
Glicosilacion de proteínas en el RE: síntesis de precursor 
ligado a dolichol y transferencia a proteína blanco.

Las glucosas terminales son importantes para permitir el plegamiento de una glicoproteína, 
gracias a su interacción con Clanexin/calreticulin. 
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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 modi!cation 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. "ese 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 disul!de 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? "e 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. "us, an unfolded protein undergoes continu-
ous cycles of glucose trimming (by glucosidase) and glucose addition (by gluco-
syl transferase), maintaining an a#nity 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. 

Los Oligosacáridos se utilizan como etiquetas para marcar el 
estado de plegamiento de una glicoproteína.
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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. !e 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 disul"de isomerases (enzymes mentioned earlier that catalyze 
the formation and breakage of S–S bonds) associate with the proteins that must be 
degraded. !e chaperones prevent the unfolded proteins from aggregating, and 
the disul"de isomerases break disul"de bonds that may have formed incorrectly, 
so that a linear polypeptide chain can be translocated back into the cytosol.

Multiple translocator complexes move di#erent 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. 

Las proteínas plegadas incorrectamente se exportan desde el 
RE al citoplasma donde son degradadas

A pesar de toda la ayuda de chaperones, muchas moléculas de ciertas proteínas (más del de 
80% para algunas proteínas) translocadas hacia el RER no consiguen alcanzar su estado 

correctamente plegado u oligomérico.
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they can in principle be released from cells in soluble form in response to signals 
that activate a speci!c 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 
"e 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. "e 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. "us, phospholipid synthesis occurs exclusively in the 
cytosolic lea#et 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 su$ciently 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 !rst step that enlarges the ER lipid bilayer. "e 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. 
"e 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 lea#et of the ER 
lipid bilayer, there needs to be a mechanism that transfers some of the newly 
formed phospholipid molecules to the lumenal lea#et of the bilayer. In synthetic 
lipid bilayers, lipids do not “#ip-#op” 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 “#ip-
#op.” "is rapid trans-bilayer movement is mediated by a poorly characterized 
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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. 
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phospholipid translocator called a scramblase, which nonselectively equilibrates 
phospholipids between the two lea!ets of the lipid bilayer (Figure 12–54). "us, 
the di#erent types of phospholipids are thought to be equally distributed between 
the two lea!ets of the ER membrane. 

"e plasma membrane contains a di#erent type of phospholipid translocator 
that belongs to the family of P-type pumps (discussed in Chapter 11). "ese !ip-
pases speci$cally 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 lea!et, 
using the energy of ATP hydrolysis. "e plasma membrane therefore has a highly 
asymmetric phospholipid composition, which is actively maintained by the !ip-
pases (see Figure 10–15). "e 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. 

"e 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. "e 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). "us, 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 lea!et 
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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Figure 12–55 The structure of ceramide.
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La membrana ER es el sitio de síntesis de 
casi todas las clases principales de lípidos 

de la célula, incluyendo fosfolípidos y 
colesterol, necesarios para la producción de 

nuevas membranas celulares.



Las cadenas polipeptídicas translocadas se pliegan y se ensamblan en el lumen del RE 
rugoso 

Muchas proteínas están en ruta hacia otros destino, pero otras son RESIDENTES y contienen 
señales de retención para el RE: 4 aminoacidos en el C terminal. 

Entre las funciones de las Residentes encontramos la catálisis del plegamiento y ensamblado 
correcto así como glicosilacion y síntesis de lípidos de membrana 

PDI (protein disulphide isomerase): cataliza la formación de puentes disulfuro. 

BiP: chaperona que previene agregación de proteínas mal plegadas y las retiene en el ER, en 
forma cíclica, ATP dependiente. 

Calnexin y Calreticulin, chaperonas del ER que colaboran en el plegado de glicoproteinas, 
impidiendo el agregado prematuro de proteínas durante su plegamiento.  

La mayoría de las proteínas sintetizadas en el RER son glicosilados por la adición de un 
oligosacárido N-Linked (ligado a asparagine): son glicoproteinas.



LOS MECANISMOS MOLECULARES DE 
TRANSPORTE DE MEMBRANA

Y EL  MANTENIMIENTO DE
DIFERENTES COMPARTIMENTOS  



El transporte de una proteína fluorescente a través de la via secretoria: https://
www.youtube.com/watch?v=UcQE_YOrTjA 



RE, Golgi y Microtúbulos 
https://www.youtube.com/watch?v=E-g42U1tTqg

https://www.youtube.com/watch?v=E-g42U1tTqg
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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. !ey use an elaborate internal membrane system to add 
and remove cell-surface proteins, such as receptors, ion channels, and transport-
ers (Figure 13–1). !rough 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 di"erent 
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.

!e 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. !ese 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 o" 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). !is vesicular tra#c 
$ows along highly organized, directional routes, which allow the cell to secrete, 
eat, and remodel its plasma membrane and organelles. !e 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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Figure 13–1 Exocytosis and 
endocytosis. (A) In exocytosis, a transport 
vesicle fuses with the plasma membrane. 
Its content is released into the extracellular 
space, while the vesicle membrane (red) 
becomes continuous with the plasma 
membrane. (B) In endocytosis, a plasma 
membrane patch (red) is internalized, 
forming a transport vesicle. Its content 
derives from the extracellular space.
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balance the !ow 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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Las células ajustan continuamente la composición de su membrana 
plasmática y compartimentos internos.
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balance the !ow 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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Existen varios tipos de vesículas recubiertas.

Clatrina                     COPI                   COPII
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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 !rst, as they provide a good example of how vesicles form.

"e 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). "us, 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. "ey 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 speci!c 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 13–5 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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!ere are several types of adaptor proteins. !e best characterized have four 
di"erent protein subunits; others are single-chain proteins. Each type of adaptor 
protein is speci#c for a di"erent set of cargo receptors. Clathrin-coated vesicles 
budding from di"erent membranes use di"erent adaptor proteins and thus pack-
age di"erent receptors and cargo molecules.

!e 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. !e adaptor protein AP2 serves as a well-understood example. 
When it binds to a speci#c phosphorylated phosphatidylinositol lipid (a phospho-
inositide), it alters its conformation, exposing binding sites for cargo receptors in 
the membrane. !e 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. 
!e cooperative assembly of the AP2 coat layer then is further ampli#ed 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. !is helps to control vesicular tra$c, 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.)
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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. !ey 
can undergo rapid cycles of phosphorylation and dephosphorylation at the 3މ4 ,މ, 
and 5މ positions of their inositol sugar head groups to produce various types of 
phosphoinositides (phosphatidylinositol phosphates, or PIPs). !e interconver-
sion of phosphatidylinositol (PI) and PIPs is highly compartmentalized: di"erent 
organelles in the endocytic and secretory pathways have distinct sets of PI and PIP 
kinases and PIP phosphatases (Figure 13–10). !e 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 de#ning specialized membrane domains.

Many proteins involved at di"erent steps in vesicle transport contain domains 
that bind with high speci#city 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. !e produc-
tion of a particular type of PIP recruits proteins containing matching PIP-binding 
domains. !e PIP-binding proteins then help regulate vesicle formation and other 
steps in the control of vesicle tra$c (Figure 13–11). !e same strategy is widely 
used to recruit speci#c intracellular signaling proteins to the plasma membrane 
in response to extracellular signals (discussed in Chapter 15).
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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 
to the formation of a coated bud (called a 
coated pit if it is in the plasma membrane). 
The adaptor proteins bind both clathrin 
triskelions and membrane-bound cargo 
receptors, thereby mediating the selective 
recruitment of both membrane and soluble 
cargo molecules into the vesicle. Other 
membrane-bending and fission proteins 
are recruited to the neck of the budding 
vesicle, where sharp membrane curvature 
is introduced. The coat is rapidly lost 
shortly after the vesicle buds off.
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Figure 13–9 Lipid-induced conformation 
switching of AP2. The AP2 adaptor 
protein complex has four subunits (Į, ȕ2, 
ȝ2, and ı2). 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 ȝ2 and ı2 
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. 

Adaptadores diferentes para diferentes cargas
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Membrane-Bending Proteins Help Deform the Membrane During 
Vesicle Formation
!e forces generated by clathrin coat assembly alone are not su"cient to 
shape and pinch o# 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 lea$et 
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 %laments 
that introduce tension to help pinch o# 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 o# 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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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.)

Fosfoinositoles fosfatos (PIPs) son marcadores de 
organelos y dominios de membrana



Las proteínas que son capaces de doblar la 
membrana ayudan a deformar la membrana durante

formación vesicular.
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!e pinching-o" process brings the two noncytosolic lea#ets of the membrane 
into close proximity and fuses them, sealing o" 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 o" the clathrin coat. Auxilin, 
another vesicle protein, is thought to activate the ATPase. !e 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.)



Proteínas citoplasmáticas regulan el pellizco 
(pinching off) y la perdida de recubrimiento de las 

vesículas: dynamin.
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PIP fosfatasa que se empaqueta en las vesículas revestidas con clatrina elimina PI (4,5) 
P2 de la membrana, debilitando la unión de las proteínas adaptadoras, facilitando la 

liberación del revestimiento.



Tráfico RE - Golgi 
https://www.youtube.com/watch?v=XXsAf_3MZNk

https://www.youtube.com/watch?v=XXsAf_3MZNk
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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 !rst, as they provide a good example of how vesicles form.

"e 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). "us, 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. "ey 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 speci!c 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. 

Cada tipo de vesícula se involucra en el tráfico entre 
ciertos compartimentos.
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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. !e plasma membrane, for exam-
ple, is comparatively "at and sti#, owing to its cholesterol-rich lipid composition 
and underlying actin-rich cortex. !us, the coordinated action of clathrin coats 
and membrane-bending proteins has to produce su$cient force to introduce 
curvature, especially at the neck of the bud where sharp bends are required for 
the pinching-o# 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, sti# 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 %t 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). !ese 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.)

GTPasas monoméricas reclutan COPI y COPII, participando 
en el ensamblado y desensamblado.



Modelo animado COPII 
https://www.youtube.com/watch?v=ABGlD1vQG3s

https://www.youtube.com/watch?v=ABGlD1vQG3s


Las proteínas de Rab (GTPasas monoméricas) 
guían a las vesículas de transporte a su 

membrana blanco, las SNARE median la fusión.
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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 e!ec-
tors, which are the downstream mediators of vesicle transport, membrane teth-
ering, and membrane fusion (Figure 13–16). !e rate of GTP hydrolysis sets the 
concentration of active Rab and, consequently, the concentration of its e"ectors 
on the membrane.

In contrast to the highly conserved structure of Rab proteins, the structures 
and functions of Rab e"ectors vary greatly, and the same Rab proteins can often 
bind to many di"erent e"ectors. Some Rab e"ectors are motor proteins that pro-
pel vesicles along actin #laments or microtubules to their target membrane. Oth-
ers are tethering proteins, some of which have long, threadlike domains that serve 
as “#shing 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. !e 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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De las GTPasas monoméricas, la subfamilia Rab, es el 
conjunto mas numeroso con más de 60 miembros. 
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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 !ow 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-o" of 
clathrin-coated vesicles (see Figure 13–13).

