked to dolichol by a pyrophosphate 
bridge. This high-energy bond activates 
the oligosaccharide for its eventual transfer 
from the lipid to an asparagine side chain 
of a growing polypeptide on the lumenal 
side of the rough ER. As indicated, the 
synthesis of the oligosaccharide starts on 
the cytosolic side of the ER membrane 
and continues on the lumenal face after 
the (Man)5(GlcNAc)2 lipid intermediate is 
flipped across the bilayer by a transporter 
(which is not shown). All the subsequent 
glycosyl transfer reactions on the lumenal 
side of the ER involve transfers from 
dolichol-P-glucose and dolichol-P-
mannose; these activated, lipid-linked 
monosaccharides are synthesized from 
dolichol phosphate and UDP-glucose or 
GDP-mannose (as appropriate) on the 
cytosolic side of the ER and are then 
flipped across the ER membrane. GlcNAc 
= N-acetylglucosamine; Man = mannose;  
Glc = glucose.
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Another ER resident protein is the chaperone protein BiP. We have already dis-
cussed how BiP pulls proteins post-translationally into the ER through the Sec61 
ER translocator. Like other chaperones (discussed in Chapter 13), BiP recognizes 
incorrectly folded proteins, as well as protein subunits that have not yet assem-
bled into their final oligomeric complexes. It does so by binding to exposed amino 
acid sequences that would normally be buried in the interior of correctly folded 
or assembled polypeptide chains. An example of a BiP-binding site is a stretch 
of alternating hydrophobic and hydrophilic amino acids that would normally be 
buried in a β sheet with its hydrophobic side oriented towards the hydrophobic 
core of the folded protein. The bound BiP both prevents the protein from aggre-
gating and helps keep it in the ER (and thus out of the Golgi apparatus and later 
parts of the secretory pathway). Like some other members of the hsp70 family of 
chaperone proteins, which bind unfolded proteins and facilitate their import into 
mitochondria and chloroplasts, BiP hydrolyzes ATP to shuttle between high- and 
low-affinity binding states, which allow it to hold on to and let go of its substrate 
proteins in a dynamic cycle.

Most Proteins Synthesized in the Rough ER Are Glycosylated by 
the Addition of a Common N-Linked Oligosaccharide
The covalent addition of oligosaccharides to proteins is one of the major bio-
synthetic functions of the ER. About half of the soluble and membrane-bound 
proteins that are processed in the ER—including those destined for transport to 
the Golgi apparatus, lysosomes, plasma membrane, or extracellular space—are  
glycoproteins that are modified in this way. Many proteins in the cytosol and 
nucleus are also glycosylated, but not with oligosaccharides: they carry a much 
simpler sugar modification, in which a single N-acetylglucosamine group is 
added to a serine or threonine of the protein.

During the most common form of protein glycosylation in the ER, a pre-
formed precursor oligosaccharide (composed of N-acetylglucosamine, mannose, 
and glucose, and containing a total of 14 sugars) is transferred en bloc to proteins. 
Because this oligosaccharide is transferred to the side-chain NH2 group of an 
asparagine in the protein, it is said to be N-linked or asparagine-linked (Figure 
12–47A). The transfer is catalyzed by a membrane-bound enzyme complex, an 

THE ENDOPLASMIC RETICULUM

Figure 12–47 N-linked protein 
glycosylation in the rough ER. (A) Almost 
as soon as a polypeptide chain enters 
the ER lumen, it is glycosylated on target 
asparagine amino acids. The precursor 
oligosaccharide (shown in color) is attached 
only to asparagines in the sequences Asn-
X-Ser and Asn-X-Thr (where X is any amino 
acid except proline). These sequences 
occur much less frequently in glycoproteins 
than in nonglycosylated cytosolic proteins. 
Evidently there has been selective 
pressure against these sequences during 
protein evolution, presumably because 
glycosylation at too many sites would 
interfere with protein folding. The five sugars 
in the gray box form the core region of this 
oligosaccharide. For many glycoproteins, 
only the core sugars survive the extensive 
oligosaccharide trimming that takes place 
in the Golgi apparatus. (B) The precursor 
oligosaccharide is transferred from a 
dolichol lipid anchor to the asparagine as 
an intact unit in a reaction catalyzed by a 
transmembrane oligosaccharyl transferase 
enzyme. One copy of this enzyme is 
associated with each protein translocator 
in the ER membrane. (The translocator is 
not shown.) Oligosaccharyl transferase 
contains 13 transmembrane α helices and 
a large ER lumenal domain that contains 
its substrate-binding sites. The asparagine 
binds a tunnel that penetrates the enzyme 
interior. There, the amino group of the 
asparagine is twisted out of the plane that 
stabilizes the otherwise poorly reactive 
amide bond, activating it for reaction with 
the dolichol–oligosaccharide. The structure 
shown is of a prokaryotic homolog that 
closely resembles the catalytic subunit of 
the eukaryotic oligosaccharyl transferase. 
(PDB code: 3RCE.)
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and glucose, and containing a total of 14 sugars) is transferred en bloc to proteins. 
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Most plasma membrane proteins and secreted proteins are 
N-glycosylated (>80%)
This helps their folding, protects them against proteases, and 
has other functions as well



What is the purpose of these sugar "trees"?
- The presence of this hydrophilic group favors the folding of the protein
- Their presence on the surface of the protein, on the surface of the cell, 
protects from extracellular protease
- The sugars are codes that inform the cell of what is happening
and what must follow:
- Is the protein already folded? - How long has the protein been trying to fold?
protein been trying to fold?
- Etc... (some of which are still to be discovered)

Necessary but not necessarily sufficient condition, consensus 
sequence:
Asn-X-Ser/Thr
The sugar "tree" is added en bloc to the ER lumen

Glycosylation
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Addition of sugars changes the mobility of a protein on an 
SDS gel

Migration varies with the number of glycosylation sites, 
complexity and heterogeneity of sugars

N-glycosidase F: enzymatically removes N-linked sugars.

A change in gel mobility following N-Gly-F treatment is 
evidence of N-glycosylation

Figure 12-50  Molecular Biology of the Cell (© Garland Science 2008)
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La migration varie avec le nombre
de sites de glycosylation, la 
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sucres

N-glycosidase F: enlève
enzymatiquement les N-linked 
sugars. 

Un changement de mobilité sur gel 
suite à un traitement à la N-Gly-F est
une preuve de N-glycosylation
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Another ER resident protein is the chaperone protein BiP. We have already dis-
cussed how BiP pulls proteins post-translationally into the ER through the Sec61 
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incorrectly folded proteins, as well as protein subunits that have not yet assem-
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core of the folded protein. The bound BiP both prevents the protein from aggre-
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chaperone proteins, which bind unfolded proteins and facilitate their import into 
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low-affinity binding states, which allow it to hold on to and let go of its substrate 
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the Addition of a Common N-Linked Oligosaccharide
The covalent addition of oligosaccharides to proteins is one of the major bio-
synthetic functions of the ER. About half of the soluble and membrane-bound 
proteins that are processed in the ER—including those destined for transport to 
the Golgi apparatus, lysosomes, plasma membrane, or extracellular space—are  
glycoproteins that are modified in this way. Many proteins in the cytosol and 
nucleus are also glycosylated, but not with oligosaccharides: they carry a much 
simpler sugar modification, in which a single N-acetylglucosamine group is 
added to a serine or threonine of the protein.

During the most common form of protein glycosylation in the ER, a pre-
formed precursor oligosaccharide (composed of N-acetylglucosamine, mannose, 
and glucose, and containing a total of 14 sugars) is transferred en bloc to proteins. 
Because this oligosaccharide is transferred to the side-chain NH2 group of an 
asparagine in the protein, it is said to be N-linked or asparagine-linked (Figure 
12–47A). The transfer is catalyzed by a membrane-bound enzyme complex, an 
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Figure 12–47 N-linked protein 
glycosylation in the rough ER. (A) Almost 
as soon as a polypeptide chain enters 
the ER lumen, it is glycosylated on target 
asparagine amino acids. The precursor 
oligosaccharide (shown in color) is attached 
only to asparagines in the sequences Asn-
X-Ser and Asn-X-Thr (where X is any amino 
acid except proline). These sequences 
occur much less frequently in glycoproteins 
than in nonglycosylated cytosolic proteins. 
Evidently there has been selective 
pressure against these sequences during 
protein evolution, presumably because 
glycosylation at too many sites would 
interfere with protein folding. The five sugars 
in the gray box form the core region of this 
oligosaccharide. For many glycoproteins, 
only the core sugars survive the extensive 
oligosaccharide trimming that takes place 
in the Golgi apparatus. (B) The precursor 
oligosaccharide is transferred from a 
dolichol lipid anchor to the asparagine as 
an intact unit in a reaction catalyzed by a 
transmembrane oligosaccharyl transferase 
enzyme. One copy of this enzyme is 
associated with each protein translocator 
in the ER membrane. (The translocator is 
not shown.) Oligosaccharyl transferase 
contains 13 transmembrane α helices and 
a large ER lumenal domain that contains 
its substrate-binding sites. The asparagine 
binds a tunnel that penetrates the enzyme 
interior. There, the amino group of the 
asparagine is twisted out of the plane that 
stabilizes the otherwise poorly reactive 
amide bond, activating it for reaction with 
the dolichol–oligosaccharide. The structure 
shown is of a prokaryotic homolog that 
closely resembles the catalytic subunit of 
the eukaryotic oligosaccharyl transferase. 
(PDB code: 3RCE.)
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by an oligosaccharyl-transferase
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As soon as the sugars are added, the mannoses start to 
be removed in the ER by glucosidases

This allows the recognition of the newly synthesized 
protein to interact with chaperones, proteins promoting 
folding

The presence of all mannose and glucose indicates that 
the protein is young (newly synthesized)

Mannoses can also be removed, but at a slower rate:
"timer" of folding
Trimming of mannoses is recognized by quality control as 
a "problem".

Ceci permet la reconnaissance de la 
protéine nouvellement synthétisée 
d’interagir avec des chaperones, 
protéines favorisant le repliement

La présence de tous les mannose et de 
glucose indique que la protéine est 
jeune (nouvellement synthétisée)

Les mannoses 
peuvent aussi se faire 
enlever, mais à une 
vitesse plus lente: 
« timer » du 
repliement

Le « triming » des 
mannoses est 
reconnu par le 
contrôle de qualité 
comme un 
« problème »

Remaniement de la glycosylation primaire

Aussitôt les sucres rajoutés, les mannoses 
commencent à être enlevés dans le RE par 
des glucosidases 

glucosidases I

glucosidases II

glucosidases II

N-linked protein glycosylation in the rough ER 



Calnexin and calreticulin
Two chaperones recognizing mono-glucose on 
an N-linked sugar
Calnexin: type I transmembrane Calreticulin: 
soluble analogue
Role: bind to a protein during folding to prevent 
it from aggregating during the process No 
enzymatic activity

Calnexine et calréticuline
Deux chaperones reconnaissant le mono-glucose 

sur un N-linked sugar

Calnexine: transmembranaire type I
Calréticuline: analogue soluble

Rôle: se lier à une protéine en cours
de repliement pour éviter qu’elle
s’aggrège pendant le processus
Pas d’activité enzymatiqueThe role of N-linked glycosylation in ER protein folding 
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Oligosaccharides Are Used as Tags to Mark the State of Protein 
Folding
It has long been debated why glycosylation is such a common modification of pro-
teins that enter the ER. One particularly puzzling observation has been that some 
proteins require N-linked glycosylation for proper folding in the ER, yet the precise 
location of the oligosaccharides attached to the protein’s surface does not seem to 
matter. A clue to the role of glycosylation in protein folding came from studies of 
two ER chaperone proteins, which are called calnexin and calreticulin because 
they require Ca2+ for their activities. These chaperones are carbohydrate-binding 
proteins, or lectins, which bind to oligosaccharides on incompletely folded pro-
teins and retain them in the ER. Like other chaperones, they prevent incompletely 
folded proteins from irreversibly aggregating. Both calnexin and calreticulin also 
promote the association of incompletely folded proteins with another ER chaper-
one, which binds to cysteines that have not yet formed disulfide bonds.

Calnexin and calreticulin recognize N-linked oligosaccharides that contain 
a single terminal glucose, and they therefore bind proteins only after two of the 
three glucoses on the precursor oligosaccharide have been removed during glu-
cose trimming by ER glucosidases. When the third glucose has been removed, the 
glycoprotein dissociates from its chaperone and can leave the ER.

How, then, do calnexin and calreticulin distinguish properly folded from 
incompletely folded proteins? The answer lies in yet another ER enzyme, a glu-
cosyl transferase that keeps adding a glucose to those oligosaccharides that have 
lost their last glucose. It adds the glucose, however, only to oligosaccharides that 
are attached to unfolded proteins. Thus, an unfolded protein undergoes continu-
ous cycles of glucose trimming (by glucosidase) and glucose addition (by gluco-
syl transferase), maintaining an affinity for calnexin and calreticulin until it has 
achieved its fully folded state (Figure 12–49).