#e SNARE proteins (also called SNAREs, for short) catalyze the membrane 
fusion reactions in vesicle transport. #ere are at least 35 di"erent SNAREs in an 
animal cell, each associated with a particular organelle in the secretory or endo-
cytic pathways. #ese 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. #e 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. #e resulting trans-SNARE complex 
locks the two membranes together. Biochemical membrane fusion assays with all 
di"erent SNARE combinations show that v- and t-SNARE pairing is highly speci$c. 
#e SNAREs thus provide an additional layer of speci$city in the transport process 
by helping to ensure that vesicles fuse only with the correct target membrane.

#e 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 puri$ed v-SNAREs are 
mixed with liposomes containing complementary t-SNAREs, their membranes 
fuse, albeit slowly. In the cell, other proteins recruited to the fusion site, presum-
ably Rab e"ectors, cooperate with SNAREs to accelerate fusion. Fusion does not 
always follow immediately after v-SNAREs and t-SNAREs pair. As we discuss later, 
in the process of regulated exocytosis, fusion is delayed until secretion is triggered 
by a speci$c 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 e"ectors 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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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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Summary
Directed and selective transport of particular membrane components from one 
membrane-enclosed compartment to another in a eukaryotic cell maintains the 
di!erences between those compartments. Transport vesicles, which can be spheri-
cal, tubular, or irregularly shaped, bud from specialized coated regions of the donor 
membrane. "e assembly of the coat helps to collect speci#c membrane and soluble 
cargo molecules for transport and to drive the formation of the vesicle.

"ere are various types of coated vesicles. "e best characterized are clath-
rin-coated vesicles, which mediate transport from the plasma membrane and the 
trans Golgi network, and COPI- and COPII-coated vesicles, which mediate trans-
port between Golgi cisternae and between the ER and the Golgi apparatus, respec-
tively. Coats have a common two-layered structure: an inner layer formed of adap-
tor proteins links the outer layer (or cage) to the vesicle membrane and also traps 
speci#c cargo molecules for packaging into the vesicle. "e coat is shed before the 
vesicle fuses with its appropriate target membrane.

Local synthesis of speci#c phosphoinositides creates binding sites that trigger 
clathrin coat assembly and vesicle budding. In addition, monomeric GTPases help 
regulate various steps in vesicle transport, including both vesicle budding and 
docking. "e coat-recruitment GTPases, including Sar1 and the ARF proteins, reg-
ulate coat assembly and disassembly. A large family of Rab proteins functions as 
vesicle-targeting GTPases. Rab proteins are recruited to both, forming transport 
vesicles and target membranes. "e assembly and disassembly of Rab proteins 
and their e!ectors in specialized membrane domains are dynamically controlled 
by GTP binding and hydrolysis. Active Rab proteins recruit Rab e!ectors, such as 
motor proteins, which transport vesicles along actin #laments or microtubules, and 
#lamentous tethering proteins, which help ensure that the vesicles deliver their con-
tents only to the appropriate target membrane. Complementary v-SNARE proteins 
on transport vesicles and t-SNARE proteins on the target membrane form stable 
trans-SNARE complexes, which force the two membranes into close apposition so 
that their lipid bilayers can fuse.

TRANSPORT FROM THE ER THROUGH THE  
GOLGI APPARATUS
As discussed in Chapter 12, newly synthesized proteins cross the ER membrane 
from the cytosol to enter the secretory pathway. During their subsequent transport, 
from the ER to the Golgi apparatus and from the Golgi apparatus to the cell surface 
and elsewhere, these proteins are successively modi!ed as they pass through a 
series of compartments. Transfer from one compartment to the next involves a 
delicate balance between forward and backward (retrieval) transport pathways. 
Some transport vesicles select cargo molecules and move them to the next com-
partment in the pathway, while others retrieve escaped proteins and return them 
to a previous compartment where they normally function. "us, the pathway from 
the ER to the cell surface consists of many sorting steps, which continuously select 
membrane and soluble lumenal proteins for packaging and transport. CELL EXTERIOR
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Figure 13–21 The entry of enveloped 
viruses into cells. Electron micrographs 
showing how HIV enters a cell by fusing 
its membrane with the plasma membrane 
of the cell. (From B.S. Stein et al., Cell 
49:659–668, 1987. With permission from 
Elsevier.)
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The Golgi Apparatus Consists of an Ordered Series of 
Compartments
Because it could be selectively visualized by silver stains, the Golgi apparatus was 
one of the !rst organelles described by early light microscopists. It consists of a 
collection of "attened, membrane-enclosed compartments called cisternae, that 
somewhat resemble a stack of pita breads. Each Golgi stack typically consists of 
four to six cisternae (Figure 13–26), although some unicellular "agellates can have 
more than 20. In animal cells, tubular connections between corresponding cister-
nae link many stacks, thus forming a single complex, which is usually located near 
the cell nucleus and close to the centrosome (Figure 13–27A). #is localization 
depends on microtubules. If microtubules are experimentally depolymerized, the 
Golgi apparatus reorganizes into individual stacks that are found throughout the 
cytoplasm, adjacent to ER exit sites. Some cells, including most plant cells, have 
hundreds of individual Golgi stacks dispersed throughout the cytoplasm where 
they are typically found adjacent to ER exit sites (Figure 13–27B).
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Figure 13–26 The Golgi apparatus. 
(A) Three-dimensional reconstruction 
from electron micrographs of the Golgi 
apparatus in a secretory animal cell. The  
cis face of the Golgi stack is that closest 
to the ER. (B) A thin-section electron 
micrograph of an animal cell. In plant  
cells, the Golgi apparatus is generally  
more distinct and more clearly separated 
from other intracellular membranes than  
in animal cells. (A, redrawn from  
A. Rambourg and Y. Clermont, Eur. J. Cell 
Biol. 51:189–200, 1990. With permission 
from Wissenschaftliche Verlagsgesellschaft; 
B, courtesy of Brij J. Gupta.)
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Figure 13–27 Localization of the Golgi 
apparatus in animal and plant cells.  
(A) The Golgi apparatus in a cultured 
fibroblast stained with a fluorescent 
antibody that recognizes a Golgi resident 
protein (bright orange). The Golgi apparatus 
is polarized, facing the direction in which 
the cell was crawling before fixation.  
(B) The Golgi apparatus in a plant cell that 
is expressing a fusion protein consisting 
of a resident Golgi enzyme fused to green 
fluorescent protein. (A, courtesy of John 
Henley and Mark McNiven; B, courtesy of 
Chris Hawes.)
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During their passage through the Golgi apparatus, transported molecules 
undergo an ordered series of covalent modi!cations. Each Golgi stack has two 
distinct faces: a cis face (or entry face) and a trans face (or exit face). Both cis and 
trans faces are closely associated with special compartments, each composed of a 
network of interconnected tubular and cisternal structures: the cis Golgi network 
(CGN) and the trans Golgi network (TGN), respectively. "e CGN is a collection 
of fused vesicular tubular clusters arriving from the ER. Proteins and lipids enter 
the cis Golgi network and exit from the trans Golgi network, bound for the cell 
surface or another compartment. Both networks are important for protein sort-
ing: proteins entering the CGN can either move onward in the Golgi apparatus or 
be returned to the ER. Similarly, proteins exiting from the TGN move onward and 
are sorted according to their next destination: endosomes, secretory vesicles, or 
the cell surface. "ey also can be returned to an earlier compartment. Some mem-
brane proteins are retained in the part of the Golgi apparatus where they function.

As described in Chapter 12, a single species of N-linked oligosaccharide is 
attached en bloc to many proteins in the ER and then trimmed while the pro-
tein is still in the ER. "e oligosaccharide intermediates created by the trimming 
reactions serve to help proteins fold and to help transport misfolded proteins to 
the cytosol for degradation in proteasomes. "us, they play an important role in 
controlling the quality of proteins exiting from the ER. Once these ER functions 
have been ful!lled, the cell reutilizes the oligosaccharides for new functions. "is 
begins in the Golgi apparatus, which generates the heterogeneous oligosaccha-
ride structures seen in mature proteins. After arrival in the CGN, proteins enter 
the !rst of the Golgi processing compartments (the cis Golgi cisternae). "ey then 
move to the next compartment (the medial cisternae) and !nally to the trans 
cisternae, where glycosylation is completed. "e lumen of the trans cisternae is 
thought to be continuous with the TGN, the place where proteins are segregated 
into di#erent transport packages and dispatched to their !nal destinations.

"e oligosaccharide processing steps occur in an organized sequence in the 
Golgi stack, with each cisterna containing a characteristic mixture of processing 
enzymes. Proteins are modi!ed in successive stages as they move from cisterna 
to cisterna across the stack, so that the stack forms a multistage processing unit. 

Investigators discovered the functional di#erences between the cis, medial, 
and trans subdivisions of the Golgi apparatus by localizing the enzymes involved 
in processing N-linked oligosaccharides in distinct regions of the organelle, both 
by physical fractionation of the organelle and by labeling the enzymes in electron 
microscope sections with antibodies (Figure 13–28). "e removal of mannose 
and the addition of N-acetylglucosamine, for example, occur in the cis and medial 
cisternae, while the addition of galactose and sialic acid occurs in the trans cis-
terna and trans Golgi network. Figure 13–29 summarizes the functional compart-
mentalization of the Golgi apparatus.

Oligosaccharide Chains Are Processed in the Golgi Apparatus
Whereas the ER lumen is full of soluble lumenal resident proteins and enzymes, 
the resident proteins in the Golgi apparatus are all membrane bound, as the enzy-
matic reactions apparently occur entirely on membrane surfaces. All of the Golgi 
glycosidases and glycosyl transferases, for example, are single-pass transmem-
brane proteins, many of which are organized in multienzyme complexes.
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Figure 13–28 Molecular compartmentalization of the Golgi apparatus. 
A series of electron micrographs shows the Golgi apparatus (A) unstained, 
(B) stained with osmium, which preferentially labels the cisternae of the 
cis compartment, and (C and D) stained to reveal the location of specific 
enzymes. Nucleoside diphosphatase is found in the trans Golgi cisternae 
(C), while acid phosphatase is found in the trans Golgi network (D). Note that 
usually more than one cisterna is stained. The enzymes are therefore thought 
to be highly enriched rather than precisely localized to a specific cisterna. 
(Courtesy of Daniel S. Friend.)
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the electron microscope (Figure 13–24A). !ese clusters constitute a compart-
ment that is separate from the ER and lacks many of the proteins that function 
in the ER. !ey are generated continually and function as transport containers 
that bring material from the ER to the Golgi apparatus. !e 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 o" 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. !ey 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. !is retrieval process demonstrates the exquisite control mech-
anisms that regulate coat assembly reactions. !e 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.

!e retrieval (or retrograde) transport continues as the vesicular tubular clus-
ters move toward the Golgi apparatus. !us, the clusters continuously mature, 
gradually changing their composition as selected proteins are returned to the ER. 
!e 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
!e 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. !e 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 di"erent: 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 e#ciently 
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.)
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Unlike the retrieval signals on ER membrane proteins, which can interact 
directly with the COPI coat, soluble ER resident proteins must bind to special-
ized receptor proteins such as the KDEL receptor—a multipass transmembrane 
protein that binds to the KDEL sequence and packages any protein displaying it 
into COPI-coated retrograde transport vesicles (Figure 13–25). To accomplish this 
task, the KDEL receptor itself must cycle between the ER and the Golgi apparatus, 
and its a!nity for the KDEL sequence must di"er in these two compartments. 
#e receptor must have a high a!nity for the KDEL sequence in vesicular tubular 
clusters and the Golgi apparatus, so as to capture escaped, soluble ER resident 
proteins that are present there at low concentration. It must have a low a!nity for 
the KDEL sequence in the ER, however, to unload its cargo in spite of the very high 
concentration of KDEL-containing soluble resident proteins in the ER.