Improperly Folded Proteins Are Exported from the ER and 
Degraded in the Cytosol
Despite all the help from chaperones, many protein molecules (more than 80% 
for some proteins) translocated into the ER fail to achieve their properly folded 
or oligomeric state. Such proteins are exported from the ER back into the cyto-
sol, where they are degraded in proteasomes (discussed in Chapter 6). In many 
ways, the mechanism of retrotranslocation is similar to other post-translational 
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Figure 12–49 The role of N-linked 
glycosylation in ER protein folding. 
The ER-membrane-bound chaperone 
protein calnexin binds to incompletely 
folded proteins containing one terminal 
glucose on N-linked oligosaccharides, 
trapping the protein in the ER. Removal 
of the terminal glucose by a glucosidase 
releases the protein from calnexin. A 
glucosyl transferase is the crucial enzyme 
that determines whether the protein is 
folded properly or not: if the protein is still 
incompletely folded, the enzyme transfers 
a new glucose from UDP-glucose to 
the N-linked oligosaccharide, renewing 
the protein’s affinity for calnexin and 
retaining it in the ER. The cycle repeats 
until the protein has folded completely. 
Calreticulin functions similarly, except that 
it is a soluble ER resident protein. Another 
ER chaperone, ERp57 (not shown), 
collaborates with calnexin and calreticulin 
in retaining an incompletely folded protein 
in the ER. ERp57 recognizes free sulfhydryl 
groups, which are a sign of incomplete 
disulfide bond formation. 

The calnexin/calreticulin cycle
- There is a glucosylation-deglucosylation cycle,
- where the enzyme, the glucosyl-transferase, is able 
to recognize if
whether a protein has completed its folding or not.
- If the folding is complete, this enzyme will give a 
glucose
But this cycle must be able to be interrupted, 
otherwise the ER would be full of protein stuck for a 
long time in this cycle
The ER also contains mannosidase, but this one has 
a slower activity
The cleavage of mannose is therefore an indication of 
the time spent in the ER
This acts as an extraction signal from the cycle, where 
the protein will be "abandoned" by the cell and put in 
the "trash".



The calnexin/calreticulin cycle
1: There is a glucosylation-deglucosylation cycle, where the enzyme, the glucosyl-transferase, is able to recognize if
a protein has completed its folding or not. What the recognition signal is for all proteins to be correctly folded is not clear. 
- If the folding is complete, this enzyme will give a glucose. 

2: This cycle must be able to be interrupted, otherwise the ER would be full of proteins stuck for a long time in this cycle
The ER also contains mannosidase, but this one has a slower activity than the glucosyl-transferase 
The cleavage of mannose is therefore an indication of the time spent in the ER
This acts as an extraction signal from the cycle, where the protein will be "abandoned" by the cell and put in the "trash".

Calnexin/Calreticulin cycle & ER protein folding 



What happens if a protein is not properly folded in the ER?



The export and degradation of misfolded ER proteins 

686 Chapter 12:  Intracellular Compartments and Protein Sorting

modes of translocation. For example, like translocation into mitochondria or 
chloroplasts, chaperone proteins are necessary to keep the polypeptide chain in 
an unfolded state prior to and during translocation. Similarly, a source of energy is 
required to provide directionality to the transport and to pull the protein into the 
cytosol. Finally, a translocator is necessary.

Selecting proteins from the ER for degradation is a challenging process: mis-
folded proteins or unassembled protein subunits should be degraded, but folding 
intermediates of newly made proteins should not. Help in making this distinction 
comes from the N-linked oligosaccharides, which serve as timers that measure 
how long a protein has spent in the ER. The slow trimming of a particular man-
nose on the core oligosaccharide tree by an enzyme (a mannosidase) in the ER 
creates a new oligosaccharide structure that ER-lumenal lectins of the retrotrans-
location apparatus recognize. Proteins that fold and exit from the ER faster than 
the mannosidase can remove its target mannose therefore escape degradation. 

In addition to the lectins in the ER that recognize the oligosaccharides, chap-
erones and protein disulfide isomerases (enzymes mentioned earlier that catalyze 
the formation and breakage of S–S bonds) associate with the proteins that must be 
degraded. The chaperones prevent the unfolded proteins from aggregating, and 
the disulfide isomerases break disulfide bonds that may have formed incorrectly, 
so that a linear polypeptide chain can be translocated back into the cytosol.

Multiple translocator complexes move different proteins from the ER mem-
brane or lumen into the cytosol. A common feature is that they each contain an 
E3 ubiquitin ligase enzyme, which attaches polyubiquitin tags to the unfolded 
proteins as they emerge into the cytosol, marking them for destruction. Fueled 
by the energy derived from ATP hydrolysis, a hexomeric ATPase of the family of 
AAA-ATPases (see Figure 6–85) pulls the unfolded protein through the transloca-
tor into the cytosol. An N-glycanase removes its oligosaccharide chains en bloc. 
Guided by its ubiquitin tag, the deglycosylated polypeptide is rapidly fed into pro-
teasomes, where it is degraded (Figure 12–50).

Misfolded Proteins in the ER Activate an Unfolded Protein 
Response
Cells carefully monitor the amount of misfolded protein in various compart-
ments. An accumulation of misfolded proteins in the cytosol, for example, triggers 
a heat-shock response (discussed in Chapter 6), which stimulates the transcription 
of genes encoding cytosolic chaperones that help to refold the proteins. Similarly, 
an accumulation of misfolded proteins in the ER triggers an unfolded protein 
response, which includes an increased transcription of genes encoding proteins 
involved in retrotranslocation and protein degradation in the cytosol, ER chaper-
ones, and many other proteins that help to increase the protein-folding capacity 
of the ER.
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Figure 12–50 The export and 
degradation of misfolded ER proteins. 
Misfolded soluble proteins in the ER 
lumen are recognized and targeted to a 
translocator complex in the ER membrane. 
They first interact in the ER lumen with 
chaperones, disulfide isomerases, and 
lectins. They are then exported into 
the cytosol through the translocator. 
In the cytosol, they are ubiquitylated, 
deglycosylated, and degraded in 
proteasomes. Misfolded membrane 
proteins follow a similar pathway but  
use a different translocator. 

Protein Disulfide Isomerases (a large family) are necessary for 
the correct formation of disulfide bridges
Disulfide bridges are essential for protein stability, function and 
probably also guide folding
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How do misfolded proteins in the ER signal to the nucleus? There are three par-
allel pathways that execute the unfolded protein response (Figure 12–51A). The 
first pathway, which was initially discovered in yeast cells, is particularly remark-
able. Misfolded proteins in the ER activate a transmembrane protein kinase in the 
ER, called IRE1, which causes the kinase to oligomerize and phosphorylate itself. 
(Some cell-surface receptor kinases in the plasma membrane are activated in a 
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Figure 12–51 The unfolded protein 
response. (A) By three parallel intracellular 
signaling pathways, the accumulation of 
misfolded proteins in the ER lumen signals 
to the nucleus to activate the transcription 
of genes that encode proteins that help 
the cell cope with misfolded proteins in 
the ER. (B) Regulated RNA splicing is a 
key regulatory switch in pathway 1 of the 
unfolded protein response (Movie 12.6).
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they can in principle be released from cells in soluble form in response to signals 
that activate a specific phospholipase in the plasma membrane. Trypanosome 
parasites, for example, use this mechanism to shed their coat of GPI-anchored 
surface proteins when attacked by the immune system. GPI anchors may also be 
used to direct plasma membrane proteins into lipid rafts and thus segregate the 
proteins from other membrane proteins (see Figure 10–13).

The ER Assembles Most Lipid Bilayers 
The ER membrane is the site of synthesis of nearly all of the cell’s major classes 
of lipids, including both phospholipids and cholesterol, required for the produc-
tion of new cell membranes. The major phospholipid made is phosphatidylcho-
line, which can be formed in three steps from choline, two fatty acids, and glycerol 
phosphate (Figure 12–53). Each step is catalyzed by enzymes in the ER mem-
brane, which have their active sites facing the cytosol, where all of the required 
metabolites are found. Thus, phospholipid synthesis occurs exclusively in the 
cytosolic leaflet of the ER membrane. Because fatty acids are not soluble in water, 
they are shepherded from their sites of synthesis to the ER by a fatty acid binding 
protein in the cytosol. After arrival in the ER membrane and activation with CoA, 
acyl transferases successively add two fatty acids to glycerol phosphate to produce 
phosphatidic acid. Phosphatidic acid is sufficiently water-insoluble to remain in 
the lipid bilayer; it cannot be extracted from the bilayer by the fatty acid binding 
proteins. It is therefore this first step that enlarges the ER lipid bilayer. The later 
steps determine the head group of a newly formed lipid molecule and therefore 
the chemical nature of the bilayer, but they do not result in net membrane growth. 
The two other major membrane phospholipids—phosphatidylethanolamine and 
phosphatidylserine (see Figure 10–3)—as well as the minor phospholipid phos-
phatidylinositol (PI), are all synthesized in this way.

Because phospholipid synthesis takes place in the cytosolic leaflet of the ER 
lipid bilayer, there needs to be a mechanism that transfers some of the newly 
formed phospholipid molecules to the lumenal leaflet of the bilayer. In synthetic 
lipid bilayers, lipids do not “flip-flop” in this way (see Figure 10–10). In the ER, 
however, phospholipids equilibrate across the membrane within minutes, which 
is almost 100,000 times faster than can be accounted for by spontaneous “flip-
flop.” This rapid trans-bilayer movement is mediated by a poorly characterized 
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proteins from other membrane proteins (see Figure 10–13).

The ER Assembles Most Lipid Bilayers 
The ER membrane is the site of synthesis of nearly all of the cell’s major classes 
of lipids, including both phospholipids and cholesterol, required for the produc-
tion of new cell membranes. The major phospholipid made is phosphatidylcho-
line, which can be formed in three steps from choline, two fatty acids, and glycerol 
phosphate (Figure 12–53). Each step is catalyzed by enzymes in the ER mem-
brane, which have their active sites facing the cytosol, where all of the required 
metabolites are found. Thus, phospholipid synthesis occurs exclusively in the 
cytosolic leaflet of the ER membrane. Because fatty acids are not soluble in water, 
they are shepherded from their sites of synthesis to the ER by a fatty acid binding 
protein in the cytosol. After arrival in the ER membrane and activation with CoA, 
acyl transferases successively add two fatty acids to glycerol phosphate to produce 
phosphatidic acid. Phosphatidic acid is sufficiently water-insoluble to remain in 
the lipid bilayer; it cannot be extracted from the bilayer by the fatty acid binding 
proteins. It is therefore this first step that enlarges the ER lipid bilayer. The later 
steps determine the head group of a newly formed lipid molecule and therefore 
the chemical nature of the bilayer, but they do not result in net membrane growth. 
The two other major membrane phospholipids—phosphatidylethanolamine and 
phosphatidylserine (see Figure 10–3)—as well as the minor phospholipid phos-
phatidylinositol (PI), are all synthesized in this way.

Because phospholipid synthesis takes place in the cytosolic leaflet of the ER 
lipid bilayer, there needs to be a mechanism that transfers some of the newly 
formed phospholipid molecules to the lumenal leaflet of the bilayer. In synthetic 
lipid bilayers, lipids do not “flip-flop” in this way (see Figure 10–10). In the ER, 
however, phospholipids equilibrate across the membrane within minutes, which 
is almost 100,000 times faster than can be accounted for by spontaneous “flip-
flop.” This rapid trans-bilayer movement is mediated by a poorly characterized 

THE ENDOPLASMIC RETICULUM

C O

fa
tt

y 
ac

id

C O

fa
tt

y 
ac

id

CH2 CH2CH

choline

choline

5

4

CoA

CoACoA

2
CoA2

acyl
transferase

phosphatase choline
phosphotransferase

glycerol 3-phosphate

ER LUMEN

phosphatidic
acid

diacylglycerol phosphatidylcholine

O O

C O

fa
tt

y 
ac

id

C O

fa
tt

y 
ac

id

CH2 CH2

OH

CH

O O

MBoC6 m12.57/12.56

CH2 CH2CH

OH OH

OHOH

C O

fa
tt

y 
ac

id

C O

fa
tt

y 
ac

id

C O

fa
tt

y 
ac

id

C O

CH2 CH2CH

O O

fa
tt

y 
ac

id

C O

fa
tt

y 
ac

id

C O

fa
tt

y 
ac

id

O
HC

O

fatty acid

C

C
CMP

3

2

1
acyl-CoA ligase

fatty acid
binding protein

lipid
bilayer
of ER

CDP-choline
P

P

P P

P

P
Pi

CYTOSOL

Figure 12–53 The synthesis of 
phosphatidylcholine. As illustrated, this 
phospholipid is synthesized from glycerol 
3-phosphate, cytidine-diphosphocholine 
(CDP-choline), and fatty acids delivered 
to the ER by a cytosolic fatty acid binding 
protein. 



The role of phospholipid translocators in lipid bilayer synthesis 
690 Chapter 12:  Intracellular Compartments and Protein Sorting

phospholipid translocator called a scramblase, which nonselectively equilibrates 
phospholipids between the two leaflets of the lipid bilayer (Figure 12–54). Thus, 
the different types of phospholipids are thought to be equally distributed between 
the two leaflets of the ER membrane. 

The plasma membrane contains a different type of phospholipid translocator 
that belongs to the family of P-type pumps (discussed in Chapter 11). These flip-
pases specifically recognize those phospholipids that contain free amino groups 
in their head groups (phosphatidylserine and phosphatidylethanolamine—see 
Figure 10–3) and transfers them from the extracellular to the cytosolic leaflet, 
using the energy of ATP hydrolysis. The plasma membrane therefore has a highly 
asymmetric phospholipid composition, which is actively maintained by the flip-
pases (see Figure 10–15). The plasma membrane also contains a scramblase but, 
in contrast to the ER scramblase, which is always active, the plasma membrane 
enzyme is regulated and only activated in some situations, such as in apoptosis 
and in activated platelets, where it acts to abolish the lipid bilayer asymmetry; the 
resulting exposure of phosphatidylserine on the surface of apoptotic cells serves 
as a signal for phagocytic cells to ingest and degrade the dead cell. 