How does the a!nity of the KDEL receptor change depending on the compart-
ment in which it resides? #e answer is likely related to the lower pH in the Golgi 
compartments, which is regulated by H+ pumps. As we discuss later, pH-sensitive 
protein–protein interactions form the basis for many of the protein sorting steps 
in the cell.

Most membrane proteins that function at the interface between the ER and 
Golgi apparatus, including v- and t-SNAREs and some cargo receptors, also enter 
the retrieval pathway back to the ER.

Many Proteins Are Selectively Retained in the Compartments in 
Which They Function
#e KDEL retrieval pathway only partly explains how ER resident proteins are 
maintained in the ER. As mentioned, cells that express genetically modi$ed 
ER resident proteins, from which the KDEL sequence has been experimentally 
removed, secrete these proteins. But the rate of secretion is much slower than for a 
normal secretory protein. It seems that a mechanism that is independent of their 
KDEL signal normally retains ER resident proteins and that only those proteins 
that escape this retention mechanism are captured and returned via the KDEL 
receptor. A suggested retention mechanism is that ER resident proteins bind to 
one another, thus forming complexes that are too big to enter transport vesicles 
e!ciently. Because ER resident proteins are present in the ER at very high con-
centrations (estimated to be millimolar), relatively low-a!nity interactions would 
su!ce to retain most of the proteins in such complexes.

Aggregation of proteins that function in the same compartment is a general 
mechanism that compartments use to organize and retain their resident proteins. 
Golgi enzymes that function together, for example, also bind to each other and are 
thereby restrained from entering transport vesicles leaving the Golgi apparatus.

Figure 13–25 Retrieval of soluble ER 
resident proteins. ER resident proteins 
that escape from the ER are returned by 
vesicle transport. (A) The KDEL receptor 
present in both vesicular tubular clusters 
and the Golgi apparatus captures the 
soluble ER resident proteins and carries 
them in COPI-coated transport vesicles 
back to the ER. (Recall that the COPI-
coated vesicles shed their coats as soon as 
they are formed.) Upon binding its ligands 
in the tubular cluster or Golgi, the KDEL 
receptor may change conformation, so 
as to facilitate its recruitment into budding 
COPI-coated vesicles. (B) The retrieval 
of ER proteins begins in vesicular tubular 
clusters and continues from later parts of 
the Golgi apparatus. In the environment of 
the ER, the ER resident proteins dissociate 
from the KDEL receptor, which is then 
returned to the Golgi apparatus for reuse. 
We discuss the different compartments of 
the Golgi apparatus shortly.
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Las proteínas residentes solubles en ER, tales como BiP, también contienen una señal de 
recuperación de ER corta en su extremo C-terminal, LysAsp-Glu-Leu o una secuencia similar. 
Si esta señal (llamada secuencia KDEL) se elimina de BiP por ingeniería genética, la proteína 

se secreta lentamente de la célula.  

Si la señal se transfiere a una proteína que normalmente se secreta, la proteína es ahora 
eficientemente devuelta al ER, donde se acumula.
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Procesamiento de oligosacáridos 
en los compartimientos de Golgi
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Two broad classes of N-linked oligosaccharides, the complex oligosaccha-
rides and the high-mannose oligosaccharides, are attached to mammalian gly-
coproteins. Sometimes, both types are attached (in di!erent places) to the same 
polypeptide chain. Complex oligosaccharides are generated when the original 
N-linked oligosaccharide added in the ER is trimmed and further sugars are 
added; by contrast, high-mannose oligosaccharides are trimmed but have no new 
sugars added to them in the Golgi apparatus (Figure 13–30). "e sialic acids in the 
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Figure 13–29 Oligosaccharide 
processing in Golgi compartments. 
The localization of each processing step 
shown was determined by a combination 
of techniques, including biochemical 
subfractionation of the Golgi apparatus 
membranes and electron microscopy after 
staining with antibodies specific for some 
of the processing enzymes. Processing 
enzymes are not restricted to a particular 
cisterna; instead, their distribution is graded 
across the stack, such that early-acting 
enzymes are present mostly in the cis Golgi 
cisternae and later-acting enzymes are 
mostly in the trans Golgi cisternae. Man, 
mannose; GlcNAc, N-acetylglucosamine; 
Gal, galactose; NANA, N-acetylneuraminic 
acid (sialic acid).

Figure 13–30 The two main classes of asparagine-linked (N-linked) oligosaccharides found 
in mature mammalian glycoproteins. (A) Both complex oligosaccharides and high-mannose 
oligosaccharides share a common core region derived from the original N-linked oligosaccharide 
added in the ER (see Figure 12–50) and typically containing two N-acetylglucosamines (GlcNAc) 
and three mannoses (Man). (B) Each complex oligosaccharide consists of a core region, together 
with a terminal region that contains a variable number of copies of a special trisaccharide unit 
(N-acetylglucosamine–galactose–sialic acid) linked to the core mannoses. Frequently, the terminal 
region is truncated and contains only GlcNAc and galactose (Gal) or just GlcNAc. In addition, 
a fucose may be added, usually to the core GlcNAc attached to the asparagine (Asn). Thus, 
although the steps of processing and subsequent sugar addition are rigidly ordered, complex 
oligosaccharides can be heterogeneous. Moreover, although the complex oligosaccharide 
shown has three terminal branches, two and four branches are also common, depending on the 
glycoprotein and the cell in which it is made. (C) High-mannose oligosaccharides are not trimmed 
back all the way to the core region and contain additional mannoses. Hybrid oligosaccharides with 
one Man branch and one GlcNAc and Gal branch are also found (not shown).
   The three amino acids indicated in (A) constitute the sequence recognized by the oligosaccharyl 
transferase enzyme that adds the initial oligosaccharide to the protein. Ser, serine; Thr, threonine;  
X, any amino acid, except proline.
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complex oligosaccharides are of special importance because they bear a negative 
charge. Whether a given oligosaccharide remains high-mannose or is processed 
depends largely on its position in the protein. If the oligosaccharide is accessible 
to the processing enzymes in the Golgi apparatus, it is likely to be converted to a 
complex form; if it is inaccessible because its sugars are tightly held to the pro-
tein’s surface, it is likely to remain in a high-mannose form. !e processing that 
generates complex oligosaccharide chains follows the highly ordered pathway 
shown in Figure 13–31.

Beyond these commonalities in oligosaccharide processing that are shared 
among most cells, the products of the carbohydrate modi"cations carried out in 
the Golgi apparatus are highly complex and have given rise to a new "eld of study 
called glycobiology. !e human genome, for example, encodes hundreds of dif-
ferent Golgi glycosyl transferases and many glycosidases, which are expressed dif-
ferently from one cell type to another, resulting in a variety of glycosylated forms 
of a given protein or lipid in di#erent cell types and at varying stages of di#erenti-
ation, depending on the spectrum of enzymes expressed by the cell. !e complex-
ity of modi"cations is not limited to N-linked oligosaccharides but also occurs on 
O-linked sugars, as we discuss next.

Proteoglycans Are Assembled in the Golgi Apparatus
In addition to the N-linked oligosaccharide alterations made to proteins as they 
pass through the Golgi cisternae en route from the ER to their "nal destinations, 
many proteins are also modi"ed in the Golgi apparatus in other ways. Some pro-
teins have sugars added to the hydroxyl groups of selected serines or threonines, 
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Figure 13–31 Oligosaccharide processing in the ER and the Golgi apparatus. The processing pathway is highly ordered, 
so that each step shown depends on the previous one. Step 1: Processing begins in the ER with the removal of the glucoses 
from the oligosaccharide initially transferred to the protein. Then a mannosidase in the ER membrane removes a specific 
mannose. The remaining steps occur in the Golgi stack. Step 2: Golgi mannosidase I removes three more mannoses. Step 
3: N-acetylglucosamine transferase I then adds an N-acetylglucosamine. Step 4: Mannosidase II then removes two additional 
mannoses. This yields the final core of three mannoses that is present in a complex oligosaccharide. At this stage, the bond 
between the two N-acetylglucosamines in the core becomes resistant to attack by a highly specific endoglycosidase (Endo 
H). Since all later structures in the pathway are also Endo H-resistant, treatment with this enzyme is widely used to distinguish 
complex from high-mannose oligosaccharides. Step 5: Finally, as shown in Figure 13–30, additional N-acetylglucosamines, 
galactoses, and sialic acids are added. These final steps in the synthesis of a complex oligosaccharide occur in the cisternal 
compartments of the Golgi apparatus: three types of glycosyl transferase enzymes act sequentially, using sugar substrates 
that have been activated by linkage to the indicated nucleotide; the membranes of the Golgi cisternae contain specific carrier 
proteins that allow each sugar nucleotide to enter in exchange for the nucleoside phosphates that are released after the sugar is 
attached to the protein on the lumenal face.
   Note that, as a biosynthetic organelle, the Golgi apparatus differs from the ER: all sugars in the Golgi are assembled inside the 
lumen from sugar nucleotide, whereas in the ER, the N-linked precursor oligosaccharide is assembled partly in the cytosol and 
partly in the lumen, and most lumenal reactions use dolichol-linked sugars as their substrates (see Figure 12–51).
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N-linked oligosaccharide added in the ER is trimmed and further sugars are 
added; by contrast, high-mannose oligosaccharides are trimmed but have no new 
sugars added to them in the Golgi apparatus (Figure 13–30). "e sialic acids in the 

TRANSPORT FROM THE ER THROUGH THE GOLGI APPARATUS

Golgi
apparatus

plasma
membrane

cis
cisterna
medial
cisterna

trans
cisterna

Golgi
stack

trans Golgi
network

cis Golgi
network

ER

lysosome secretory
vesicle

• removal of Man

• removal of Man  • addition of GlcNAc

• addition of Gal  • addition of NANA

• sulfation of tyrosines and carbohydrates

• phosphorylation of oligosaccharides on lysosomal proteins
SORTING

SORTING

MBoC6 m13.28/13.28

Figure 13–29 Oligosaccharide 
processing in Golgi compartments. 
The localization of each processing step 
shown was determined by a combination 
of techniques, including biochemical 
subfractionation of the Golgi apparatus 
membranes and electron microscopy after 
staining with antibodies specific for some 
of the processing enzymes. Processing 
enzymes are not restricted to a particular 
cisterna; instead, their distribution is graded 
across the stack, such that early-acting 
enzymes are present mostly in the cis Golgi 
cisternae and later-acting enzymes are 
mostly in the trans Golgi cisternae. Man, 
mannose; GlcNAc, N-acetylglucosamine; 
Gal, galactose; NANA, N-acetylneuraminic 
acid (sialic acid).

Figure 13–30 The two main classes of asparagine-linked (N-linked) oligosaccharides found 
in mature mammalian glycoproteins. (A) Both complex oligosaccharides and high-mannose 
oligosaccharides share a common core region derived from the original N-linked oligosaccharide 
added in the ER (see Figure 12–50) and typically containing two N-acetylglucosamines (GlcNAc) 
and three mannoses (Man). (B) Each complex oligosaccharide consists of a core region, together 
with a terminal region that contains a variable number of copies of a special trisaccharide unit 
(N-acetylglucosamine–galactose–sialic acid) linked to the core mannoses. Frequently, the terminal 
region is truncated and contains only GlcNAc and galactose (Gal) or just GlcNAc. In addition, 
a fucose may be added, usually to the core GlcNAc attached to the asparagine (Asn). Thus, 
although the steps of processing and subsequent sugar addition are rigidly ordered, complex 
oligosaccharides can be heterogeneous. Moreover, although the complex oligosaccharide 
shown has three terminal branches, two and four branches are also common, depending on the 
glycoprotein and the cell in which it is made. (C) High-mannose oligosaccharides are not trimmed 
back all the way to the core region and contain additional mannoses. Hybrid oligosaccharides with 
one Man branch and one GlcNAc and Gal branch are also found (not shown).
   The three amino acids indicated in (A) constitute the sequence recognized by the oligosaccharyl 
transferase enzyme that adds the initial oligosaccharide to the protein. Ser, serine; Thr, threonine;  
X, any amino acid, except proline.
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Los carbohidratos  complejos requieren una enzima diferente en cada paso, siendo cada 
producto reconocido como sustrato exclusivo para la siguiente enzima de la serie



¿Cuál es el propósito de la glicosilación?

La gran abundancia de las glicoproteínas y las vías complicadas que han 
evolucionado para sintetizarlos enfatizan que los oligosacáridos en glicoproteínas y 

glicosfingolípidos tienen funciones muy importantes.

Papel en la fabricación de productos intermedios plegables más solubles

"Glyco-code" que marca la progresión del plegamiento

Limitar la aproximación de otras macromoléculas a la superficie de la proteína

La capa mucosa de las células pulmonares y intestinales, por ejemplo, protege de muchos 
patógenos

El reconocimiento de las cadenas de azúcar por lectinas en el espacio extracelular es 
importante en muchos procesos de desarrollo y en el reconocimiento de célula a célula
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retrieves escaped ER and Golgi proteins and returns them to upstream compart-
ments. Directional !ow could be achieved because forward-moving cargo mol-
ecules are selectively packaged into forward-moving vesicles. Although both 
forward- and backward-moving vesicles would likely be COPI-coated, the coats 
may contain di"erent adaptor proteins that confer selectivity on the packaging of 
cargo molecules. Alternatively, transport vesicles shuttling between Golgi cister-
nae might not be directional at all, transporting cargo randomly back and forth; 
directional !ow would then occur because of the continual input to the cis cis-
terna and output from the trans cisterna.

#e vesicle transport model is supported by experiments that show that cargo 
molecules are present in small COPI-coated vesicles and that these vesicles can 
deliver them to Golgi cisternae over large distances. In addition, when exper-
imentally aggregated membrane proteins are introduced into Golgi cisternae, 
they can be observed staying in place, while soluble cargo, even if present as large 
aggregates, traverses the Golgi at normal rates.

It is likely that aspects of both models are true. A stable core of long-lasting 
cisternae might exist in the center of each Golgi cisterna, while regions at the rim 
may undergo continuous maturation, perhaps utilizing Rab cascades that change 
their identity. As matured pieces of the cisternae are formed, they might break 
o" and fuse with downstream cisternae by homotypic fusion mechanisms, taking 
large cargo molecules with them. In addition, small COPI-coated vesicles might 
transport small cargo in the forward direction and retrieve escaped Golgi enzymes 
and return them to their appropriate upstream cisternae.

Golgi Matrix Proteins Help Organize the Stack
#e unique architecture of the Golgi apparatus depends on both the microtubule 
cytoskeleton, as already mentioned, and cytoplasmic Golgi matrix proteins, which 
form a sca"old between adjacent cisternae and give the Golgi stack its structural 
integrity. Some of the matrix proteins, called golgins, form long tethers composed 
of sti" coiled-coil domains with interspersed hinge regions. Golgins form a forest 
of tentacles that can extend 100–400 nm from the surface of the Golgi stack. #ey 
are thought to help retain Golgi transport vesicles close to the organelle through 
interactions with Rab proteins (Figure 13–36). When the cell prepares to divide, 
mitotic protein kinases phosphorylate the Golgi matrix proteins, causing the Golgi 
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Figure 13–35 Two possible models explaining the organization of the Golgi apparatus and how proteins move through!it. 
It is likely that the transport through the Golgi apparatus in the forward direction (red arrows) involves elements of both models. 
(A) According to the cisternal maturation model, each Golgi cisterna matures as it migrates outward through the stack. At each 
stage, the Golgi resident proteins that are carried forward in a maturing cisterna are moved backward to an earlier compartment 
in COPI-coated vesicles. When a newly formed cisterna moves to a medial position, for example, “leftover” cis Golgi enzymes 
would be extracted and transported retrogradely to a new cis cisterna behind. Likewise, the medial enzymes would be received 
by retrograde transport from the cisternae just ahead. In this way, a cis cisterna would mature to a medial and then trans cisterna 
as it moves outward. (B) In the vesicle transport model, Golgi cisternae are static compartments, which contain a characteristic 
complement of resident enzymes. The passing of molecules from cis to trans through the Golgi is accomplished by forward-
moving transport vesicles, which bud from one cisterna and fuse with the next in a cis-to-trans direction.

Figure 13–36 A model of golgin function. 
Filamentous golgins anchored to Golgi 
membranes capture transport vesicles 
by binding to Rab proteins on the vesicle 
surface.
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retrieves escaped ER and Golgi proteins and returns them to upstream compart-
ments. Directional !ow could be achieved because forward-moving cargo mol-
ecules are selectively packaged into forward-moving vesicles. Although both 
forward- and backward-moving vesicles would likely be COPI-coated, the coats 
may contain di"erent adaptor proteins that confer selectivity on the packaging of 
cargo molecules. Alternatively, transport vesicles shuttling between Golgi cister-
nae might not be directional at all, transporting cargo randomly back and forth; 
directional !ow would then occur because of the continual input to the cis cis-
terna and output from the trans cisterna.

#e vesicle transport model is supported by experiments that show that cargo 
molecules are present in small COPI-coated vesicles and that these vesicles can 
deliver them to Golgi cisternae over large distances. In addition, when exper-
imentally aggregated membrane proteins are introduced into Golgi cisternae, 
they can be observed staying in place, while soluble cargo, even if present as large 
aggregates, traverses the Golgi at normal rates.

It is likely that aspects of both models are true. A stable core of long-lasting 
cisternae might exist in the center of each Golgi cisterna, while regions at the rim 
may undergo continuous maturation, perhaps utilizing Rab cascades that change 
their identity. As matured pieces of the cisternae are formed, they might break 
o" and fuse with downstream cisternae by homotypic fusion mechanisms, taking 
large cargo molecules with them. In addition, small COPI-coated vesicles might 
transport small cargo in the forward direction and retrieve escaped Golgi enzymes 
and return them to their appropriate upstream cisternae.

Golgi Matrix Proteins Help Organize the Stack
#e unique architecture of the Golgi apparatus depends on both the microtubule 
cytoskeleton, as already mentioned, and cytoplasmic Golgi matrix proteins, which 
form a sca"old between adjacent cisternae and give the Golgi stack its structural 
integrity. Some of the matrix proteins, called golgins, form long tethers composed 
of sti" coiled-coil domains with interspersed hinge regions. Golgins form a forest 
of tentacles that can extend 100–400 nm from the surface of the Golgi stack. #ey 
are thought to help retain Golgi transport vesicles close to the organelle through 
interactions with Rab proteins (Figure 13–36). When the cell prepares to divide, 
mitotic protein kinases phosphorylate the Golgi matrix proteins, causing the Golgi 
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Figure 13–35 Two possible models explaining the organization of the Golgi apparatus and how proteins move through!it. 
It is likely that the transport through the Golgi apparatus in the forward direction (red arrows) involves elements of both models. 
(A) According to the cisternal maturation model, each Golgi cisterna matures as it migrates outward through the stack. At each 
stage, the Golgi resident proteins that are carried forward in a maturing cisterna are moved backward to an earlier compartment 
in COPI-coated vesicles. When a newly formed cisterna moves to a medial position, for example, “leftover” cis Golgi enzymes 
would be extracted and transported retrogradely to a new cis cisterna behind. Likewise, the medial enzymes would be received 
by retrograde transport from the cisternae just ahead. In this way, a cis cisterna would mature to a medial and then trans cisterna 
as it moves outward. (B) In the vesicle transport model, Golgi cisternae are static compartments, which contain a characteristic 
complement of resident enzymes. The passing of molecules from cis to trans through the Golgi is accomplished by forward-
moving transport vesicles, which bud from one cisterna and fuse with the next in a cis-to-trans direction.

Figure 13–36 A model of golgin function. 
Filamentous golgins anchored to Golgi 
membranes capture transport vesicles 
by binding to Rab proteins on the vesicle 
surface.
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apparatus to fragment and disperse throughout the cytosol. !e Golgi fragments 
are then distributed evenly to the two daughter cells, where the matrix proteins 
are dephosphorylated, leading to the reassembly of the Golgi stack. Similarly, 
during apoptosis, proteolytic cleavage of golgins by caspases ensues (discussed in 
Chapter 18), fragments the Golgi apparatus as the cell self-destructs.

Summary
Correctly folded and assembled proteins in the ER are packaged into COPII-coated 
transport vesicles that pinch o! from the ER membrane. Shortly thereafter, the vesi-
cles shed their coat and fuse with one another to form vesicular tubular clusters. In 
animal cells, the clusters then move on microtubule tracks to the Golgi apparatus, 
where they fuse with one another to form the cis Golgi network. Any resident ER 
proteins that escape from the ER are returned there from the vesicular tubular clus-
ters and Golgi apparatus by retrograde transport in COPI-coated vesicles.

"e Golgi apparatus, unlike the ER, contains many sugar nucleotides, which 
glycosyl transferase enzymes use to glycosylate lipid and protein molecules as they 
pass through the Golgi apparatus. "e mannoses on the N-linked oligosaccharides 
that are added to proteins in the ER are often initially removed, and further sugars 
are added. Moreover, the Golgi apparatus is the site where O-linked glycosylation 
occurs and where glycosaminoglycan chains are added to core proteins to form 
proteoglycans. Sulfation of the sugars in proteoglycans and of selected tyrosines on 
proteins also occurs in a late Golgi compartment.

"e Golgi apparatus modi#es the many proteins and lipids that it receives from 
the ER and then distributes them to the plasma membrane, lysosomes, and secre-
tory vesicles. "e Golgi apparatus is a polarized organelle, consisting of one or more 
stacks of disc-shaped cisternae. Each stack is organized as a series of at least three 
functionally distinct compartments, termed cis, medial, and trans cisternae. "e 
cis and trans cisternae are each connected to special sorting stations, called the cis 
Golgi network and the trans Golgi network, respectively. Proteins and lipids move 
through the Golgi stack in the cis-to-trans direction. "is movement may occur by 
vesicle transport, by progressive maturation of the cis cisternae as they migrate con-
tinuously through the stack, or, most likely, by a combination of these two mecha-
nisms. Continual retrograde vesicle transport from upstream to more downstream 
cisternae is thought to keep the enzymes concentrated in the cisternae where they 
are needed. "e #nished new proteins end up in the trans Golgi network, which 
packages them in transport vesicles and dispatches them to their speci#c destina-
tions in the cell.

TRANSPORT FROM THE TRANS GOLGI NETWORK  
TO LYSOSOMES
!e trans Golgi network sorts all of the proteins that pass through the Golgi appa-
ratus (except those that are retained there as permanent residents) according to 
their "nal destination. !e sorting mechanism is especially well understood for 
those proteins destined for the lumen of lysosomes, and in this section we con-
sider this selective transport process. We begin with a brief account of lysosome 
structure and function.