The ER also produces cholesterol and ceramide (Figure 12–55). Ceramide is 
made by condensing the amino acid serine with a fatty acid to form the amino 
alcohol sphingosine (see Figure 10–3); a second fatty acid is then covalently added 
to form ceramide. The ceramide is exported to the Golgi apparatus, where it serves 
as a precursor for the synthesis of two types of lipids: oligosaccharide chains are 
added to form glycosphingolipids (glycolipids; see Figure 10–16), and phospho-
choline head groups are transferred from phosphatidylcholine to other ceramide 
molecules to form sphingomyelin (discussed in Chapter 10). Thus, both glycolip-
ids and sphingomyelin are produced relatively late in the process of membrane 
synthesis. Because they are produced by enzymes that have their active sites 
exposed to the Golgi lumen, they are found exclusively in the noncytosolic leaflet 
of the lipid bilayers that contain them.

Figure 12–54 The role of phospholipid 
translocators in lipid bilayer synthesis. 
(A) Because new lipid molecules are 
added only to the cytosolic half of the ER 
membrane bilayer and lipid molecules 
do not flip spontaneously from one 
monolayer to the other, a transmembrane 
phospholipid translocator (called a 
scramblase) is required to transfer lipid 
molecules from the cytosolic half to 
the lumenal half so that the membrane 
grows as a bilayer. The scramblase is not 
specific for particular phospholipid head 
groups and therefore equilibrates the 
different phospholipids between the two 
monolayers. (B) Fueled by ATP hydrolysis, a 
head-group-specific flippase in the plasma 
membrane actively flips phosphatidylserine 
and phosphatidylethanolamine directionally 
from the extracellular to the cytosolic leaflet, 
creating the characteristically asymmetric 
lipid bilayer of the plasma membrane of 
animal cells (see Figure 10–15).
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phospholipid translocator called a scramblase, which nonselectively equilibrates 
phospholipids between the two leaflets of the lipid bilayer (Figure 12–54). Thus, 
the different types of phospholipids are thought to be equally distributed between 
the two leaflets of the ER membrane. 

The plasma membrane contains a different type of phospholipid translocator 
that belongs to the family of P-type pumps (discussed in Chapter 11). These flip-
pases specifically recognize those phospholipids that contain free amino groups 
in their head groups (phosphatidylserine and phosphatidylethanolamine—see 
Figure 10–3) and transfers them from the extracellular to the cytosolic leaflet, 
using the energy of ATP hydrolysis. The plasma membrane therefore has a highly 
asymmetric phospholipid composition, which is actively maintained by the flip-
pases (see Figure 10–15). The plasma membrane also contains a scramblase but, 
in contrast to the ER scramblase, which is always active, the plasma membrane 
enzyme is regulated and only activated in some situations, such as in apoptosis 
and in activated platelets, where it acts to abolish the lipid bilayer asymmetry; the 
resulting exposure of phosphatidylserine on the surface of apoptotic cells serves 
as a signal for phagocytic cells to ingest and degrade the dead cell. 

The ER also produces cholesterol and ceramide (Figure 12–55). Ceramide is 
made by condensing the amino acid serine with a fatty acid to form the amino 
alcohol sphingosine (see Figure 10–3); a second fatty acid is then covalently added 
to form ceramide. The ceramide is exported to the Golgi apparatus, where it serves 
as a precursor for the synthesis of two types of lipids: oligosaccharide chains are 
added to form glycosphingolipids (glycolipids; see Figure 10–16), and phospho-
choline head groups are transferred from phosphatidylcholine to other ceramide 
molecules to form sphingomyelin (discussed in Chapter 10). Thus, both glycolip-
ids and sphingomyelin are produced relatively late in the process of membrane 
synthesis. Because they are produced by enzymes that have their active sites 
exposed to the Golgi lumen, they are found exclusively in the noncytosolic leaflet 
of the lipid bilayers that contain them.

Figure 12–54 The role of phospholipid 
translocators in lipid bilayer synthesis. 
(A) Because new lipid molecules are 
added only to the cytosolic half of the ER 
membrane bilayer and lipid molecules 
do not flip spontaneously from one 
monolayer to the other, a transmembrane 
phospholipid translocator (called a 
scramblase) is required to transfer lipid 
molecules from the cytosolic half to 
the lumenal half so that the membrane 
grows as a bilayer. The scramblase is not 
specific for particular phospholipid head 
groups and therefore equilibrates the 
different phospholipids between the two 
monolayers. (B) Fueled by ATP hydrolysis, a 
head-group-specific flippase in the plasma 
membrane actively flips phosphatidylserine 
and phosphatidylethanolamine directionally 
from the extracellular to the cytosolic leaflet, 
creating the characteristically asymmetric 
lipid bilayer of the plasma membrane of 
animal cells (see Figure 10–15).
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Every cell must eat, communicate with the world around it, and quickly respond 
to changes in its environment. To help accomplish these tasks, cells continually 
adjust the composition of their plasma membrane and internal compartments in 
rapid response to need. They use an elaborate internal membrane system to add 
and remove cell-surface proteins, such as receptors, ion channels, and transport-
ers (Figure 13–1). Through the process of exocytosis, the secretory pathway deliv-
ers newly synthesized proteins, carbohydrates, and lipids either to the plasma 
membrane or the extracellular space. By the converse process of endocytosis, cells 
remove plasma membrane components and deliver them to internal compart-
ments called endosomes, from where they can be recycled to the same or different 
regions of the plasma membrane or be delivered to lysosomes for degradation. 
Cells also use endocytosis to capture important nutrients, such as vitamins, cho-
lesterol, and iron; these are taken up together with the macromolecules to which 
they bind and are then moved on to endosomes and lysosomes, from where they 
can be transported into the cytosol for use in various biosynthetic processes.

The interior space, or lumen, of each membrane-enclosed compartment 
along the secretory and endocytic pathways is equivalent to the lumen of most 
other membrane-enclosed compartments and to the cell exterior, in the sense 
that proteins can travel in this space without having to cross a membrane as 
they are passed from one compartment to another by means of numerous mem-
brane-enclosed transport containers. These containers are formed from the donor 
compartment and are either small, spherical vesicles, larger irregular vesicles, or 
tubules. We shall use the term transport vesicle to apply to all forms of these con-
tainers.

Within a eukaryotic cell, transport vesicles continually bud off from one mem-
brane and fuse with another, carrying membrane components and soluble lume-
nal molecules, which are referred to as cargo (Figure 13–2). This vesicular traffic 
flows along highly organized, directional routes, which allow the cell to secrete, 
eat, and remodel its plasma membrane and organelles. The secretory pathway 
leads outward from the endoplasmic reticulum (ER) toward the Golgi apparatus 
and cell surface, with a side route leading to lysosomes, while the endocytic path-
way leads inward from the plasma membrane. In each case, retrieval pathways 
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To understand the general principles by which sorting signals operate, it is 
important to distinguish three fundamentally different ways by which proteins 
move from one compartment to another. These three mechanisms are described 
below, and the transport steps at which they operate are outlined in Figure 12–5. 
We discuss the first two mechanisms (gated transport and transmembrane trans-
port) in this chapter, and the third (vesicular transport, green arrows in Figure 
12–5) in Chapter 13.

1. In gated transport, proteins and RNA molecules move between the cytosol 
and the nucleus through nuclear pore complexes in the nuclear envelope. 
The nuclear pore complexes function as selective gates that support the 
active transport of specific macromolecules and macromolecular assem-
blies between the two topologically equivalent spaces, although they also 
allow free diffusion of smaller molecules. 

2. In protein translocation, transmembrane protein translocators directly 
transport specific proteins across a membrane from the cytosol into a 
space that is topologically distinct. The transported protein molecule usu-
ally must unfold to snake through the translocator. The initial transport 
of selected proteins from the cytosol into the ER lumen or mitochondria, 
for example, occurs in this way. Integral membrane proteins often use the 
same translocators but translocate only partially across the membrane, so 
that the protein becomes embedded in the lipid bilayer. 

3. In vesicular transport, membrane-enclosed transport intermediates—
which may be small, spherical transport vesicles or larger, irregularly 
shaped organelle fragments—ferry proteins from one topologically equiva-
lent compartment to another. The transport vesicles and fragments become 
loaded with a cargo of molecules derived from the lumen of one compart-
ment as they bud and pinch off from its membrane; they discharge their 
cargo into a second compartment by fusing with the membrane enclos-
ing that compartment (Figure 12–6). The transfer of soluble proteins from 
the ER to the Golgi apparatus, for example, occurs in this way. Because the 
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endocytic pathways in a eukaryotic 
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to the other without having to cross a 
membrane. Topologically equivalent spaces 
are shown in red. (A) Molecules can be 
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by vesicles that bud from one and fuse 
with the other. (B) In principle, cycles of 
membrane budding and fusion permit 
the lumen of any of the organelles shown 
to communicate with any other and with 
the cell exterior by means of transport 
vesicles. Blue arrows indicate the 
extensive outbound and inbound vesicular 
traffic (discussed in Chapter 13). Some 
organelles, most notably mitochondria and 
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terminates when the protein reaches its final destination. Other proteins 
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in that compartment or transported further. A sorting signal may direct either 
retention in or exit from a compartment. 
   We shall refer to this figure often as a guide in this chapter and the next, 
highlighting in color the particular pathway being discussed. 

Topology of cellular spaces: the interior of the compartments of 
the endomembrane system is topologically equivalent to the 
extracellular space This is a consequence of vesicular transport



Claissification des organelles en deux
grandes voies de transport intracellulaire: 

biosynthèse et endocytose

Membrane 
Plasmique

Endosomes
précoces

Endosomes
tardifs

Lysosomes 
Reticulum

Endoplasmique

Golgi

two major 
intracellular 
transport 
pathways: 
biosynthesis and 
endocytosis

Transport pathways

Early endosome

Late endosome

Lysosome

Golgi

ER

Plasma membrane



695

Every cell must eat, communicate with the world around it, and quickly respond 
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balance the flow of membrane between compartments in the opposite direction, 
bringing membrane and selected proteins back to the compartment of origin 
(Figure 13–3).

To perform its function, each transport vesicle that buds from a compartment 
must be selective. It must take up only the appropriate molecules and must fuse 
only with the appropriate target membrane. A vesicle carrying cargo from the ER 
to the Golgi apparatus, for example, must exclude most proteins that are to stay 
in the ER, and it must fuse only with the Golgi apparatus and not with any other 
organelle.

We begin this chapter by considering the molecular mechanisms of budding 
and fusion that underlie all vesicle transport. We then discuss the fundamental 
problem of how, in the face of this transport, the cell maintains the molecular and 

Figure 13–2 Vesicle transport. Transport 
vesicles bud off from one compartment 
and fuse with another. As they do so, they 
carry material as cargo from the lumen 
(the space within a membrane-enclosed 
compartment) and membrane of the donor 
compartment to the lumen and membrane 
of the target compartment, as shown. 

LYSOSOME

MBoC6 m13.03/13.03

secretory
vesicle

early
endosome

recycling
endosome

late
endosome

plasma
membrane

plasma
membrane

cisternae

Golgi apparatus

nuclear envelope

endoplasmic reticulum

lysosome

(A) (B)

RECYCLING
ENDOSOME

EARLY ENDOSOME

ENDOPLASMIC RETICULUM

GOLGI

LATE ENDOSOME
SECRETORY

VESICLES

CYTOSOL

CYTOSOL

EXTRACELLULAR SPACE

EXTRACELLULAR
SPACE

endocytic
vesicle

Figure 13–3 A “road-map” of the secretory and endocytic pathways. (A) In this schematic roadmap, which was introduced in Chapter 12, the 
endocytic and secretory pathways are illustrated with green and red arrows, respectively. In addition, blue arrows denote retrieval pathways for the 
backflow of selected components. (B) The compartments of the eukaryotic cell involved in vesicle transport. The lumen of each membrane-enclosed 
compartment is topologically equivalent to the outside of the cell. All compartments shown communicate with one another and the outside of the 
cell by means of transport vesicles. In the secretory pathway (red arrows), protein molecules are transported from the ER to the plasma membrane 
or (via endosomes) to lysosomes. In the endocytic pathway (green arrows), molecules are ingested in endocytic vesicles derived from the plasma 
membrane and delivered to early endosomes and then (via late endosomes) to lysosomes. Many endocytosed molecules are retrieved from early 
endosomes and returned (some via recycling endosomes) to the cell surface for reuse; similarly, some molecules are retrieved from the early and 
late endosomes and returned to the Golgi apparatus, and some are retrieved from the Golgi apparatus and returned to the ER. All of these retrieval 
pathways are shown with blue arrows, as in part (A).

FUSION

MBOC6 13.02/13.02

LUMEN

CYTOSOL

DONOR
COMPARTMENT

TARGET           
COMPARTMENT

BUDDING

cargo molecules



Vesicles in the secretory and endocytic pathways

696 Chapter 13:  Intracellular Membrane Traffic

balance the flow of membrane between compartments in the opposite direction, 
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Two “problems” to solve in vesicle transport

Mechanism
- Form a bud
- Detach a vesicle
- Move the vesicle optimally through the cell
- Merge the vesicle with an acceptor compartment
- Ensure that the compartments remain constant in size

Specificity
- Put the right proteins in the nascent vesicle
- Address the vesicle to the right compartment
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in the secretory pathway: COPI-coated vesicles bud from Golgi compartments, 
and COPII-coated vesicles bud from the ER (see Figure 13–5). We discuss clath-
rin-coated vesicles first, as they provide a good example of how vesicles form.

The major protein component of clathrin-coated vesicles is clathrin itself, 
which forms the outer layer of the coat. Each clathrin subunit consists of three 
large and three small polypeptide chains that together form a three-legged struc-
ture called a triskelion (Figure 13–6A,B). Clathrin triskelions assemble into a bas-
ketlike framework of hexagons and pentagons to form coated pits (buds) on the 
cytosolic surface of membranes (Figure 13–7). Under appropriate conditions, 
isolated triskelions spontaneously self-assemble into typical polyhedral cages 
in a test tube, even in the absence of the membrane vesicles that these baskets 
normally enclose (Figure 13–6C,D). Thus, the clathrin triskelions determine the 
geometry of the clathrin cage (Figure 13–6E).

Adaptor Proteins Select Cargo into Clathrin-Coated Vesicles
Adaptor proteins, another major coat component in clathrin-coated vesicles, 
form a discrete inner layer of the coat, positioned between the clathrin cage and 
the membrane. They bind the clathrin coat to the membrane and trap various 
transmembrane proteins, including transmembrane receptors that capture solu-
ble cargo molecules inside the vesicle—so-called cargo receptors. In this way, the 
adaptor proteins select a specific set of transmembrane proteins, together with 
the soluble proteins that interact with them, and package them into each newly 
formed clathrin-coated transport vesicle (Figure 13–8).
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Figure 13–4 Electron micrographs of 
clathrin-coated, COPI-coated, and 
COPII-coated vesicles. All are shown in 
electron micrographs at the same scale. 
(A Clathrin-coated vesicles. (B) COPI-
coated vesicles and Golgi cisternae (red 
arrows) from a cell-free system in which 
COPI-coated vesicles bud in the test tube. 
(C) COPII-coated vesicles. (A and B, from 
L. Orci, B. Glick and J. Rothman, Cell 
46:171–184, 1986. With permission from 
Elsevier; C, courtesy of Charles Barlowe 
and Lelio Orci.)

Figure 13–5 Use of different coats for 
different steps in vesicle traffic. Different 
coat proteins select different cargo and 
shape the transport vesicles that mediate the 
various steps in the secretory and endocytic 
pathways. When the same coats function 
in different places in the cell, they usually 
incorporate different coat protein subunits 
that modify their properties (not shown). Many 
differentiated cells have additional pathways 
beside those shown here, including a sorting 
pathway from the trans Golgi network to 
the apical surface of epithelial cells and a 
specialized recycling pathway for proteins 
of synaptic vesicles in the nerve terminals of 
neurons (see Figure 11–36). The arrows are 
colored as in Figure 13–3. 
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Membrane-Bending Proteins Help Deform the Membrane During 
Vesicle Formation
The forces generated by clathrin coat assembly alone are not sufficient to 
shape and pinch off a vesicle from the membrane. Other membrane-bending 
and force-generating proteins participate at every stage of the process. Mem-
brane-bending proteins that contain crescent-shaped domains, called BAR 
domains, bind to and impose their shape on the underlying membrane via elec-
trostatic interactions with the lipid head groups (Figure 13–12; also see Figure 
10–40). Such BAR-domain proteins are thought to help AP2 nucleate clathrin-me-
diated endocytosis by shaping the plasma membrane to allow a clathrin-coated 
bud to form. Some of these proteins also contain amphiphilic helices that induce 
membrane curvature after being inserted as wedges into the cytoplasmic leaflet 
of the membrane. Other BAR-domain proteins are important in shaping the neck 
of a budding vesicle, where stabilization of sharp membrane bends is essential. 
Finally, the clathrin machinery nucleates the local assembly of actin filaments 
that introduce tension to help pinch off and propel the forming vesicle away from 
the membrane.

Cytoplasmic Proteins Regulate the Pinching-Off and Uncoating of 
Coated Vesicles
As a clathrin-coated bud grows, soluble cytoplasmic proteins, including dynamin, 
assemble at the neck of each bud (Figure 13–13). Dynamin contains a PI(4,5)
P2-binding domain, which tethers the protein to the membrane, and a GTPase 
domain, which regulates the rate at which vesicles pinch off from the membrane. 
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Figure 13–10 Phosphatidylinositol  
(PI) and phosphoinositides (PIPs).  
(A, B) The structure of PI shows the  
free hydroxyl groups in the inositol  
sugar that can in principle be modified.  
(C) Phosphorylation of one, two, or three 
of the hydroxyl groups on PI by PI and 
PIP kinases produces a variety of PIP 
species. They are named according to 
the ring position (in parentheses) and the 
number of phosphate groups (subscript) 
added to PI. PI(3,4)P2 is shown. (D) Animal 
cells have several PI and PIP kinases and 
a similar number of PIP phosphatases, 
which are localized to different organelles, 
where they are regulated to catalyze the 
production of particular PIPs. The red 
and green arrows show the kinase and 
phosphatase reactions, respectively. 
(E, F) Phosphoinositide head groups 
are recognized by protein domains that 
discriminate between the different forms. 
In this way, select groups of proteins 
containing such domains are recruited 
to regions of membrane in which these 
phosphoinositides are present. PI(3)P and 
PI(4,5)P2 are shown. (D, modified from 
M.A. de Matteis and A. Godi, Nat. Cell Biol. 
6:487–492, 2004. With permission from 
Macmillan Publishers Ltd.)
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Figure 13–11 The intracellular location of phosphoinositides. Different 
types of PIPs are located in different membranes and membrane domains, 
where they are often associated with specific vesicle transport events. The 
membrane of secretory vesicles, for example, contains PI(4)P. When the 
vesicles fuse with the plasma membrane, a PI 5-kinase that is localized  
there converts the PI(4)P into PI(4,5)P2. The PI(4,5)P2, in turn, helps recruit 
adaptor proteins, which initiate the formation of a clathrin-coated pit, as the 
first step in clathrin-mediated endocytosis. Once the clathrin-coated vesicle 
buds off from the plasma membrane, a PI(5)P phosphatase hydrolyzes  
PI(4,5)P2, which weakens the binding of the adaptor proteins, promoting 
vesicle uncoating. We discuss phagocytosis and the distinction between 
regulated and constitutive exocytosis later in the chapter. (Modified from  
M.A. de Matteis and A. Godi, Nat. Cell Biol. 6:487–492, 2004. With 
permission from Macmillan Publishers Ltd.)
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There are several types of adaptor proteins. The best characterized have four 
different protein subunits; others are single-chain proteins. Each type of adaptor 
protein is specific for a different set of cargo receptors. Clathrin-coated vesicles 
budding from different membranes use different adaptor proteins and thus pack-
age different receptors and cargo molecules.

The assembly of adaptor proteins on the membrane is tightly controlled, in 
part by the cooperative interaction of the adaptor proteins with other compo-
nents of the coat. The adaptor protein AP2 serves as a well-understood example. 
When it binds to a specific phosphorylated phosphatidylinositol lipid (a phospho-
inositide), it alters its conformation, exposing binding sites for cargo receptors in 
the membrane. The simultaneous binding to the cargo receptors and lipid head 
groups greatly enhances the binding of AP2 to the membrane (Figure 13–9). 

Because several requirements must be met simultaneously to stably bind AP2 
proteins to a membrane, the proteins act as coincidence detectors that only assem-
ble at the right time and place. Upon binding, they induce membrane curvature, 
which makes the binding of additional AP2 proteins in its proximity more likely. 
The cooperative assembly of the AP2 coat layer then is further amplified by clath-
rin binding, which leads to the formation and budding of a transport vesicle.

Adaptor proteins found in other coats also bind to phosphoinositides, which 
not only have a major role in directing when and where coats assemble in the cell, 
but also are used much more widely as molecular markers of compartment iden-
tity. This helps to control vesicular traffic, as we now discuss.
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Figure 13–6 The structure of a clathrin coat. (A) Electron micrograph of a clathrin triskelion shadowed with platinum.  
(B) Each triskelion is composed of three clathrin heavy chains and three clathrin light chains, as shown in the diagram. (C and 
D) A cryoelectron micrograph taken of a clathrin coat composed of 36 triskelions organized in a network of 12 pentagons 
and 6 hexagons, with some heavy chains (C) and light chains (D) highlighted (Movie 13.1). The light chains link to the actin 
cytoskeleton, which helps generate force for membrane budding and vesicle movement, and their phosphorylation regulates 
clathrin coat assembly. The interwoven legs of the clathrin triskelions form an outer shell from which the N-terminal domains 
of the triskelions protrude inward. These domains bind to the adaptor proteins shown in Figure 13–8. The coat shown was 
assembled biochemically from pure clathrin triskelions and is too small to enclose a membrane vesicle. (E) Images of clathrin-
coated vesicles isolated from bovine brain. The clathrin coats are constructed in a similar but less regular way, from pentagons, 
a larger number of hexagons, and sometime heptagons, resembling the architecture of deformed soccer balls. The structures 
were determined by cryoelectron microscopy and tomographic reconstruction. (A, from E. Ungewickell and D. Branton, Nature 
289:420–422, 1981; C and D, from A. Fotin et al., Nature 432:573–579, 2004. All with permission from Macmillan Publishers 
Ltd; E, from Y. Cheng et al., J. Mol. Biol. 365:892–899, 2007. With permission from Elsevier.)
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Figure 13–7 Clathrin-coated pits and vesicles. This rapid-freeze, deep-
etch electron micrograph shows numerous clathrin-coated pits and vesicles 
on the inner surface of the plasma membrane of cultured fibroblasts. The 
cells were rapidly frozen in liquid helium, fractured, and deep-etched to 
expose the cytoplasmic surface of the plasma membrane. (Courtesy of John 
Heuser.)

The structure of a clathrin coat



  699

There are several types of adaptor proteins. The best characterized have four 
different protein subunits; others are single-chain proteins. Each type of adaptor 
protein is specific for a different set of cargo receptors. Clathrin-coated vesicles 
budding from different membranes use different adaptor proteins and thus pack-
age different receptors and cargo molecules.

The assembly of adaptor proteins on the membrane is tightly controlled, in 
part by the cooperative interaction of the adaptor proteins with other compo-
nents of the coat. The adaptor protein AP2 serves as a well-understood example. 
When it binds to a specific phosphorylated phosphatidylinositol lipid (a phospho-
inositide), it alters its conformation, exposing binding sites for cargo receptors in 
the membrane. The simultaneous binding to the cargo receptors and lipid head 
groups greatly enhances the binding of AP2 to the membrane (Figure 13–9). 

Because several requirements must be met simultaneously to stably bind AP2 
proteins to a membrane, the proteins act as coincidence detectors that only assem-
ble at the right time and place. Upon binding, they induce membrane curvature, 
which makes the binding of additional AP2 proteins in its proximity more likely. 
The cooperative assembly of the AP2 coat layer then is further amplified by clath-
rin binding, which leads to the formation and budding of a transport vesicle.

Adaptor proteins found in other coats also bind to phosphoinositides, which 
not only have a major role in directing when and where coats assemble in the cell, 
but also are used much more widely as molecular markers of compartment iden-
tity. This helps to control vesicular traffic, as we now discuss.

THE MOLECULAR MECHANISMS OF MEMBRANE TRANSPORT

(A)

(B) (C) (D) (E)

heavy
chains

light chain

25 nm

50 nm

MBoC6 m13.07/13.06

Figure 13–6 The structure of a clathrin coat. (A) Electron micrograph of a clathrin triskelion shadowed with platinum.  
(B) Each triskelion is composed of three clathrin heavy chains and three clathrin light chains, as shown in the diagram. (C and 
D) A cryoelectron micrograph taken of a clathrin coat composed of 36 triskelions organized in a network of 12 pentagons 
and 6 hexagons, with some heavy chains (C) and light chains (D) highlighted (Movie 13.1). The light chains link to the actin 
cytoskeleton, which helps generate force for membrane budding and vesicle movement, and their phosphorylation regulates 
clathrin coat assembly. The interwoven legs of the clathrin triskelions form an outer shell from which the N-terminal domains 
of the triskelions protrude inward. These domains bind to the adaptor proteins shown in Figure 13–8. The coat shown was 
assembled biochemically from pure clathrin triskelions and is too small to enclose a membrane vesicle. (E) Images of clathrin-
coated vesicles isolated from bovine brain. The clathrin coats are constructed in a similar but less regular way, from pentagons, 
a larger number of hexagons, and sometime heptagons, resembling the architecture of deformed soccer balls. The structures 
were determined by cryoelectron microscopy and tomographic reconstruction. (A, from E. Ungewickell and D. Branton, Nature 
289:420–422, 1981; C and D, from A. Fotin et al., Nature 432:573–579, 2004. All with permission from Macmillan Publishers 
Ltd; E, from Y. Cheng et al., J. Mol. Biol. 365:892–899, 2007. With permission from Elsevier.)

0.2 µm

MBoC6 m13.06/13.07

Figure 13–7 Clathrin-coated pits and vesicles. This rapid-freeze, deep-
etch electron micrograph shows numerous clathrin-coated pits and vesicles 
on the inner surface of the plasma membrane of cultured fibroblasts. The 
cells were rapidly frozen in liquid helium, fractured, and deep-etched to 
expose the cytoplasmic surface of the plasma membrane. (Courtesy of John 
Heuser.)

Clathrin-coated pits and vesicles



700 Chapter 13:  Intracellular Membrane Traffic

Phosphoinositides Mark Organelles and Membrane Domains
Although inositol phospholipids typically comprise less than 10% of the total 
phospholipids in a membrane, they have important regulatory functions. They 
can undergo rapid cycles of phosphorylation and dephosphorylation at the 3ʹ, 4ʹ, 
and 5ʹ positions of their inositol sugar head groups to produce various types of 
phosphoinositides (phosphatidylinositol phosphates, or PIPs). The interconver-
sion of phosphatidylinositol (PI) and PIPs is highly compartmentalized: different 
organelles in the endocytic and secretory pathways have distinct sets of PI and PIP 
kinases and PIP phosphatases (Figure 13–10). The distribution, regulation, and 
local balance of these enzymes determine the steady-state distribution of each 
PIP species. As a consequence, the distribution of PIPs varies from organelle to 
organelle, and often within a continuous membrane from one region to another, 
thereby defining specialized membrane domains.