Lysosomes Are the Principal Sites of Intracellular Digestion
Lysosomes are membrane-enclosed organelles "lled with soluble hydrolytic 
enzymes that digest macromolecules. Lysosomes contain about 40 types of 
hydrolytic enzymes, including proteases, nucleases, glycosidases, lipases, phos-
pholipases, phosphatases, and sulfatases. All are acid hydrolases; that is, hydro-
lases that work best at acidic pH. For optimal activity, they need to be activated 
by proteolytic cleavage, which also requires an acid environment. !e lysosome 
provides this acidity, maintaining an interior pH of about 4.5–5.0. By this arrange-
ment, the contents of the cytosol are doubly protected against attack by the cell’s 
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own digestive system: the membrane of the lysosome keeps the digestive enzymes 
out of the cytosol, but, even if they leak out, they can do little damage at the cyto-
solic pH of about 7.2.

Like all other membrane-enclosed organelles, the lysosome not only contains 
a unique collection of enzymes, but also has a unique surrounding membrane. 
Most of the lysosome membrane proteins, for example, are highly glycosylated, 
which helps to protect them from the lysosome proteases in the lumen. Transport 
proteins in the lysosome membrane carry the !nal products of the digestion of 
macromolecules—such as amino acids, sugars, and nucleotides—to the cytosol, 
where the cell can either reuse or excrete them.

A vacuolar H+ ATPase in the lysosome membrane uses the energy of ATP 
hydrolysis to pump H+ into the lysosome, thereby maintaining the lumen at its 
acidic pH (Figure 13–37). "e lysosome H+ pump belongs to the family of V-type 
ATPases and has a similar architecture to the mitochondrial and chloroplast ATP 
synthases (F-type ATPases), which convert the energy stored in H+ gradients into 
ATP (see Figure 11–12). By contrast to these enzymes, however, the vacuolar H+ 
ATPase exclusively works in reverse, pumping H+ into the organelle. Similar or 
identical V-type ATPases acidify all endocytic and exocytic organelles, including 
lysosomes, endosomes, some compartments of the Golgi apparatus, and many 
transport and secretory vesicles. In addition to providing a low-pH environment 
that is suitable for reactions occurring in the organelle lumen, the H+ gradient 
provides a source of energy that drives the transport of small metabolites across 
the organelle membrane.

Lysosomes Are Heterogeneous
Lysosomes are found in all eukaryotic cells. "ey were initially discovered by the 
biochemical fractionation of cell extracts; only later were they seen clearly in the 
electron microscope. Although extraordinarily diverse in shape and size, staining 
them with speci!c antibodies shows they are members of a single family of organ-
elles. "ey can also be identi!ed by histochemical techniques that reveal which 
organelles contain acid hydrolase (Figure 13–38). 

"e heterogeneous morphology of lysosomes contrasts with the relatively uni-
form structures of many other cell organelles. "e diversity re#ects the wide variety 
of digestive functions that acid hydrolases mediate, including the breakdown of 
intra- and extracellular debris, the destruction of phagocytosed microorganisms, 
and the production of nutrients for the cell. "eir morphological diversity, how-
ever, also re#ects the way lysosomes form. Late endosomes containing material 
received from both the plasma membrane by endocytosis and newly synthesized 
lysosomal hydrolases fuse with preexisting lysosomes to form structures that are 
sometimes referred to as endolysosomes, which then fuse with one another (Fig-
ure 13–39). When the majority of the endocytosed material within an endolyso-
some has been digested so that only resistant or slowly digestible residues remain, 
these organelles become “classical” lysosomes. "ese are relatively dense, round, 
and small, but they can enter the cycle again by fusing with late endosomes or 
endolysosomes. "us, there is no real distinction between endolysosomes and 
lysosomes: they are the same except that they are in di$erent stages of a matura-
tion cycle. For this reason, lysosomes are sometimes viewed as a heterogeneous 
collection of distinct organelles, the common feature of which is a high content of 
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Figure 13–38 Histochemical visualization of lysosomes. These electron 
micrographs show two sections of a cell stained to reveal the location of 
acid phosphatase, a marker enzyme for lysosomes. The larger membrane-
enclosed organelles, containing dense precipitates of lead phosphate, are 
lysosomes. Their diverse morphology reflects variations in the amount and 
nature of the material they are digesting. The precipitates are produced when 
tissue fixed with glutaraldehyde (to fix the enzyme in place) is incubated with 
a phosphatase substrate in the presence of lead ions. Red arrows in the top 
panel indicate two small vesicles thought to be carrying acid hydrolases from 
the Golgi apparatus. (Courtesy of Daniel S. Friend.)
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!e selective autophagy of worn out or damaged mitochondria is called mito-
phagy. As discussed in Chapters 12 and 14, when mitochondria function nor-
mally, the inner mitochondrial membrane is energized by an electrochemical H+ 
gradient that drives ATP synthesis and the import of mitochondrial precursor pro-
teins and metabolites. Damaged mitochondria cannot maintain the gradient, so 
protein import is blocked. As a consequence, a protein kinase called Pink1, which 
is normally imported into mitochondria, is instead retained on the mitochondrial 
surface where it recruits the ubiquitin ligase Parkin from the cytosol. Parkin ubiq-
uitylates mitochondrial outer membrane proteins, which mark the organelle for 
selective destruction in autophagosomes. Mutations in Pink1 or Parkin cause a 
form of early-onset Parkinson’s disease, a degenerative disorder of the central 
nervous system. It is not known why the neurons that die prematurely in this dis-
ease are particularly reliant on mitophagy.

A Mannose 6-Phosphate Receptor Sorts Lysosomal Hydrolases in 
the Trans Golgi Network
We now consider the pathway that delivers lysosomal hydrolases from the TGN to 
lysosomes. !e enzymes are "rst delivered to endosomes in transport vesicles that 
bud from the TGN, before they move on to endolysosomes and lysosomes (see 
Figure 13–39). !e vesicles that leave the TGN incorporate the lysosomal proteins 
and exclude the many other proteins being packaged into di#erent transport ves-
icles for delivery elsewhere.

How are lysosomal hydrolases recognized and selected in the TGN with the 
required accuracy? In animal cells they carry a unique marker in the form of 
mannose 6-phosphate (M6P) groups, which are added exclusively to the N-linked 
oligosaccharides of these soluble lysosomal enzymes as they pass through the 
lumen of the cis Golgi network (Figure 13–44). Transmembrane M6P receptor 
proteins, which are present in the TGN, recognize the M6P groups and bind to the 
lysosomal hydrolases on the lumenal side of the membrane and to adaptor pro-
teins in assembling clathrin coats on the cytosolic side. In this way, the receptors 
help package the hydrolases into clathrin-coated vesicles that bud from the TGN 
and deliver their contents to early endosomes.

!e M6P receptor protein binds to M6P at pH 6.5–6.7 in the TGN lumen and 
releases it at pH 6, which is the pH in the lumen of endosomes. !us, after the 
receptor is delivered, the lysosomal hydrolases dissociate from the M6P recep-
tors, which are retrieved into transport vesicles that bud from endosomes. !ese 
vesicles are coated with retromer, a coat protein complex specialized for endo-
some-to-TGN transport, which returns the receptors to the TGN for reuse (Figure 
13–45).

Transport in either direction requires signals in the cytoplasmic tail of the M6P 
receptor that direct this protein to the endosome or back to the TGN. !ese signals 
are recognized by the retromer complex that recruits M6P receptors into transport 
vesicles that bud from endosomes. !e recycling of the M6P receptor resembles 
the recycling of the KDEL receptor discussed earlier, although it di#ers in the type 
of coated vesicles that mediate the transport.

Not all the hydrolase molecules that are tagged with M6P get to lysosomes. 
Some escape the normal packaging process in the trans Golgi network and are 
transported “by default” to the cell surface, where they are secreted into the extra-
cellular $uid. Some M6P receptors, however, also take a detour to the plasma 
membrane, where they recapture the escaped lysosomal hydrolases and return 
them by receptor-mediated endocytosis (discussed later) to lysosomes via early and 
late endosomes. As lysosomal hydrolases require an acidic milieu to work, they 
can do little harm in the extracellular $uid, which usually has a neutral pH of 7.4.

For the sorting system that segregates lysosomal hydrolases and dispatches 
them to endosomes to work, the M6P groups must be added only to the appropri-
ate glycoproteins in the Golgi apparatus. !is requires speci"c recognition of the 
hydrolases by the Golgi enzymes responsible for adding M6P. Since all glycopro-
teins leave the ER with identical N-linked oligosaccharide chains, the signal for 
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adding the M6P units to oligosaccharides must reside somewhere in the polypep-
tide chain of each hydrolase. Genetic engineering experiments have revealed that 
the recognition signal is a cluster of neighboring amino acids on each protein’s 
surface, known as a signal patch (Figure 13–46). Since most lysosomal hydrolases 
contain multiple oligosaccharides, they acquire many M6P groups, providing a 
high-a!nity signal for the M6P receptor.

Defects in the GlcNAc Phosphotransferase Cause a Lysosomal 
Storage Disease in Humans
Genetic defects that a"ect one or more of the lysosomal hydrolases cause a num-
ber of human lysosomal storage diseases. #e defects result in an accumulation 
of undigested substrates in lysosomes, with severe pathological consequences, 
most often in the nervous system. In most cases, there is a mutation in a struc-
tural gene that codes for an individual lysosomal hydrolase. #is occurs in Hurler’s 
disease, for example, in which the enzyme required for the breakdown of certain 
types of glycosaminoglycan chains is defective or missing. #e most severe form 
of lysosomal storage disease, however, is a very rare inherited metabolic disor-
der called inclusion-cell disease (I-cell disease). In this condition, almost all of the 
hydrolytic enzymes are missing from the lysosomes of many cell types, and their 
undigested substrates accumulate in these lysosomes, which consequently form 
large inclusions in the cells. #e consequent pathology is complex, a"ecting all 
organ systems, skeletal integrity, and mental development; individuals rarely live 
beyond six or seven years.

I-cell disease is due to a single gene defect and, like most genetic enzyme de$-
ciencies, it is recessive—that is, it occurs only in individuals having two copies 
of the defective gene. In patients with I-cell disease, all the hydrolases missing 
from lysosomes are found in the blood: because they fail to sort properly in the 
Golgi apparatus, they are secreted rather than transported to lysosomes. #e 
mis-sorting has been traced to a defective or missing GlcNAc phosphotransfer-
ase. Because lysosomal enzymes are not phosphorylated in the cis Golgi network, 
the M6P receptors do not segregate them into the appropriate transport vesicles 
in the TGN. Instead, the lysosomal hydrolases are carried to the cell surface and 
secreted.