Many proteins involved at different steps in vesicle transport contain domains 
that bind with high specificity to the head groups of particular PIPs, distinguishing 
one phosphorylated form from another (see Figure 13–10 E and F). Local control 
of the PI and PIP kinases and PIP phosphatases can therefore be used to rapidly 
control the binding of proteins to a membrane or membrane domain. The produc-
tion of a particular type of PIP recruits proteins containing matching PIP-binding 
domains. The PIP-binding proteins then help regulate vesicle formation and other 
steps in the control of vesicle traffic (Figure 13–11). The same strategy is widely 
used to recruit specific intracellular signaling proteins to the plasma membrane 
in response to extracellular signals (discussed in Chapter 15).

COAT ASSEMBLY
AND CARGO SELECTION UNCOATINGBUD

FORMATION
VESICLE

FORMATION

clathrin triskelion

cargo molecules
membrane-bending and
fission proteins

cargo
receptor

donor
membrane

adaptor protein
adaptor 
protein

MBoC6 m13.08/13.08

coated vesicle
membrane

naked transport
vesicle

CYTOSOL

Figure 13–8 The assembly and 
disassembly of a clathrin coat. The 
assembly of the coat introduces curvature 
into the membrane, which leads in turn 
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The adaptor proteins bind both clathrin 
triskelions and membrane-bound cargo 
receptors, thereby mediating the selective 
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Figure 13–9 Lipid-induced conformation 
switching of AP2. The AP2 adaptor 
protein complex has four subunits (α, β2, 
μ2, and σ2). Upon interaction with the 
phosphoinositide PI(4,5)P2 (see Figure 
13–10) in the cytosolic leaflet of the plasma 
membrane, AP2 rearranges so that binding 
sites for cargo receptors become exposed. 
Each AP2 complex binds four PI(4,5)P2 
molecules (for clarity, only one is shown). 
In the open AP2 complex, the μ2 and σ2 
subunits bind the cytosolic tails of cargo 
receptors that display the appropriate 
endocytosis signals. These signals consist 
of short amino acid sequence motifs. When 
AP2 binds tightly to the membrane, it 
induces curvature, which favors the binding 
of additional AP2 complexes in the vicinity. 

The assembly and disassembly of a clathrin coat
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Phosphoinositides Mark Organelles and Membrane Domains
Although inositol phospholipids typically comprise less than 10% of the total 
phospholipids in a membrane, they have important regulatory functions. They 
can undergo rapid cycles of phosphorylation and dephosphorylation at the 3ʹ, 4ʹ, 
and 5ʹ positions of their inositol sugar head groups to produce various types of 
phosphoinositides (phosphatidylinositol phosphates, or PIPs). The interconver-
sion of phosphatidylinositol (PI) and PIPs is highly compartmentalized: different 
organelles in the endocytic and secretory pathways have distinct sets of PI and PIP 
kinases and PIP phosphatases (Figure 13–10). The distribution, regulation, and 
local balance of these enzymes determine the steady-state distribution of each 
PIP species. As a consequence, the distribution of PIPs varies from organelle to 
organelle, and often within a continuous membrane from one region to another, 
thereby defining specialized membrane domains.

Many proteins involved at different steps in vesicle transport contain domains 
that bind with high specificity to the head groups of particular PIPs, distinguishing 
one phosphorylated form from another (see Figure 13–10 E and F). Local control 
of the PI and PIP kinases and PIP phosphatases can therefore be used to rapidly 
control the binding of proteins to a membrane or membrane domain. The produc-
tion of a particular type of PIP recruits proteins containing matching PIP-binding 
domains. The PIP-binding proteins then help regulate vesicle formation and other 
steps in the control of vesicle traffic (Figure 13–11). The same strategy is widely 
used to recruit specific intracellular signaling proteins to the plasma membrane 
in response to extracellular signals (discussed in Chapter 15).
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The pinching-off process brings the two noncytosolic leaflets of the membrane 
into close proximity and fuses them, sealing off the forming vesicle (see Figure 
13–2). To perform this task, dynamin recruits other proteins to the neck of the 
bud. Together with dynamin, they help bend the patch of membrane—by directly 
distorting the bilayer structure, or by changing its lipid composition through the 
recruitment of lipid-modifying enzymes, or by both mechanisms.

Once released from the membrane, the vesicle rapidly loses its clathrin coat. A 
PIP phosphatase that is co-packaged into clathrin-coated vesicles depletes PI(4,5)
P2 from the membrane, which weakens the binding of the adaptor proteins. In 
addition, an hsp70 chaperone protein (see Figure 6–80) functions as an uncoating 
ATPase, using the energy of ATP hydrolysis to peel off the clathrin coat. Auxilin, 
another vesicle protein, is thought to activate the ATPase. The release of the coat, 
however, must not happen prematurely, so additional control mechanisms must 
somehow prevent the clathrin from being removed before it has formed a com-
plete vesicle (discussed below).
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Figure 13–12 The structure of BAR 
domains. BAR-domain proteins are diverse 
and enable many membrane-bending 
processes in the cell. BAR domains are 
built from coiled coils that dimerize into 
modules with a positively charged inner 
surface, which preferentially interacts 
with negatively charged lipid head groups 
to bend membranes. Local membrane 
deformations caused by BAR-domain 
proteins facilitate the binding of additional 
BAR-domain proteins, thereby generating 
a positive feedback cycle for curvature 
propagation. Individual BAR-domain 
proteins contain a distinctive curvature and 
often have additional features that adapt 
them to their specific tasks: some have 
short amphiphilic helices that cause further 
membrane deformation by wedge insertion; 
others are flanked by PIP-binding domains 
that direct them to membranes enriched in 
cognate phosphoinositides.
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Figure 13–13 The role of dynamin in pinching off clathrin-coated vesicles. (A) Multiple dynamin molecules assemble into a spiral around the 
neck of the forming bud. The dynamin spiral is thought to recruit other proteins to the bud neck, which, together with dynamin, destabilize the 
interacting lipid bilayers so that the noncytoplasmic leaflets flow together. The newly formed vesicle then pinches off from the membrane. Specific 
mutations in dynamin can either enhance or block the pinching-off process. (B) Dynamin was discovered as the protein defective in the shibire 
mutant of Drosophila. These mutant flies become paralyzed because clathrin-mediated endocytosis stops, and the synaptic vesicle membrane fails 
to recycle, blocking neurotransmitter release. Deeply invaginated clathrin-coated pits form in the nerve endings of the fly’s nerve cells, with a belt of 
mutant dynamin assembled around the neck, as shown in this thin-section electron micrograph. The pinching-off process fails because the required 
membrane fusion does not take place. (C, D) A model of how conformational changes in the GTPase domains of membrane-assembled dynamin 
may power a conformational change that constricts the neck of the bud. A single dynamin molecule is shown in orange in D. (B, from J.H. Koenig 
and K. Ikeda, J. Neurosci. 9:3844–3860, 1989. With permission from the Society of Neuroscience; C and D, adapted from M.G.J. Ford, S. Jenni 
and J. Nunnari, Nature 477:561–566, 2011. With permission from Macmillan Publishers.)
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in the secretory pathway: COPI-coated vesicles bud from Golgi compartments, 
and COPII-coated vesicles bud from the ER (see Figure 13–5). We discuss clath-
rin-coated vesicles first, as they provide a good example of how vesicles form.

The major protein component of clathrin-coated vesicles is clathrin itself, 
which forms the outer layer of the coat. Each clathrin subunit consists of three 
large and three small polypeptide chains that together form a three-legged struc-
ture called a triskelion (Figure 13–6A,B). Clathrin triskelions assemble into a bas-
ketlike framework of hexagons and pentagons to form coated pits (buds) on the 
cytosolic surface of membranes (Figure 13–7). Under appropriate conditions, 
isolated triskelions spontaneously self-assemble into typical polyhedral cages 
in a test tube, even in the absence of the membrane vesicles that these baskets 
normally enclose (Figure 13–6C,D). Thus, the clathrin triskelions determine the 
geometry of the clathrin cage (Figure 13–6E).

Adaptor Proteins Select Cargo into Clathrin-Coated Vesicles
Adaptor proteins, another major coat component in clathrin-coated vesicles, 
form a discrete inner layer of the coat, positioned between the clathrin cage and 
the membrane. They bind the clathrin coat to the membrane and trap various 
transmembrane proteins, including transmembrane receptors that capture solu-
ble cargo molecules inside the vesicle—so-called cargo receptors. In this way, the 
adaptor proteins select a specific set of transmembrane proteins, together with 
the soluble proteins that interact with them, and package them into each newly 
formed clathrin-coated transport vesicle (Figure 13–8).
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Figure 13–4 Electron micrographs of 
clathrin-coated, COPI-coated, and 
COPII-coated vesicles. All are shown in 
electron micrographs at the same scale. 
(A Clathrin-coated vesicles. (B) COPI-
coated vesicles and Golgi cisternae (red 
arrows) from a cell-free system in which 
COPI-coated vesicles bud in the test tube. 
(C) COPII-coated vesicles. (A and B, from 
L. Orci, B. Glick and J. Rothman, Cell 
46:171–184, 1986. With permission from 
Elsevier; C, courtesy of Charles Barlowe 
and Lelio Orci.)

Figure 13–5 Use of different coats for 
different steps in vesicle traffic. Different 
coat proteins select different cargo and 
shape the transport vesicles that mediate the 
various steps in the secretory and endocytic 
pathways. When the same coats function 
in different places in the cell, they usually 
incorporate different coat protein subunits 
that modify their properties (not shown). Many 
differentiated cells have additional pathways 
beside those shown here, including a sorting 
pathway from the trans Golgi network to 
the apical surface of epithelial cells and a 
specialized recycling pathway for proteins 
of synaptic vesicles in the nerve terminals of 
neurons (see Figure 11–36). The arrows are 
colored as in Figure 13–3. 
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Not All Transport Vesicles Are Spherical
Although vesicle-budding is similar at various locations in the cell, each cell 
membrane poses its own special challenges. The plasma membrane, for exam-
ple, is comparatively flat and stiff, owing to its cholesterol-rich lipid composition 
and underlying actin-rich cortex. Thus, the coordinated action of clathrin coats 
and membrane-bending proteins has to produce sufficient force to introduce 
curvature, especially at the neck of the bud where sharp bends are required for 
the pinching-off processes. In contrast, vesicle-budding from many intracellular 
membranes occurs preferentially at regions where the membranes are already 
curved, such as the rims of the Golgi cisternae or ends of membrane tubules. In 
these places, the primary function of the coats is to capture the appropriate cargo 
proteins rather than to deform the membrane.

Transport vesicles also occur in various sizes and shapes. Diverse COPII ves-
icles are required for the transport of large cargo molecules. Collagen, for exam-
ple, is assembled in the ER as 300-nm-long, stiff procollagen rods that then are 
secreted from the cell where they are cleaved by proteases to collagen, which is 
embedded into the extracellular matrix (discussed in Chapter 19). Procollagen 
rods do not fit into the 60–80 nm COPII vesicles normally observed. To circumvent 
this problem, the procollagen cargo molecules bind to transmembrane packag-
ing proteins in the ER, which control the assembly of the COPII coat components 
(Figure 13–15). These events drive the local assembly of much larger COPII vesi-
cles that accommodate the oversized cargo. Human mutations in genes encoding 
such packaging proteins result in collagen defects with severe consequences, such 
as skeletal abnormalities and other developmental defects. Similar mechanisms 
must regulate the sizes of vesicles required to secrete other large macromolecular 
complexes, including the lipoprotein particles that transport lipids out of cells.
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Figure 13–14 Formation of a COPII-
coated vesicle. (A) Inactive, soluble 
Sar1-GDP binds to a Sar1-GEF in the ER 
membrane, causing the Sar1 to release 
its GDP and bind GTP. A GTP-triggered 
conformational change in Sar1 exposes 
an amphiphilic helix, which inserts into the 
cytoplasmic leaflet of the ER membrane, 
initiating membrane bending (which is 
not shown). (B) GTP-bound Sar1 binds 
to a complex of two COPII adaptor coat 
proteins, called Sec23 and Sec24, which 
form the inner coat. Sec24 has several 
different binding sites for the cytosolic 
tails of cargo receptors. The entire surface 
of the complex that attaches to the 
membrane is gently curved, matching 
the diameter of COPII-coated vesicles. 
(C) A complex of two additional COPII 
coat proteins, called Sec13 and Sec 31, 
forms the outer shell of the coat. Like 
clathrin, they can assemble on their own 
into symmetrical cages with appropriate 
dimensions to enclose a COPII-coated 
vesicle. (D) Membrane-bound, active 
Sar1-GTP recruits COPII adaptor proteins 
to the membrane. They select certain 
transmembrane proteins and cause the 
membrane to deform. The adaptor proteins 
then recruit the outer coat proteins which 
help form a bud. A subsequent membrane 
fusion event pinches off the coated vesicle. 
Other coated vesicles are thought to form 
in a similar way. (C, modified from  
S.M. Stagg et al., Nature 439:234–238, 
2006. With permission from Macmillan 
Publishers Ltd.)

Formation of a COPII-coated vesicle
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Many other vesicle budding events likewise involve variations of common 
mechanisms. When living cells are genetically engineered to express fluores-
cent membrane components, the endosomes and trans Golgi network are seen 
in a fluorescence microscope to continually send out long tubules. Coat proteins 
assemble onto the membrane tubules and help recruit specific cargo. The tubules 
then either regress or pinch off with the help of dynamin-like proteins to form 
transport vesicles of different sizes and shapes. 

Tubules have a higher surface-to-volume ratio than the larger organelles from 
which they form. They are therefore relatively enriched in membrane proteins 
compared with soluble cargo proteins. As we discuss later, this property of tubules 
is an important feature for sorting proteins in endosomes.

Rab Proteins Guide Transport Vesicles to Their Target Membrane
To ensure an orderly flow of vesicle traffic, transport vesicles must be highly accu-
rate in recognizing the correct target membrane with which to fuse. Because of the 
diversity and crowding of membrane systems in the cytoplasm, a vesicle is likely 
to encounter many potential target membranes before it finds the correct one. 
Specificity in targeting is ensured because all transport vesicles display surface 
markers that identify them according to their origin and type of cargo, and tar-
get membranes display complementary receptors that recognize the appropriate 
markers. This crucial process occurs in two steps. First, Rab proteins and Rab effec-
tors direct the vesicle to specific spots on the correct target membrane. Second, 
SNARE proteins and SNARE regulators mediate the fusion of the lipid bilayers.

Rab proteins play a central part in the specificity of vesicle transport. Like the 
coat-recruitment GTPases discussed earlier (see Figure 13–14), Rab proteins are 
also monomeric GTPases. With over 60 known members, the Rab subfamily is the 
largest of the monomeric GTPase subfamilies. Each Rab protein is associated with 
one or more membrane-enclosed organelles of the secretory or endocytic path-
ways, and each of these organelles has at least one Rab protein on its cytosolic sur-
face (Table 13–1). Their highly selective distribution on these membrane systems 
makes Rab proteins ideal molecular markers for identifying each membrane type 
and guiding vesicle traffic between them. Rab proteins can function on transport 
vesicles, on target membranes, or both.

Like the coat-recruitment GTPases, Rab proteins cycle between a membrane 
and the cytosol and regulate the reversible assembly of protein complexes on the 
membrane. In their GDP-bound state, they are inactive and bound to another 
protein (Rab-GDP dissociation inhibitor, or GDI) that keeps them soluble in the 
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Figure 13–15 Packaging of procollagen 
into large tubular COPII-coated vesicles. 
The cartoons show models for two COPII 
coat assembly modes. The models are 
based on cryoelectron tomography 
images of reconstituted COPII vesicles. 
On a spherical membrane (left), the 
Sec23/24 inner coat proteins assemble in 
patches that anchor the Sec13/31 outer 
coat protein cage. The Sec13/31 rods 
assemble a cage of triangles, squares, 
and pentagons. When procollagen needs 
to be packaged (right), special packaging 
proteins sense the cargo and modify the 
coat assembly process. This interaction 
recruits the COPII inner coat protein Sec24 
and locally enhances the rate with which 
Sar1 cycles on and off the membrane 
(not shown). In addition, a monoubiquitin 
is added to the Sec31 protein, changing 
the assembly properties of the outer 
cage. Sec23/24 proteins arrange in larger 
arrays and Sec13/31 arrange in a regular 
lattice of diamond shapes. As the result, 
a large tubular vesicle is formed that can 
accommodate the large cargo molecules. 
The packaging proteins are not part of 
the budding vesicle but remain in the 
ER. (Modified from G. Zanetti et al., eLife 
2:e00951, 2013.)

Non spherical vesicle: packaging of procollagen into large tubular COPII-coated vesicles
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In this section, we focus mainly on the Golgi apparatus (also called the Golgi 
complex). It is a major site of carbohydrate synthesis, as well as a sorting and dis-
patching station for products of the ER. The cell makes many polysaccharides in 
the Golgi apparatus, including the pectin and hemicellulose of the cell wall in 
plants and most of the glycosaminoglycans of the extracellular matrix in animals 
(discussed in Chapter 19). The Golgi apparatus also lies on the exit route from the 
ER, and a large proportion of the carbohydrates that it makes are attached as oli-
gosaccharide side chains to the many proteins and lipids that the ER sends to it. A 
subset of these oligosaccharide groups serve as tags to direct specific proteins into 
vesicles that then transport them to lysosomes. But most proteins and lipids, once 
they have acquired their appropriate oligosaccharides in the Golgi apparatus, are 
recognized in other ways for targeting into the transport vesicles going to other 
destinations.

Proteins Leave the ER in COPII-Coated Transport Vesicles
To initiate their journey along the secretory pathway, proteins that have entered 
the ER and are destined for the Golgi apparatus or beyond are first packaged into 
COPII-coated transport vesicles. These vesicles bud from specialized regions of 
the ER called ER exit sites, whose membrane lacks bound ribosomes. Most animal 
cells have ER exit sites dispersed throughout the ER network.

Entry into vesicles that leave the ER can be a selective process or can happen by 
default. Many membrane proteins are actively recruited into such vesicles, where 
they become concentrated. These cargo membrane proteins display exit (trans-
port) signals on their cytosolic surface that adaptor proteins of the inner COPII 
coat recognize (Figure 13–22); some of these components act as cargo receptors 
and are recycled back to the ER after they have delivered their cargo to the Golgi 
apparatus. Soluble cargo proteins in the ER lumen, by contrast, have exit signals 
that attach them to transmembrane cargo receptors. Proteins without exit signals 
can also enter transport vesicles, including protein molecules that normally func-
tion in the ER (so-called ER resident proteins), some of which slowly leak out of 
the ER and are delivered to the Golgi apparatus. Different cargo proteins enter the 
transport vesicles with substantially different rates and efficiencies, which may 
result from differences in their folding and oligomerization efficiencies and kinet-
ics, as well as the factors already discussed. The exit step from the ER is a major 
checkpoint at which quality control is exerted on the proteins that a cell secretes 
or displays on its surface, as we discussed in Chapter 12.

The exit signals that direct soluble proteins out of the ER for transport to the 
Golgi apparatus and beyond are not well understood. Some transmembrane 
proteins that serve as cargo receptors for packaging some secretory proteins into 
COPII-coated vesicles are lectins that bind to oligosaccharides on the secreted 
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Figure 13–22 The recruitment of 
membrane and soluble cargo molecules 
into ER transport vesicles. Membrane 
proteins are packaged into budding 
transport vesicles through interactions 
of exit signals on their cytosolic tails with 
adaptor proteins of the inner COPII coat. 
Some of these membrane proteins function 
as cargo receptors, binding soluble 
proteins in the ER lumen and helping to 
package them into vesicles. Other proteins 
may enter the vesicle by bulk flow. A typical 
50 nm transport vesicle contains about 200 
membrane proteins, which can be of many 
different types. As indicated, unfolded or 
incompletely assembled proteins are bound 
to chaperones and transiently retained in 
the ER compartment.
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balance the flow of membrane between compartments in the opposite direction, 
bringing membrane and selected proteins back to the compartment of origin 
(Figure 13–3).

To perform its function, each transport vesicle that buds from a compartment 
must be selective. It must take up only the appropriate molecules and must fuse 
only with the appropriate target membrane. A vesicle carrying cargo from the ER 
to the Golgi apparatus, for example, must exclude most proteins that are to stay 
in the ER, and it must fuse only with the Golgi apparatus and not with any other 
organelle.

We begin this chapter by considering the molecular mechanisms of budding 
and fusion that underlie all vesicle transport. We then discuss the fundamental 
problem of how, in the face of this transport, the cell maintains the molecular and 

Figure 13–2 Vesicle transport. Transport 
vesicles bud off from one compartment 
and fuse with another. As they do so, they 
carry material as cargo from the lumen 
(the space within a membrane-enclosed 
compartment) and membrane of the donor 
compartment to the lumen and membrane 
of the target compartment, as shown. 
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Figure 13–3 A “road-map” of the secretory and endocytic pathways. (A) In this schematic roadmap, which was introduced in Chapter 12, the 
endocytic and secretory pathways are illustrated with green and red arrows, respectively. In addition, blue arrows denote retrieval pathways for the 
backflow of selected components. (B) The compartments of the eukaryotic cell involved in vesicle transport. The lumen of each membrane-enclosed 
compartment is topologically equivalent to the outside of the cell. All compartments shown communicate with one another and the outside of the 
cell by means of transport vesicles. In the secretory pathway (red arrows), protein molecules are transported from the ER to the plasma membrane 
or (via endosomes) to lysosomes. In the endocytic pathway (green arrows), molecules are ingested in endocytic vesicles derived from the plasma 
membrane and delivered to early endosomes and then (via late endosomes) to lysosomes. Many endocytosed molecules are retrieved from early 
endosomes and returned (some via recycling endosomes) to the cell surface for reuse; similarly, some molecules are retrieved from the early and 
late endosomes and returned to the Golgi apparatus, and some are retrieved from the Golgi apparatus and returned to the ER. All of these retrieval 
pathways are shown with blue arrows, as in part (A).
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the electron microscope (Figure 13–24A). These clusters constitute a compart-
ment that is separate from the ER and lacks many of the proteins that function 
in the ER. They are generated continually and function as transport containers 
that bring material from the ER to the Golgi apparatus. The clusters move quickly 
along microtubules to the Golgi apparatus with which they fuse (Figure 13–24B 
and Movie 13.2).

As soon as vesicular tubular clusters form, they begin to bud off transport ves-
icles of their own. Unlike the COPII-coated vesicles that bud from the ER, these 
vesicles are COPI-coated (see Figure 13–24A). COPI-coated vesicles are unique in 
that the components that make up the inner and outer coat layers are recruited as 
a preassembled complex, called coatomer. They function as a retrieval pathway, 
carrying back ER resident proteins that have escaped, as well as proteins such 
as cargo receptors and SNAREs that participated in the ER budding and vesicle 
fusion reactions. This retrieval process demonstrates the exquisite control mech-
anisms that regulate coat assembly reactions. The COPI coat assembly begins only 
seconds after the COPII coats have been shed, and remains a mystery how this 
switch in coat assembly is controlled.

The retrieval (or retrograde) transport continues as the vesicular tubular clus-
ters move toward the Golgi apparatus. Thus, the clusters continuously mature, 
gradually changing their composition as selected proteins are returned to the ER. 
The retrieval continues from the Golgi apparatus, after the vesicular tubular clus-
ters have delivered their cargo.

The Retrieval Pathway to the ER Uses Sorting Signals
The retrieval pathway for returning escaped proteins back to the ER depends on 
ER retrieval signals. Resident ER membrane proteins, for example, contain signals 
that bind directly to COPI coats and are thus packaged into COPI-coated transport 
vesicles for retrograde delivery to the ER. The best-characterized retrieval signal 
of this type consists of two lysines, followed by any two other amino acids, at the 
extreme C-terminal end of the ER membrane protein. It is called a KKXX sequence, 
based on the single-letter amino acid code.

Soluble ER resident proteins, such as BiP, also contain a short ER retrieval sig-
nal at their C-terminal end, but it is different: it consists of a Lys-Asp-Glu-Leu or 
a similar sequence. If this signal (called the KDEL sequence) is removed from BiP 
by genetic engineering, the protein is slowly secreted from the cell. If the signal 
is transferred to a protein that is normally secreted, the protein is now efficiently 
returned to the ER, where it accumulates.

TRANSPORT FROM THE ER THROUGH THE GOLGI APPARATUS
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Figure 13–24 Vesicular tubular clusters. (A) An electron micrograph of vesicular tubular 
clusters forming around an exit site. Many of the vesicle-like structures seen in the micrograph 
are cross sections of tubules that extend above and below the plane of this thin section and are 
interconnected. (B) Vesicular tubular clusters move along microtubules to carry proteins from the  
ER to the Golgi apparatus. COPI-coated vesicles mediate the budding of vesicles that return to the 
ER from these clusters (and from the Golgi apparatus). (A, courtesy of William Balch.)

http://www.youtube.com/watch?v=7sRZy9PgPvg 
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Membrane-Bending Proteins Help Deform the Membrane During 
Vesicle Formation
The forces generated by clathrin coat assembly alone are not sufficient to 
shape and pinch off a vesicle from the membrane. Other membrane-bending 
and force-generating proteins participate at every stage of the process. Mem-
brane-bending proteins that contain crescent-shaped domains, called BAR 
domains, bind to and impose their shape on the underlying membrane via elec-
trostatic interactions with the lipid head groups (Figure 13–12; also see Figure 
10–40). Such BAR-domain proteins are thought to help AP2 nucleate clathrin-me-
diated endocytosis by shaping the plasma membrane to allow a clathrin-coated 
bud to form. Some of these proteins also contain amphiphilic helices that induce 
membrane curvature after being inserted as wedges into the cytoplasmic leaflet 
of the membrane. Other BAR-domain proteins are important in shaping the neck 
of a budding vesicle, where stabilization of sharp membrane bends is essential. 
Finally, the clathrin machinery nucleates the local assembly of actin filaments 
that introduce tension to help pinch off and propel the forming vesicle away from 
the membrane.