In I-cell disease, the lysosomes in some cell types, such as hepatocytes, con-
tain a normal complement of lysosomal enzymes, implying that there is another 

+

lysosomal hydrolase
     precursor M6P receptor

from ER

mannose

Golgi apparatus

clathrin coat

RECEPTOR RETRIEVAL
M6P receptor in
budding vesicle

transport
  vesicle

retromer
coat

lysosomal
hydrolase
precursor

early endosome

MBoC6 m13.44/13.46

H+

ADDITION OF
P-GlcNAc

BINDING TO
M6P RECEPTOR

UNCOVERING OF
M6P SIGNAL

REMOVAL OF
PHOSPHATEDISSOCIATION

AT ACIDIC pH

cis
Golgi

network

trans
Golgi

network

TRANSPORT TO
ENDOSOME

ATP ADP Pi

Figure 13–45 The transport of newly 
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lower pH of the endosome, the hydrolases 
dissociate from the M6P receptors, and the 
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coated vesicles to the TGN for further 
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further ensure that the hydrolases do not 
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pathway for directing hydrolases to lysosomes that is used by some cell types 
but not others. Alternative sorting receptors function in these M6P-independent 
pathways. Similarly, an M6P-independent pathway in all cells sorts the mem-
brane proteins of lysosomes from the TGN for transport to late endosomes, and 
those proteins are therefore normal in I-cell disease.

Some Lysosomes and Multivesicular Bodies Undergo Exocytosis
Targeting of material to lysosomes is not necessarily the end of the pathway. Lyso-
somal secretion of undigested content enables all cells to eliminate indigestible 
debris. For most cells, this seems to be a minor pathway, used only when the cells 
are stressed. Some cell types, however, contain specialized lysosomes that have 
acquired the necessary machinery for fusion with the plasma membrane. Mela-
nocytes in the skin, for example, produce and store pigments in their lysosomes. 
!ese pigment-containing melanosomes release their pigment into the extra-
cellular space of the epidermis by exocytosis. !e pigment is then taken up by 
keratinocytes, leading to normal skin pigmentation. In some genetic disorders, 
defects in melanosome exocytosis block this transfer process, leading to forms 
of hypopigmentation (albinism). Under certain conditions, multivesicular bodies 
can also fuse with the plasma membrane. If that occurs, their intralumenal vesi-
cles are released from cells. Circulating small vesicles, also called exosomes, have 
been observed in the blood and may be used to transport components between 
cells, although the importance of such a mechanism of potential communication 
between distant cells is unknown. Some exosomes may derive from direct vesicle 
budding events at the plasma membrane, which is a topologically equivalent pro-
cess (see Figure 13–57).

Summary
Lysosomes are specialized for the intracellular digestion of macromolecules. !ey 
contain unique membrane proteins and a wide variety of soluble hydrolytic enzymes 
that operate best at pH 5, which is the internal pH of lysosomes. An ATP-driven H+ 
pump in the lysosomal membrane maintains this low pH. Newly synthesized lyso-
somal proteins transported from the lumen of the ER, through the Golgi apparatus; 
they are then carried from the trans Golgi network to endosomes by means of clath-
rin-coated transport vesicles, before moving on to lysosomes.

!e lysosomal hydrolases contain N-linked oligosaccharides that are covalently 
modi"ed in a unique way in the cis Golgi so that their mannoses are phosphory-
lated. !ese mannose 6-phosphate (M6P) groups are recognized by an M6P recep-
tor protein in the trans Golgi network that segregates the hydrolases and helps pack-
age them into budding transport vesicles that deliver their contents to endosomes. 
!e M6P receptors shuttle back and forth between the trans Golgi network and the 
endosomes. !e low pH in endosomes and the removal of the phosphate from the 
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Figure 13–46 The recognition of 
a lysosomal hydrolase. A GlcNAc 
phosphotransferase recognizes lysosomal 
hydrolases in the Golgi apparatus. The 
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binds both high-mannose N-linked 
oligosaccharides and UDP-GlcNAc. The 
recognition site binds to a signal patch that 
is present only on the surface of lysosomal 
hydrolases. A second enzyme cleaves 
off the GlcNAc, leaving the mannose 
6-phosphate exposed.
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adding the M6P units to oligosaccharides must reside somewhere in the polypep-
tide chain of each hydrolase. Genetic engineering experiments have revealed that 
the recognition signal is a cluster of neighboring amino acids on each protein’s 
surface, known as a signal patch (Figure 13–46). Since most lysosomal hydrolases 
contain multiple oligosaccharides, they acquire many M6P groups, providing a 
high-a!nity signal for the M6P receptor.

Defects in the GlcNAc Phosphotransferase Cause a Lysosomal 
Storage Disease in Humans
Genetic defects that a"ect one or more of the lysosomal hydrolases cause a num-
ber of human lysosomal storage diseases. #e defects result in an accumulation 
of undigested substrates in lysosomes, with severe pathological consequences, 
most often in the nervous system. In most cases, there is a mutation in a struc-
tural gene that codes for an individual lysosomal hydrolase. #is occurs in Hurler’s 
disease, for example, in which the enzyme required for the breakdown of certain 
types of glycosaminoglycan chains is defective or missing. #e most severe form 
of lysosomal storage disease, however, is a very rare inherited metabolic disor-
der called inclusion-cell disease (I-cell disease). In this condition, almost all of the 
hydrolytic enzymes are missing from the lysosomes of many cell types, and their 
undigested substrates accumulate in these lysosomes, which consequently form 
large inclusions in the cells. #e consequent pathology is complex, a"ecting all 
organ systems, skeletal integrity, and mental development; individuals rarely live 
beyond six or seven years.

I-cell disease is due to a single gene defect and, like most genetic enzyme de$-
ciencies, it is recessive—that is, it occurs only in individuals having two copies 
of the defective gene. In patients with I-cell disease, all the hydrolases missing 
from lysosomes are found in the blood: because they fail to sort properly in the 
Golgi apparatus, they are secreted rather than transported to lysosomes. #e 
mis-sorting has been traced to a defective or missing GlcNAc phosphotransfer-
ase. Because lysosomal enzymes are not phosphorylated in the cis Golgi network, 
the M6P receptors do not segregate them into the appropriate transport vesicles 
in the TGN. Instead, the lysosomal hydrolases are carried to the cell surface and 
secreted.

In I-cell disease, the lysosomes in some cell types, such as hepatocytes, con-
tain a normal complement of lysosomal enzymes, implying that there is another 
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Figure 13–45 The transport of newly 
synthesized lysosomal hydrolases to 
endosomes. The sequential action of two 
enzymes in the cis and trans Golgi network 
adds mannose 6-phosphate (M6P) groups 
to the precursors of lysosomal enzymes 
(see Figure 13–46). The M6P-tagged 
hydrolases then segregate from all other 
types of proteins in the TGN because 
adaptor proteins (not shown) in the clathrin 
coat bind the M6P receptors, which, in 
turn, bind the M6P-modified lysosomal 
hydrolases. The clathrin-coated vesicles 
bud off from the TGN, shed their coat, 
and fuse with early endosomes. At the 
lower pH of the endosome, the hydrolases 
dissociate from the M6P receptors, and the 
empty receptors are retrieved in retromer-
coated vesicles to the TGN for further 
rounds of transport. In the endosomes, 
the phosphate is removed from the M6P 
attached to the hydrolases, which may 
further ensure that the hydrolases do not 
return to the TGN with the receptor.



  723

own digestive system: the membrane of the lysosome keeps the digestive enzymes 
out of the cytosol, but, even if they leak out, they can do little damage at the cyto-
solic pH of about 7.2.

Like all other membrane-enclosed organelles, the lysosome not only contains 
a unique collection of enzymes, but also has a unique surrounding membrane. 
Most of the lysosome membrane proteins, for example, are highly glycosylated, 
which helps to protect them from the lysosome proteases in the lumen. Transport 
proteins in the lysosome membrane carry the !nal products of the digestion of 
macromolecules—such as amino acids, sugars, and nucleotides—to the cytosol, 
where the cell can either reuse or excrete them.

A vacuolar H+ ATPase in the lysosome membrane uses the energy of ATP 
hydrolysis to pump H+ into the lysosome, thereby maintaining the lumen at its 
acidic pH (Figure 13–37). "e lysosome H+ pump belongs to the family of V-type 
ATPases and has a similar architecture to the mitochondrial and chloroplast ATP 
synthases (F-type ATPases), which convert the energy stored in H+ gradients into 
ATP (see Figure 11–12). By contrast to these enzymes, however, the vacuolar H+ 
ATPase exclusively works in reverse, pumping H+ into the organelle. Similar or 
identical V-type ATPases acidify all endocytic and exocytic organelles, including 
lysosomes, endosomes, some compartments of the Golgi apparatus, and many 
transport and secretory vesicles. In addition to providing a low-pH environment 
that is suitable for reactions occurring in the organelle lumen, the H+ gradient 
provides a source of energy that drives the transport of small metabolites across 
the organelle membrane.

Lysosomes Are Heterogeneous
Lysosomes are found in all eukaryotic cells. "ey were initially discovered by the 
biochemical fractionation of cell extracts; only later were they seen clearly in the 
electron microscope. Although extraordinarily diverse in shape and size, staining 
them with speci!c antibodies shows they are members of a single family of organ-
elles. "ey can also be identi!ed by histochemical techniques that reveal which 
organelles contain acid hydrolase (Figure 13–38). 

"e heterogeneous morphology of lysosomes contrasts with the relatively uni-
form structures of many other cell organelles. "e diversity re#ects the wide variety 
of digestive functions that acid hydrolases mediate, including the breakdown of 
intra- and extracellular debris, the destruction of phagocytosed microorganisms, 
and the production of nutrients for the cell. "eir morphological diversity, how-
ever, also re#ects the way lysosomes form. Late endosomes containing material 
received from both the plasma membrane by endocytosis and newly synthesized 
lysosomal hydrolases fuse with preexisting lysosomes to form structures that are 
sometimes referred to as endolysosomes, which then fuse with one another (Fig-
ure 13–39). When the majority of the endocytosed material within an endolyso-
some has been digested so that only resistant or slowly digestible residues remain, 
these organelles become “classical” lysosomes. "ese are relatively dense, round, 
and small, but they can enter the cycle again by fusing with late endosomes or 
endolysosomes. "us, there is no real distinction between endolysosomes and 
lysosomes: they are the same except that they are in di$erent stages of a matura-
tion cycle. For this reason, lysosomes are sometimes viewed as a heterogeneous 
collection of distinct organelles, the common feature of which is a high content of 
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Figure 13–38 Histochemical visualization of lysosomes. These electron 
micrographs show two sections of a cell stained to reveal the location of 
acid phosphatase, a marker enzyme for lysosomes. The larger membrane-
enclosed organelles, containing dense precipitates of lead phosphate, are 
lysosomes. Their diverse morphology reflects variations in the amount and 
nature of the material they are digesting. The precipitates are produced when 
tissue fixed with glutaraldehyde (to fix the enzyme in place) is incubated with 
a phosphatase substrate in the presence of lead ions. Red arrows in the top 
panel indicate two small vesicles thought to be carrying acid hydrolases from 
the Golgi apparatus. (Courtesy of Daniel S. Friend.)
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hydrolytic enzymes. It is especially hard to apply a narrower de!nition than this in 
plant cells, as we discuss next.

Plant and Fungal Vacuoles Are Remarkably Versatile Lysosomes
Most plant and fungal cells (including yeasts) contain one or several very large, 
"uid-!lled vesicles called vacuoles. #ey typically occupy more than 30% of the 
cell volume, and as much as 90% in some cell types (Figure 13–40). Vacuoles are 
related to animal cell lysosomes and contain a variety of hydrolytic enzymes, but 
their functions are remarkably diverse. #e plant vacuole can act as a storage 
organelle for both nutrients and waste products, as a degradative compartment, 
as an economical way of increasing cell size, and as a controller of turgor pressure 
(the osmotic pressure that pushes outward on the cell wall and keeps the plant 
from wilting) (Figure 13–41). #e same cell may have di$erent vacuoles with dis-
tinct functions, such as digestion and storage.