Cytoplasmic Proteins Regulate the Pinching-Off and Uncoating of 
Coated Vesicles
As a clathrin-coated bud grows, soluble cytoplasmic proteins, including dynamin, 
assemble at the neck of each bud (Figure 13–13). Dynamin contains a PI(4,5)
P2-binding domain, which tethers the protein to the membrane, and a GTPase 
domain, which regulates the rate at which vesicles pinch off from the membrane. 
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Figure 13–10 Phosphatidylinositol  
(PI) and phosphoinositides (PIPs).  
(A, B) The structure of PI shows the  
free hydroxyl groups in the inositol  
sugar that can in principle be modified.  
(C) Phosphorylation of one, two, or three 
of the hydroxyl groups on PI by PI and 
PIP kinases produces a variety of PIP 
species. They are named according to 
the ring position (in parentheses) and the 
number of phosphate groups (subscript) 
added to PI. PI(3,4)P2 is shown. (D) Animal 
cells have several PI and PIP kinases and 
a similar number of PIP phosphatases, 
which are localized to different organelles, 
where they are regulated to catalyze the 
production of particular PIPs. The red 
and green arrows show the kinase and 
phosphatase reactions, respectively. 
(E, F) Phosphoinositide head groups 
are recognized by protein domains that 
discriminate between the different forms. 
In this way, select groups of proteins 
containing such domains are recruited 
to regions of membrane in which these 
phosphoinositides are present. PI(3)P and 
PI(4,5)P2 are shown. (D, modified from 
M.A. de Matteis and A. Godi, Nat. Cell Biol. 
6:487–492, 2004. With permission from 
Macmillan Publishers Ltd.)
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Figure 13–11 The intracellular location of phosphoinositides. Different 
types of PIPs are located in different membranes and membrane domains, 
where they are often associated with specific vesicle transport events. The 
membrane of secretory vesicles, for example, contains PI(4)P. When the 
vesicles fuse with the plasma membrane, a PI 5-kinase that is localized  
there converts the PI(4)P into PI(4,5)P2. The PI(4,5)P2, in turn, helps recruit 
adaptor proteins, which initiate the formation of a clathrin-coated pit, as the 
first step in clathrin-mediated endocytosis. Once the clathrin-coated vesicle 
buds off from the plasma membrane, a PI(5)P phosphatase hydrolyzes  
PI(4,5)P2, which weakens the binding of the adaptor proteins, promoting 
vesicle uncoating. We discuss phagocytosis and the distinction between 
regulated and constitutive exocytosis later in the chapter. (Modified from  
M.A. de Matteis and A. Godi, Nat. Cell Biol. 6:487–492, 2004. With 
permission from Macmillan Publishers Ltd.)
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cytosol; in their GTP-bound state, they are active and tightly associated with the 
membrane of an organelle or transport vesicle. Membrane-bound Rab-GEFs 
activate Rab proteins on both transport vesicle and target membranes; for some 
membrane fusion events, activated Rab molecules are required on both sides 
of the reaction. Once in the GTP-bound state and membrane-bound through a 
now-exposed lipid anchor, Rab proteins bind to other proteins, called Rab effec-
tors, which are the downstream mediators of vesicle transport, membrane teth-
ering, and membrane fusion (Figure 13–16). The rate of GTP hydrolysis sets the 
concentration of active Rab and, consequently, the concentration of its effectors 
on the membrane.

In contrast to the highly conserved structure of Rab proteins, the structures 
and functions of Rab effectors vary greatly, and the same Rab proteins can often 
bind to many different effectors. Some Rab effectors are motor proteins that pro-
pel vesicles along actin filaments or microtubules to their target membrane. Oth-
ers are tethering proteins, some of which have long, threadlike domains that serve 
as “fishing lines” that can extend to link two membranes more than 200 nm apart; 
other tethering proteins are large protein complexes that link two membranes 
that are closer together and interact with a wide variety of other proteins that facil-
itate the membrane fusion step. The tethering complex that docks COPII-coated 
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TABLE 13–1 Subcellular Locations of Some Rab Proteins

Protein Organelle

Rab1 ER and Golgi complex

Rab2 cis Golgi network

Rab3A Synaptic vesicles, secretory vesicles

Rab4/Rab11 Recycling endosomes

Rab5 Early endosomes, plasma membrane, clathrin-coated vesicles

Rab6 Medial and trans Golgi 

Rab7 Late endosomes

Rab8 Cilia

Rab9 Late endosomes, trans Golgi 

Figure 13–16 Tethering of a transport 
vesicle to a target membrane. Rab 
effector proteins interact with active Rab 
proteins (Rab-GTPs, yellow) located on 
the target membrane, vesicle membrane, 
or both, to establish the first connection 
between the two membranes that are 
going to fuse. In the example shown here, 
the Rab effector is a filamentous tethering 
protein (dark green). Next, SNARE proteins 
on the two membranes (red and blue) pair, 
docking the vesicle to the target membrane 
and catalyzing the fusion of the two 
apposed lipid bilayers. During docking and 
fusion, a Rab-GAP (not shown) induces the 
Rab protein to hydrolyze its bound GTP to 
GDP, causing the Rab to dissociate from 
the membrane and return to the cytosol 
as Rab-GDP, where it is bound by a GDI 
protein that keeps the Rab soluble and 
inactive. 
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the Rab family of small GTPases: identity markers involved in 
vesicle recognition
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vesicles, for example, contains a protein kinase that phosphorylates the coat pro-
teins to complete the uncoating process. Coupling uncoating to vesicle delivery 
helps to ensure directionality of the transport process and fusion with the proper 
membrane. Rab effectors can also interact with SNAREs to couple membrane 
tethering to fusion (see Figure 13–16).

The assembly of Rab proteins and their effectors on a membrane is coopera-
tive and results in the formation of large, specialized membrane patches. Rab5, 
for example, assembles on endosomes and mediates the capture of endocytic 
vesicles arriving from the plasma membrane. The experimental depletion of 
Rab5 causes disappearance of the entire endosomal and lysosomal membrane 
system, highlighting the crucial role of Rab proteins in organelle biogenesis and 
maintenance.

A Rab5 domain concentrates tethering proteins that catch incoming vesicles. 
Its assembly on endosomal membranes begins when a Rab5-GDP/GDI complex 
encounters a Rab-GEF. GDI is released and Rab5-GDP is converted to Rab5-GTP. 
Active Rab5-GTP becomes anchored to the membrane and recruits more Rab5-
GEF to the endosome, thereby stimulating the recruitment of more Rab5 to the 
same site. In addition, active Rab5 activates a PI 3-kinase, which locally converts 
PI to PI(3)P, which in turn binds some of the Rab effectors including tethering pro-
teins and stabilizes their local membrane attachment (Figure 13–17). This type of 
positive feedback greatly amplifies the assembly process and helps to establish 
functionally distinct membrane domains within a continuous membrane.

The endosomal membrane provides a striking example of how different Rab 
proteins and their effectors help to create multiple specialized membrane domains, 
each fulfilling a particular set of functions. Thus, while the Rab5 membrane domain 
receives incoming endocytic vesicles from the plasma membrane, distinct Rab11 
and Rab4 domains in the same membrane organize the budding of recycling vesi-
cles that return proteins from the endosome to the plasma membrane.

Rab Cascades Can Change the Identity of an Organelle
A Rab domain can be disassembled and replaced by a different Rab domain, 
changing the identity of an organelle. Such ordered recruitment of sequentially 
acting Rab proteins is called a Rab cascade. Over time, for example, Rab5 domains 
are replaced by Rab7 domains on endosomal membranes. This converts an early 
endosome, marked by Rab5, into a late endosome, marked by Rab7. Because the 
set of Rab effectors recruited by Rab7 is different from that recruited by Rab5, 
this change reprograms the compartment: as we discuss later, it alters the mem-
brane dynamics, including the incoming and outgoing traffic, and repositions 
the organelle away from the plasma membrane toward the cell interior. All of the 
cargo contained in the early endosome that has not been recycled to the plasma 
membrane is now part of a late endosome. This process is also referred to as endo-
some maturation. The self-amplifying nature of the Rab domains renders the pro-
cess of endosome maturation unidirectional and irreversible (Figure 13–18). 
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Figure 13–17 The formation of a Rab5 
domain on the endosome membrane.  
A Rab5-GEF on the endosome membrane 
binds a Rab5 protein and induces it to 
exchange GDP for GTP. GDI is lost and 
GTP binding alters the conformation of 
the Rab protein, exposing an amphiphilic 
helix and a covalently attached lipid group, 
which together anchor the Rab5-GTP 
to the membrane. Active Rab5 activates 
PI 3-kinase, which converts PI into PI(3)
P. PI(3)P and active Rab5 together bind a 
variety of Rab effector proteins that contain 
PI(3)P-binding sites, including filamentous 
tethering proteins that catch incoming 
clathrin-coated endocytic vesicles from 
the plasma membrane. With the help of 
another effector, active Rab5 also recruits 
more Rab5-GEF, further enhancing the 
assembly of the Rab5 domain on the 
membrane.
     Controlled cycles of GTP hydrolysis 
and GDP–GTP exchange dynamically 
regulate the size and activity of such 
Rab domains. Unlike SNAREs, which are 
integral membrane proteins, the GDP/
GTP cycle, coupled to the membrane/
cytosol translocation cycle, endows 
the Rab machinery with the ability to 
undergo assembly and disassembly on 
the membrane. (Adapted from M. Zerial 
and H. McBride, Nat. Rev. Mol. Cell Biol. 
2:107–117, 2001. With permission from 
Macmillan Publishers Ltd.)

The formation of a Rab5 domain on the endosome membrane
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SNAREs Mediate Membrane Fusion
Once a transport vesicle has been tethered to its target membrane, it unloads its 
cargo by membrane fusion. Membrane fusion requires bringing the lipid bilayers 
of two membranes to within 1.5 nm of each other so that they can merge. When 
the membranes are in such close apposition, lipids can flow from one bilayer to 
the other. For this close approach, water must be displaced from the hydrophilic 
surface of the membrane—a process that is highly energetically unfavorable and 
requires specialized fusion proteins that overcome this energy barrier. We have 
already discussed the role of dynamin in a related task during the pinching-off of 
clathrin-coated vesicles (see Figure 13–13).

The SNARE proteins (also called SNAREs, for short) catalyze the membrane 
fusion reactions in vesicle transport. There are at least 35 different SNAREs in an 
animal cell, each associated with a particular organelle in the secretory or endo-
cytic pathways. These transmembrane proteins exist as complementary sets, with 
v-SNAREs usually found on vesicle membranes and t-SNAREs usually found on 
target membranes (see Figure 13–16). A v-SNARE is a single polypeptide chain, 
whereas a t-SNARE is usually composed of three proteins. The v-SNAREs and 
t-SNAREs have characteristic helical domains, and when a v-SNARE interacts with 
a t-SNARE, the helical domains of one wrap around the helical domains of the 
other to form a very stable four-helix bundle. The resulting trans-SNARE complex 
locks the two membranes together. Biochemical membrane fusion assays with all 
different SNARE combinations show that v- and t-SNARE pairing is highly specific. 
The SNAREs thus provide an additional layer of specificity in the transport process 
by helping to ensure that vesicles fuse only with the correct target membrane.

The trans-SNARE complexes catalyze membrane fusion by using the energy 
that is freed when the interacting helices wrap around each other to pull the 
membrane faces together, simultaneously squeezing out water molecules from 
the interface (Figure 13–19). When liposomes containing purified v-SNAREs are 
mixed with liposomes containing complementary t-SNAREs, their membranes 
fuse, albeit slowly. In the cell, other proteins recruited to the fusion site, presum-
ably Rab effectors, cooperate with SNAREs to accelerate fusion. Fusion does not 
always follow immediately after v-SNAREs and t-SNAREs pair. As we discuss later, 
in the process of regulated exocytosis, fusion is delayed until secretion is triggered 
by a specific extracellular signal.

Rab proteins, which can regulate the availability of SNARE proteins, exert an 
additional layer of control. t-SNAREs in target membranes are often associated 
with inhibitory proteins that must be released before the t-SNARE can function. 
Rab proteins and their effectors trigger the release of such SNARE inhibitory 
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Figure 13–18 A model for a generic 
Rab cascade. The local activation of a 
RabA-GEF leads to assembly of a RabA 
domain on the membrane. Active RabA 
recruits its effector proteins, one of which 
is a GEF for RabB. The RabB-GEF then 
recruits RabB to the membrane, which in 
turn begins to recruit its effectors, among 
them a GAP for RabA. The RabA-GAP 
activates RabA GTP hydrolysis leading 
to the inactivation of the RabA and the 
disassembly of the RabA domain as the 
RabB domain grows. In this way, the RabA 
domain is irreversibly replaced by the RabB 
domain. In principle, this sequence can 
continued by the recruitment of a next GEF 
by RabB. (Adapted from A.H. Hutagalung 
and P.J. Novick, Physiol. Rev. 91:119–149, 
2011. With permission from The American 
Physiological Society.) 
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Figure 13–19 A model for how SNARE proteins may catalyze membrane 
fusion. Bilayer fusion occurs in multiple steps. A tight pairing between 
v- and t-SNAREs forces lipid bilayers into close apposition and expels 
water molecules from the interface. Lipid molecules in the two interacting 
(cytosolic) leaflets of the bilayers then flow between the membranes to form 
a connecting stalk. Lipids of the two noncytosolic leaflets then contact each 
other, forming a new bilayer, which widens the fusion zone (hemifusion, or 
half-fusion). Rupture of the new bilayer completes the fusion reaction.

A model for a generic Rab cascade
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SNAREs Mediate Membrane Fusion
Once a transport vesicle has been tethered to its target membrane, it unloads its 
cargo by membrane fusion. Membrane fusion requires bringing the lipid bilayers 
of two membranes to within 1.5 nm of each other so that they can merge. When 
the membranes are in such close apposition, lipids can flow from one bilayer to 
the other. For this close approach, water must be displaced from the hydrophilic 
surface of the membrane—a process that is highly energetically unfavorable and 
requires specialized fusion proteins that overcome this energy barrier. We have 
already discussed the role of dynamin in a related task during the pinching-off of 
clathrin-coated vesicles (see Figure 13–13).