#e vacuole is important as a homeostatic device, enabling plant cells to with-
stand wide variations in their environment. When the pH in the environment 
drops, for example, the "ux of H+ into the cytosol is balanced, at least in part, by 
an increased transport of H+ into the vacuole, which tends to keep the pH in the 
cytosol constant. Similarly, many plant cells maintain an almost constant turgor 
pressure despite large changes in the tonicity of the "uid in their immediate envi-
ronment. #ey do so by changing the osmotic pressure of the cytosol and vac-
uole—in part by the controlled breakdown and resynthesis of polymers such as 
polyphosphate in the vacuole, and in part by altering the transport rates of sugars, 
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Figure 13–40 The plant cell vacuole. 
(A) A confocal image of cells from an 
Arabidopsis embryo that is expressing an 
aquaporin—YFP (yellow fluorescent protein)  
fusion protein in its tonoplast, or vacuole 
membrane (green); the cell walls have been  
false-colored orange. Each cell contains 
several large vacuoles. (B) This electron 
micrograph of cells in a young tobacco 
leaf shows the cytosol as a thin layer, 
containing chloroplasts, pressed against 
the cell wall by the enormous vacuole. 
(A, courtesy of C. Carroll and L. Frigerio, 
based on S. Gattolin et al., Mol. Plant 
4:180–189, 2011. With permission from 
Oxford University Press; B, courtesy of 
J.!Burgess.)
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Figure 13–39 A model for lysosome 
maturation. Late endosomes fuse with 
preexisting lysosomes (bottom arrow) or 
preexisting endolysosomes (top arrow). 
Endolysosomes eventually mature into 
lysosomes as hydrolases complete the 
digestion of their contents, which can include 
intralumenal vesicles. Lysosomes also fuse 
with phagosomes, as we discuss later.
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amino acids, and other metabolites across the plasma membrane and the vacuo-
lar membrane. !e turgor pressure regulates the activities of distinct transporters 
in each membrane to control these "uxes.

Humans often harvest substances stored in plant vacuoles—from rubber to 
opium to the "avoring of garlic. Many stored products have a metabolic function. 
Proteins, for example, can be preserved for years in the vacuoles of the storage 
cells of many seeds, such as those of peas and beans. When the seeds germinate, 
these proteins are hydrolyzed, and the resulting amino acids provide a food sup-
ply for the developing embryo. Anthocyanin pigments stored in vacuoles color 
the petals of many "owers so as to attract pollinating insects, while noxious mole-
cules released from vacuoles when a plant is eaten or damaged provide a defense 
against predators.

Multiple Pathways Deliver Materials to Lysosomes
Lysosomes are meeting places where several streams of intracellular tra#c con-
verge. A route that leads outward from the ER via the Golgi apparatus delivers 
most of the lysosome’s digestive enzymes, while at least four paths from di$erent 
sources feed substances into lysosomes for digestion. 

!e best studied of these degradation paths is the one followed by macromol-
ecules taken up from extracellular "uid by endocytosis. A similar pathway found 
in phagocytic cells, such as macrophages and neutrophils in vertebrates, is ded-
icated to the engulfment, or phagocytosis, of large particles and microorganisms 
to form phagosomes. A third pathway called macropinocytosis specializes in the 
nonspeci%c uptake of "uids, membrane, and particles attached to the plasma 
membrane. We will return to discuss these pathways later in the chapter. A fourth 
pathway called autophagy originates in the cytoplasm of the cell itself and is used 
to digest cytosol and worn-out organelles, as we discuss next. !e four paths to 
degradation in lysosomes are illustrated in Figure 13–42.

TRANSPORT FROM THE TRANS GOLGI NETWORK TO LYSOSOMES

Figure 13–41 The role of the vacuole 
in controlling the size of plant cells. A 
plant cell can achieve a large increase in 
volume without increasing the volume of 
the cytosol. Localized weakening of the cell 
wall orients a turgor-driven cell enlargement 
that accompanies the uptake of water 
into an expanding vacuole. The cytosol 
is eventually confined to a thin peripheral 
layer, which is connected to the nuclear 
region by strands of cytosol stabilized by 
bundles of actin filaments (not shown).
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Autophagy Degrades Unwanted Proteins and Organelles
All cell types dispose of obsolete parts by a lysosome-dependent process called 
autophagy, or “self-eating.” !e degradation process is important during normal 
cell growth and in development, where it helps restructure di"erentiating cells, 
but also in adaptive responses to stresses such as starvation and infection. Auto-
phagy can remove large objects—macromolecules, large protein aggregates, and 
even whole organelles—that other disposal mechanisms such as proteasomal 
degradation cannot handle. Defects in autophagy may prevent cells from clearing 
away invading microbes, unwanted protein aggregates and abnormal proteins, 
and thereby contribute to diseases ranging from infectious disorders to neurode-
generation and cancer.

In the initial stages of autophagy, cytoplasmic cargo becomes surrounded by 
a double membrane that assembles by the fusion of small vesicles of unknown 
origin, forming an autophagosome (Figure 13–43). A few tens of di"erent pro-
teins have been identi#ed in yeast and animal cells that participate in the process, 
which must be tightly regulated: either too little or too much can be deleterious. 
!e whole process occurs in the following sequence of steps:

1. Induction by activation of signaling molecules: Protein kinases (including 
the mTOR complex 1, discussed in Chapter 15) that relay information 
about the metabolic status of the cell, become activated and signal to the 
autophagic machinery. 

2. Nucleation and extension of a delimiting membrane into a crescent-shaped 
cup: Membrane vesicles, characterized by the presence of ATG9, the only 
transmembrane protein involved in the process, are recruited to an assem-
bly site, where they nucleate autophagosome formation. ATG9 is not incor-
porated into the autophagosome: a retrieval pathway must remove it from 
the assembling structure.

3. Closure of the membrane cup around the target to form a sealed dou-
ble-membrane-enclosed autophagosome. 

4. Fusion of the autophagosome with lysosomes, catalyzed by SNAREs.
5. Digestion of the inner membrane and the lumenal contents of the auto-

phagosome.
Autophagy can be either nonselective or selective. In nonselective autophagy, 

a bulk portion of cytoplasm is sequestered in autophagosomes. It might occur, for 
example, in starvation conditions: when external nutrients are limiting, metabo-
lites derived from the digestion of the captured cytosol might help the cell survive. 
In selective autophagy speci#c cargo is packaged into autophagosomes that tend 
to contain little cytosol, and their shape re$ects the shape of the cargo. Selective 
autophagy mediates the degradation of worn out, or otherwise unwanted, mito-
chondria, peroxisomes, ribosomes, and ER; it can also be used to destroy invading 
microbes.
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Figure 13–43 A model of autophagy. 
(A) Activation of a signaling pathway 
initiates a nucleation event in the 
cytoplasm. A crescent of autophagosomal 
membrane grows by fusion of vesicles 
of unknown origin and eventually fuses 
to form a double-membrane-enclosed 
autophagosome, which sequesters 
a portion of the cytoplasm. The 
autophagosome then fuses with lysosomes 
containing acid hydrolases that digest 
its content. During the formation of the 
autophagosome membrane, a ubiquitin-
like protein becomes activated by covalent 
attachment of a phosphatidylethanolamine 
lipid anchor. These proteins then mediate 
vesicle tethering and fusion, leading to the 
formation of a crescent-shaped membrane 
structure that assembles around its target 
(not shown). (B) An electron micrograph 
of an autophagosome containing a 
mitochondrion and a peroxisome.  
(B, courtesy of Daniel S. Friend, from  
D.W. Fawcett, A!Textbook of Histology, 
12th ed. New York: Chapman and Hall, 
1994. With permission from Kluwer.)
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La autofagia degrada las proteínas y organelos no deseadas

Los defectos en la autofagia pueden impedir que las células eliminen microbios invasores, los 
agregados de proteínas así como las proteínas anormales, contribuyendo así a 

enfermedades que van desde enfermedades infecciosas hasta neurodegeneración y cáncer.
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M6P group cause the lysosomal hydrolases to dissociate from these receptors, mak-
ing the transport of the hydrolases unidirectional. A separate transport system uses 
clathrin-coated vesicles to deliver resident lysosomal membrane proteins from the 
trans Golgi network to endosomes.

TRANSPORT INTO THE CELL FROM THE PLASMA 
MEMBRANE: ENDOCYTOSIS
!e routes that lead inward from the cell surface start with the process of endocy-
tosis, by which cells take up plasma membrane components, "uid, solutes, mac-
romolecules, and particulate substances. Endocytosed cargo includes receptor–
ligand complexes, a spectrum of nutrients and their carriers, extracellular matrix 
components, cell debris, bacteria, viruses, and, in specialized cases, even other 
cells. !rough endocytosis, the cell regulates the composition of its plasma mem-
brane in response to changing extracellular conditions.

In endocytosis, the material to be ingested is progressively enclosed by a small 
portion of the plasma membrane, which #rst invaginates and then pinches o$ 
to form an endocytic vesicle containing the ingested substance or particle. Most 
eukaryotic cells constantly form endocytic vesicles, a process called pinocytosis 
(“cell drinking”); in addition, some specialized cells contain dedicated pathways 
that take up large particles on demand, a process called phagocytosis (“cell eat-
ing”). Endocytic vesicles form at the plasma membrane by multiple mechanisms 
that di$er in both the molecular machinery used and how that machinery is reg-
ulated.

Once generated at the plasma membrane, most endocytic vesicles fuse with a 
common receiving compartment, the early endosome, where internalized cargo 
is sorted: some cargo molecules are returned to the plasma membrane, either 
directly or via a recycling endosome, and others are designated for degradation 
by inclusion in a late endosome. Late endosomes form from a bulbous, 
vacuolar portion of early endosomes by a process called endosome maturation. 
!is conversion process changes the protein composition of the endosome 
membrane, patches of which invaginate and become incorporated within the 
organelles as intralumenal vesicles, while the endosome itself moves from the 
cell periphery to a location close to the nucleus. As an endosome matures, it 
ceases to recycle material to the plasma membrane and irreversibly commits 
its remaining contents to degradation: late endosomes fuse with one another 
and with lysosomes to form endolysosomes, which degrade their contents, as 
discussed earlier (Figure 13–47).

Each of the stages of endosome maturation—from the early endosome to the 
endolysosome—is connected through bidirectional vesicle transport pathways to 
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Figure 13–47 Endosome maturation: 
the endocytic pathway from the plasma 
membrane to lysosomes. Endocytic 
vesicles fuse near the cell periphery with 
an early endosome, which is the primary 
sorting station. Tubular portions of the early 
endosome bud off vesicles that recycle 
endocytosed cargo back to the plasma 
membrane—either directly, or indirectly 
via recycling endosomes. Recycling 
endosomes can store proteins until they are 
needed. Conversion of early endosomes to 
late endosomes is accompanied by loss of 
the tubular projections. Membrane proteins 
destined for degradation are internalized 
in intralumenal vesicles. The developing 
late endosome, or multivesicular body, 
moves on microtubules to the cell interior. 
Fully matured late endosomes no longer 
send vesicles to the plasma membrane, 
and they fuse with one another and 
with endolysosomes and lysosomes to 
degrade their contents. Each stage of 
endosome maturation is connected via 
transport vesicles with the TGN, providing 
a continuous supply of newly synthesized 
lysosomal proteins. 
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across the thylakoid membrane. !ere are at least four routes by which proteins 
cross or become integrated into the thylakoid membrane, distinguished by their 
need for di"erent stromal chaperones and energy sources (Figure 12–26B). 