The SNARE proteins (also called SNAREs, for short) catalyze the membrane 
fusion reactions in vesicle transport. There are at least 35 different SNAREs in an 
animal cell, each associated with a particular organelle in the secretory or endo-
cytic pathways. These transmembrane proteins exist as complementary sets, with 
v-SNAREs usually found on vesicle membranes and t-SNAREs usually found on 
target membranes (see Figure 13–16). A v-SNARE is a single polypeptide chain, 
whereas a t-SNARE is usually composed of three proteins. The v-SNAREs and 
t-SNAREs have characteristic helical domains, and when a v-SNARE interacts with 
a t-SNARE, the helical domains of one wrap around the helical domains of the 
other to form a very stable four-helix bundle. The resulting trans-SNARE complex 
locks the two membranes together. Biochemical membrane fusion assays with all 
different SNARE combinations show that v- and t-SNARE pairing is highly specific. 
The SNAREs thus provide an additional layer of specificity in the transport process 
by helping to ensure that vesicles fuse only with the correct target membrane.

The trans-SNARE complexes catalyze membrane fusion by using the energy 
that is freed when the interacting helices wrap around each other to pull the 
membrane faces together, simultaneously squeezing out water molecules from 
the interface (Figure 13–19). When liposomes containing purified v-SNAREs are 
mixed with liposomes containing complementary t-SNAREs, their membranes 
fuse, albeit slowly. In the cell, other proteins recruited to the fusion site, presum-
ably Rab effectors, cooperate with SNAREs to accelerate fusion. Fusion does not 
always follow immediately after v-SNAREs and t-SNAREs pair. As we discuss later, 
in the process of regulated exocytosis, fusion is delayed until secretion is triggered 
by a specific extracellular signal.

Rab proteins, which can regulate the availability of SNARE proteins, exert an 
additional layer of control. t-SNAREs in target membranes are often associated 
with inhibitory proteins that must be released before the t-SNARE can function. 
Rab proteins and their effectors trigger the release of such SNARE inhibitory 
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Figure 13–18 A model for a generic 
Rab cascade. The local activation of a 
RabA-GEF leads to assembly of a RabA 
domain on the membrane. Active RabA 
recruits its effector proteins, one of which 
is a GEF for RabB. The RabB-GEF then 
recruits RabB to the membrane, which in 
turn begins to recruit its effectors, among 
them a GAP for RabA. The RabA-GAP 
activates RabA GTP hydrolysis leading 
to the inactivation of the RabA and the 
disassembly of the RabA domain as the 
RabB domain grows. In this way, the RabA 
domain is irreversibly replaced by the RabB 
domain. In principle, this sequence can 
continued by the recruitment of a next GEF 
by RabB. (Adapted from A.H. Hutagalung 
and P.J. Novick, Physiol. Rev. 91:119–149, 
2011. With permission from The American 
Physiological Society.) 

H2O

MBoC6 m13.17/13.18

10 nm

FUSION

H2OH2O

H2O

H2OH2O

H2OH2O
H2O

H2O
H2O

H2O
H2O

H2O
H2O

H2O

H2O

H2O

H2O

H2O

H2O

HEMIFUSION

FORM STALK

v-SNARE

t-SNARE

cytosolic
leaflets

noncytosolic
leaflets

Figure 13–19 A model for how SNARE proteins may catalyze membrane 
fusion. Bilayer fusion occurs in multiple steps. A tight pairing between 
v- and t-SNAREs forces lipid bilayers into close apposition and expels 
water molecules from the interface. Lipid molecules in the two interacting 
(cytosolic) leaflets of the bilayers then flow between the membranes to form 
a connecting stalk. Lipids of the two noncytosolic leaflets then contact each 
other, forming a new bilayer, which widens the fusion zone (hemifusion, or 
half-fusion). Rupture of the new bilayer completes the fusion reaction.

A model for how SNARE proteins may catalyze membrane fusion
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SNAREs Mediate Membrane Fusion
Once a transport vesicle has been tethered to its target membrane, it unloads its 
cargo by membrane fusion. Membrane fusion requires bringing the lipid bilayers 
of two membranes to within 1.5 nm of each other so that they can merge. When 
the membranes are in such close apposition, lipids can flow from one bilayer to 
the other. For this close approach, water must be displaced from the hydrophilic 
surface of the membrane—a process that is highly energetically unfavorable and 
requires specialized fusion proteins that overcome this energy barrier. We have 
already discussed the role of dynamin in a related task during the pinching-off of 
clathrin-coated vesicles (see Figure 13–13).

The SNARE proteins (also called SNAREs, for short) catalyze the membrane 
fusion reactions in vesicle transport. There are at least 35 different SNAREs in an 
animal cell, each associated with a particular organelle in the secretory or endo-
cytic pathways. These transmembrane proteins exist as complementary sets, with 
v-SNAREs usually found on vesicle membranes and t-SNAREs usually found on 
target membranes (see Figure 13–16). A v-SNARE is a single polypeptide chain, 
whereas a t-SNARE is usually composed of three proteins. The v-SNAREs and 
t-SNAREs have characteristic helical domains, and when a v-SNARE interacts with 
a t-SNARE, the helical domains of one wrap around the helical domains of the 
other to form a very stable four-helix bundle. The resulting trans-SNARE complex 
locks the two membranes together. Biochemical membrane fusion assays with all 
different SNARE combinations show that v- and t-SNARE pairing is highly specific. 
The SNAREs thus provide an additional layer of specificity in the transport process 
by helping to ensure that vesicles fuse only with the correct target membrane.

The trans-SNARE complexes catalyze membrane fusion by using the energy 
that is freed when the interacting helices wrap around each other to pull the 
membrane faces together, simultaneously squeezing out water molecules from 
the interface (Figure 13–19). When liposomes containing purified v-SNAREs are 
mixed with liposomes containing complementary t-SNAREs, their membranes 
fuse, albeit slowly. In the cell, other proteins recruited to the fusion site, presum-
ably Rab effectors, cooperate with SNAREs to accelerate fusion. Fusion does not 
always follow immediately after v-SNAREs and t-SNAREs pair. As we discuss later, 
in the process of regulated exocytosis, fusion is delayed until secretion is triggered 
by a specific extracellular signal.

Rab proteins, which can regulate the availability of SNARE proteins, exert an 
additional layer of control. t-SNAREs in target membranes are often associated 
with inhibitory proteins that must be released before the t-SNARE can function. 
Rab proteins and their effectors trigger the release of such SNARE inhibitory 
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Figure 13–18 A model for a generic 
Rab cascade. The local activation of a 
RabA-GEF leads to assembly of a RabA 
domain on the membrane. Active RabA 
recruits its effector proteins, one of which 
is a GEF for RabB. The RabB-GEF then 
recruits RabB to the membrane, which in 
turn begins to recruit its effectors, among 
them a GAP for RabA. The RabA-GAP 
activates RabA GTP hydrolysis leading 
to the inactivation of the RabA and the 
disassembly of the RabA domain as the 
RabB domain grows. In this way, the RabA 
domain is irreversibly replaced by the RabB 
domain. In principle, this sequence can 
continued by the recruitment of a next GEF 
by RabB. (Adapted from A.H. Hutagalung 
and P.J. Novick, Physiol. Rev. 91:119–149, 
2011. With permission from The American 
Physiological Society.) 
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Figure 13–19 A model for how SNARE proteins may catalyze membrane 
fusion. Bilayer fusion occurs in multiple steps. A tight pairing between 
v- and t-SNAREs forces lipid bilayers into close apposition and expels 
water molecules from the interface. Lipid molecules in the two interacting 
(cytosolic) leaflets of the bilayers then flow between the membranes to form 
a connecting stalk. Lipids of the two noncytosolic leaflets then contact each 
other, forming a new bilayer, which widens the fusion zone (hemifusion, or 
half-fusion). Rupture of the new bilayer completes the fusion reaction.
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proteins. In this way, SNARE proteins are concentrated and activated in the cor-
rect location on the membrane, where tethering proteins capture incoming ves-
icles. Rab proteins thus speed up the process by which appropriate SNARE pro-
teins in two membranes find each other.

For vesicle transport to operate normally, transport vesicles must incorpo-
rate the appropriate SNARE and Rab proteins. Not surprisingly, therefore, many 
transport vesicles will form only if they incorporate the appropriate complement 
of SNARE and Rab proteins in their membrane. How this crucial control process 
operates during vesicle budding remains a mystery.

Interacting SNAREs Need to Be Pried Apart Before They Can 
Function Again
Most SNARE proteins in cells have already participated in multiple rounds of 
vesicle transport and are sometimes present in a membrane as stable complexes 
with partner SNAREs. The complexes have to disassemble before the SNAREs can 
mediate new rounds of transport. A crucial protein called NSF cycles between 
membranes and the cytosol and catalyzes the disassembly process. NSF is a 
hexameric ATPase of the family of AAA-ATPases (see Figure 6–85) that uses the 
energy of ATP hydrolysis to unravel the intimate interactions between the helical 
domains of paired SNARE proteins (Figure 13–20). The requirement for NSF-me-
diated reactivation of SNAREs by SNARE complex disassembly helps prevent 
membranes from fusing indiscriminately: if the t-SNAREs in a target membrane 
were always active, any membrane containing an appropriate v-SNARE might 
fuse whenever the two membranes made contact. It is not known how the activity 
of NSF is controlled so that the SNARE machinery is activated at the right time and 
place. It is also not known how v-SNAREs are selectively retrieved and returned to 
their compartment of origin so that they can be reused in newly formed transport 
vesicles.

Membrane fusion is important in other processes beside vesicle transport. 
The plasma membranes of a sperm and an egg fuse during fertilization, and myo-
blasts fuse with one another during the development of multinucleate muscle 
fibers (discussed in Chapter 22). Likewise, the ER network and mitochondria fuse 
and fragment in a dynamic way (discussed in Chapters 12 and 14). All cell mem-
brane fusions require special proteins and are tightly regulated to ensure that only 
appropriate membranes fuse. The controls are crucial for maintaining both the 
identity of cells and the individuality of each type of intracellular compartment.

The membrane fusions catalyzed by viral fusion proteins are well understood. 
These proteins have a crucial role in permitting the entry of enveloped viruses 
(which have a lipid-bilayer-based membrane coat) into the cells that they infect 
(discussed in Chapters 5 and 23). For example, viruses such as the human immu-
nodeficiency virus (HIV), which causes AIDS, bind to cell-surface receptors and 
then fuse with the plasma membrane of the target cell (Figure 13–21). This fusion 
event allows the viral nucleic acid inside the nucleocapsid to enter the cytosol, 
where it replicates. Other viruses, such as the influenza virus, first enter the cell 
by receptor-mediated endocytosis (discussed later) and are delivered to endo-
somes; the low pH in endosomes activates a fusion protein in the viral envelope 
that catalyzes the fusion of the viral and endosomal membranes, releasing the 
viral nucleic acid into the cytosol. Viral fusion proteins and SNAREs promote lipid 
bilayer fusion in similar ways.

THE MOLECULAR MECHANISMS OF MEMBRANE TRANSPORT

Figure 13–20 Dissociation of SNARE 
pairs by NSF after a membrane fusion 
cycle. After a v-SNARE and t-SNARE have 
mediated the fusion of a transport vesicle 
with a target membrane, NSF binds to 
the SNARE complex and, with the help of 
accessory proteins, hydrolyzes ATP to pry 
the SNAREs apart.
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SNARE complexes are very stable; therefore, it costs energy to dissociate them
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cytosol; in their GTP-bound state, they are active and tightly associated with the 
membrane of an organelle or transport vesicle. Membrane-bound Rab-GEFs 
activate Rab proteins on both transport vesicle and target membranes; for some 
membrane fusion events, activated Rab molecules are required on both sides 
of the reaction. Once in the GTP-bound state and membrane-bound through a 
now-exposed lipid anchor, Rab proteins bind to other proteins, called Rab effec-
tors, which are the downstream mediators of vesicle transport, membrane teth-
ering, and membrane fusion (Figure 13–16). The rate of GTP hydrolysis sets the 
concentration of active Rab and, consequently, the concentration of its effectors 
on the membrane.

In contrast to the highly conserved structure of Rab proteins, the structures 
and functions of Rab effectors vary greatly, and the same Rab proteins can often 
bind to many different effectors. Some Rab effectors are motor proteins that pro-
pel vesicles along actin filaments or microtubules to their target membrane. Oth-
ers are tethering proteins, some of which have long, threadlike domains that serve 
as “fishing lines” that can extend to link two membranes more than 200 nm apart; 
other tethering proteins are large protein complexes that link two membranes 
that are closer together and interact with a wide variety of other proteins that facil-
itate the membrane fusion step. The tethering complex that docks COPII-coated 
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TABLE 13–1 Subcellular Locations of Some Rab Proteins

Protein Organelle

Rab1 ER and Golgi complex

Rab2 cis Golgi network

Rab3A Synaptic vesicles, secretory vesicles

Rab4/Rab11 Recycling endosomes

Rab5 Early endosomes, plasma membrane, clathrin-coated vesicles

Rab6 Medial and trans Golgi 

Rab7 Late endosomes

Rab8 Cilia

Rab9 Late endosomes, trans Golgi 

Figure 13–16 Tethering of a transport 
vesicle to a target membrane. Rab 
effector proteins interact with active Rab 
proteins (Rab-GTPs, yellow) located on 
the target membrane, vesicle membrane, 
or both, to establish the first connection 
between the two membranes that are 
going to fuse. In the example shown here, 
the Rab effector is a filamentous tethering 
protein (dark green). Next, SNARE proteins 
on the two membranes (red and blue) pair, 
docking the vesicle to the target membrane 
and catalyzing the fusion of the two 
apposed lipid bilayers. During docking and 
fusion, a Rab-GAP (not shown) induces the 
Rab protein to hydrolyze its bound GTP to 
GDP, causing the Rab to dissociate from 
the membrane and return to the cytosol 
as Rab-GDP, where it is bound by a GDI 
protein that keeps the Rab soluble and 
inactive. 

Tethering of a transport vesicle to a target membrane

The recognition between a vesicle and an acceptor 
compartment mediated by multiple simultaneous interactions