Summary
Although mitochondria and chloroplasts have their own genetic systems, they 
produce only a small proportion of their own proteins. Instead, the two organelles 
import most of their proteins from the cytosol, using similar mechanisms. In both 
cases, proteins are transported in an unfolded state across both outer and inner 
membranes simultaneously into the matrix space or stroma. Both ATP hydrolysis 
and a membrane potential across the inner membrane drive translocation into 
mitochondria, whereas GTP and ATP hydrolysis drive translocation into chloro-
plasts. Chaperone proteins of the cytosolic hsp70 family maintain the precursor 
proteins in an unfolded state, and a second set of hsp70 proteins in the matrix space 
or stroma pulls the polypeptide chain into the organelle. Only proteins that con-
tain a speci!c signal sequence are translocated. "e signal sequence can either be 
located at the N-terminus and cleaved o# after import or be internal and retained. 
Transport into the inner membrane sometimes uses a second, hydrophobic signal 
sequence that is unmasked when the !rst signal sequence is removed. In chloro-
plasts, import from the stroma into the thylakoid can occur by several routes, dis-
tinguished by the chaperones and energy source used.

PEROXISOMES
Peroxisomes di"er from mitochondria and chloroplasts in many ways. Most 
notably, they are surrounded by only a single membrane, and they do not contain 
DNA or ribosomes. !us, because peroxisomes lack a genome, all of their pro-
teins are encoded in the nucleus. Peroxisomes acquire most of these proteins by 
selective import from the cytosol, although some of them enter the peroxisome 
membrane via the ER.

Because we do not discuss peroxisomes elsewhere, we shall digress to consider 
some of the functions of this diverse family of organelles, before discussing their 
biosynthesis. Virtually all eukaryotic cells have peroxisomes. !ey contain oxida-
tive enzymes, such as catalase and urate oxidase, at such high concentrations that, 
in some cells, the peroxisomes stand out in electron micrographs because of the 
presence of a crystalloid protein core (Figure 12–27).

Like mitochondria, peroxisomes are major sites of oxygen utilization. One 
hypothesis is that peroxisomes are a vestige of an ancient organelle that per-
formed all the oxygen metabolism in the primitive ancestors of eukaryotic cells. 
When the oxygen produced by photosynthetic bacteria #rst accumulated in the 
atmosphere, it would have been highly toxic to most cells. Peroxisomes might 
have lowered the intracellular concentration of oxygen, while also exploiting its 
chemical reactivity to perform useful oxidation reactions. According to this view, 
the later development of mitochondria rendered peroxisomes largely obsolete 
because many of the same biochemical reactions—which had formerly been car-
ried out in peroxisomes without producing energy—were now coupled to ATP 
formation by means of oxidative phosphorylation. !e oxidation reactions per-
formed by peroxisomes in present-day cells could therefore partly be those whose 
functions were not taken over by mitochondria.

Peroxisomes Use Molecular Oxygen and Hydrogen Peroxide to 
Perform Oxidation Reactions
Peroxisomes are so named because they usually contain one or more enzymes 
that use molecular oxygen to remove hydrogen atoms from speci#c organic sub-
strates (designated here as R) in an oxidation reaction that produces hydrogen 
peroxide (H2O2): 

RH2 + O2 ĺ R + H2O2
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Catalase uses the H2O2 generated by other enzymes in the organelle to oxidize 
a variety of other substrates—including formic acid, formaldehyde, and alcohol—
by the “peroxidation” reaction: H2O2 + RƍH2 ĺ Rƍ + 2H2O. !is type of oxidation 
reaction is particularly important in liver and kidney cells, where the peroxisomes 
detoxify various harmful molecules that enter the bloodstream. About 25% of the 
ethanol we drink is oxidized to acetaldehyde in this way. In addition, when excess 
H2O2 accumulates in the cell, catalase converts it to H2O through the reaction

2H2O2 ĺ 2H2O + O2

A major function of the oxidation reactions performed in peroxisomes is the 
breakdown of fatty acid molecules. !e process, called ȕ oxidation, shortens the 
alkyl chains of fatty acids sequentially in blocks of two carbon atoms at a time, 
thereby converting the fatty acids to acetyl CoA. !e peroxisomes then export the 
acetyl CoA to the cytosol for use in biosynthetic reactions. In mammalian cells, ȕ 
oxidation occurs in both mitochondria and peroxisomes; in yeast and plant cells, 
however, this essential reaction occurs exclusively in peroxisomes.

An essential biosynthetic function of animal peroxisomes is to catalyze the 
"rst reactions in the formation of plasmalogens, which are the most abundant 
class of phospholipids in myelin (Figure 12–28). Plasmalogen de"ciencies cause 
profound abnormalities in the myelination of nerve-cell axons, which is one rea-
son why many peroxisomal disorders lead to neurological disease.

Peroxisomes are unusually diverse organelles, and even in the various cell 
types of a single organism they may contain di#erent sets of enzymes. !ey also 
adapt remarkably to changing conditions. Yeasts grown on sugar, for example, 
have few small peroxisomes. But when some yeasts are grown on methanol, 
numerous large peroxisomes are formed that oxidize methanol; and when grown 
on fatty acids, they develop numerous large peroxisomes that break down fatty 
acids to acetyl CoA by ȕ oxidation.

Peroxisomes are also important in plants. Two types of plant peroxisomes have 
been studied extensively. One is present in leaves, where it participates in photo-
respiration (discussed in Chapter 14) (Figure 12–29A). !e other type of peroxi-
some is present in germinating seeds, where it converts the fatty acids stored in 
seed lipids into the sugars needed for the growth of the young plant. Because this 
conversion of fats to sugars is accomplished by a series of reactions known as the 
glyoxylate cycle, these peroxisomes are also called glyoxysomes (Figure 12–29B). 
In the glyoxylate cycle, two molecules of acetyl CoA produced by fatty acid break-
down in the peroxisome are used to make succinic acid, which then leaves the 
peroxisome and is converted into glucose in the cytosol. !e glyoxylate cycle does 
not occur in animal cells, and animals are therefore unable to convert the fatty 
acids in fats into carbohydrates.

A Short Signal Sequence Directs the Import of Proteins into 
Peroxisomes
A speci"c sequence of three amino acids (Ser–Lys–Leu) located at the C-termi-
nus of many peroxisomal proteins functions as an import signal (see Table 12–3,  
p. 648). Other peroxisomal proteins contain a signal sequence near the N-termi-
nus. If either sequence is attached to a cytosolic protein, the protein is imported 
into peroxisomes. !e import signals are "rst recognized by soluble receptor pro-
teins in the cytosol. Numerous distinct proteins, called peroxins, participate in 
the import process, which is driven by ATP hydrolysis. A complex of at least six dif-
ferent peroxins forms a protein translocator in the peroxisome membrane. Even 
oligomeric proteins do not have to unfold to be imported. To allow the passage 
of such compactly folded cargo molecules, the pore formed by the transporter is 
thought to be dynamic in its dimensions, adapting in size to the particular cargo 
molecules to be transported. In this respect, the mechanism di#ers from that used 
by mitochondria and chloroplasts. One soluble import receptor, the peroxin Pex5 
recognizes the C-terminal peroxisomal import signal. It accompanies its cargo all 
the way into peroxisomes and, after cargo release, cycles back to the cytosol. After 
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Figure 12–27 An electron micrograph 
of three peroxisomes in a rat liver 
cell. The paracrystalline, electron-dense 
inclusions are composed primarily of the 
enzyme urate oxidase. (Courtesy of Daniel 
S. Friend.)
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Figure 12–28 The structure of a 
plasmalogen. Plasmalogens are very 
abundant in the myelin sheaths that 
insulate the axons of nerve cells. They 
make up some 80–90% of the myelin 
membrane phospholipids. In addition to 
an ethanolamine head group and a long-
chain fatty acid attached to the same 
glycerol phosphate backbone used for 
phospholipids, plasmalogens contain 
an unusual fatty alcohol that is attached 
through an ether linkage (bottom left).
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delivering its cargo to the peroxisome lumen, Pex5 undergoes ubiquitylation. !is 
modi"cation is required to release Pex5 back into the cytosol, where the ubiquitin 
is removed. An ATPase composed of Pex1 and Pex6 harnesses the energy of ATP 
hydrolysis to help release Pex5 from peroxisomes. 

!e importance of this import process and of peroxisomes is demonstrated 
by the inherited human disease Zellweger syndrome, in which a defect in import-
ing proteins into peroxisomes leads to a profound peroxisomal de"ciency. !ese 
individuals, whose cells contain “empty” peroxisomes, have severe abnormalities 
in their brain, liver, and kidneys, and they die soon after birth. A mutation in the 
gene encoding peroxin Pex5 causes one form of the disease. A defect in Pex7, the 
receptor for the N-terminal import signal, causes a milder peroxisomal disease.

It has long been debated whether new peroxisomes arise from preexisting ones 
by organelle growth and "ssion—as mentioned earlier for mitochondria and plas-
tids—or whether they derive as a specialized compartment from the endoplasmic 
reticulum (ER). Aspects of both views are true (Figure 12–30). Most peroxisomal 
membrane proteins are made in the cytosol and insert into the membrane of 
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Figure 12–29 Electron micrographs of two types of peroxisomes found in plant cells. (A) A peroxisome with a 
paracrystalline core in a tobacco leaf mesophyll cell. Its close association with chloroplasts is thought to facilitate the 
exchange of materials between these organelles during photorespiration. The vacuole in plant cells is equivalent to the 
lysosome in animal cells. (B) Peroxisomes in a fat-storing cotyledon cell of a tomato seed 4 days after germination. Here the 
peroxisomes (glyoxysomes) are associated with the lipid droplets that store fat, reflecting their central role in fat mobilization and 
gluconeogenesis during seed germination. (A, from S.E. Frederick and E.H. Newcomb, J. Cell Biol. 43:343–353, 1969. With 
permission from The Rockefeller Press; B, from W.P. Wergin, P.J. Gruber and E.H. Newcomb, J. Ultrastruct. Res. 30:533–557, 
1970. With permission from Academic Press.)
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Figure 12–30 A model that explains 
how peroxisomes proliferate and how 
new peroxisomes arise. Peroxisomal 
precursor vesicles bud from the ER. 
At least two peroxisomal membrane 
proteins, Pex3 and Pex15, follow this 
route. The machinery that drives the 
budding reaction and that selects only 
peroxisomal proteins for packaging into 
these vesicles depends on Pex19 and 
other cytosolic proteins that are still 
unknown. Peroxisomal precursor vesicles 
may then fuse with one another or with 
preexisting peroxisomes. The peroxisome 
membrane contains import receptors and 
protein translocators that are required 
for the import of peroxisomal proteins 
made on cytosolic ribosomes, including 
new copies of the import receptors and 
translocator components. Presumably, 
the lipids required for growth are also 
imported, although some may derive 
directly from the ER in the membrane of 
peroxisomal precursor vesicles.

Los Peroxisomas Usan Oxígeno Molecular Y Peróxido De 
Hidrógeno Para realizar reacciones de oxidación

Una función principal de las reacciones 
de oxidación realizadas en los 

peroxisomas es la descomposición de 
moléculas de ácidos grasos.

catalasa y la urate oxidasa
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