
Una célula animal contiene aproximadamente 10 mil millones (1010) 
moléculas de proteínas de aproximadamente 10.000 tipos, y la síntesis de 
casi todos ellos comienza en el citosol, el espacio del citoplasma fuera de 

los organelos cerrados con membrana. Cada proteína sintetizada se 
entrega entonces específicamente al organelo que la requiere…

Tráfico intracelular



A diferencia de una bacteria, que generalmente consiste en un único compartimento 
intracelular rodeado por una membrana plasmática, una célula eucariótica se subdivide 
elaboradamente en compartimentos funcionalmente distintos, limitados por membrana. 

 Cada compartimento, u organelo, contiene su propio conjunto característico de enzimas y 
otras moléculas especializadas, y los sistemas de distribución complejos transportan 

productos específicos de un compartimento a otro. 

 Para entender la célula eucariótica, es esencial saber cómo la célula crea y mantiene estos 
compartimentos, qué ocurre en cada uno de ellos, y cómo las moléculas se mueven entre 

ellas. 
  

Las proteínas confieren a cada compartimiento sus propiedades estructurales y funcionales 
características. Catalizan las reacciones que se producen allí y transportan selectivamente 

pequeñas moléculas dentro y fuera del compartimiento.  

Para los organelos membranosos en el citoplasma, las proteínas también sirven como 
marcadores de superficie específicos de organelos que dirigen nuevas entregas de proteínas 

y lípidos al organelo apropiado.
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Figure 12–1 illustrates the major intracellular compartments common to 
eukaryotic cells. !e nucleus contains the genome (aside from mitochondrial and 
chloroplast DNA), and it is the principal site of DNA and RNA synthesis. !e sur-
rounding cytoplasm consists of the cytosol and the cytoplasmic organelles sus-
pended in it. !e cytosol constitutes a little more than half the total volume of 
the cell, and it is the main site of protein synthesis and degradation. It also per-
forms most of the cell’s intermediary metabolism—that is, the many reactions 
that degrade some small molecules and synthesize others to provide the building 
blocks for macromolecules (discussed in Chapter 2).

About half the total area of membrane in a eukaryotic cell encloses the laby-
rinthine spaces of the endoplasmic reticulum (ER). !e rough ER has many ribo-
somes bound to its cytosolic surface. Ribosomes are organelles that are not mem-
brane-enclosed; they synthesize both soluble and integral membrane proteins, 
most of which are destined either for secretion to the cell exterior or for other 
organelles. We shall see that, whereas proteins are transported into other mem-
brane-enclosed organelles only after their synthesis is complete, they are trans-
ported into the ER as they are synthesized. !is explains why the ER membrane is 
unique in having ribosomes tethered to it. !e ER also produces most of the lipid 
for the rest of the cell and functions as a store for Ca2+ ions. Regions of the ER that 
lack bound ribosomes are called smooth ER. !e ER sends many of its proteins 
and lipids to the Golgi apparatus, which often consists of organized stacks of disc-
like compartments called Golgi cisternae. !e Golgi apparatus receives lipids and 
proteins from the ER and dispatches them to various destinations, usually cova-
lently modifying them en route. 

Mitochondria and chloroplasts generate most of the ATP that cells use to drive 
reactions requiring an input of free energy; chloroplasts are a specialized version 
of plastids (present in plants, algae, and some protozoa), which can also have 
other functions, such as the storage of food or pigment molecules. Lysosomes con-
tain digestive enzymes that degrade defunct intracellular organelles, as well as 
macromolecules and particles taken in from outside the cell by endocytosis. On 
the way to lysosomes, endocytosed material must "rst pass through a series of 
organelles called endosomes. Finally, peroxisomes are small vesicular compart-
ments that contain enzymes used in various oxidative reactions.

In general, each membrane-enclosed organelle performs the same set of basic 
functions in all cell types. But to serve the specialized functions of cells, these 
organelles vary in abundance and can have additional properties that di#er from 
cell type to cell type.

On average, the membrane-enclosed compartments together occupy nearly 
half the volume of a cell (Table 12–1), and a large amount of intracellular mem-
brane is required to make them. In liver and pancreatic cells, for example, the 
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endoplasmic reticulum has a total membrane surface area that is, respectively, 
25 times and 12 times that of the plasma membrane (Table 12–2). !e mem-
brane-enclosed organelles are packed tightly in the cytoplasm, and, in terms of 
area and mass, the plasma membrane is only a minor membrane in most eukary-
otic cells (Figure 12–2).

!e abundance and shape of membrane-enclosed organelles are regulated to 
meet the needs of the cell. !is is particularly apparent in cells that are highly spe-
cialized and therefore disproportionately rely on speci"c organelles. Plasma cells, 
for example, which secrete their own weight every day in antibody molecules into 
the bloodstream, contain vastly ampli"ed amounts of rough ER, which is found 
in large, #at sheets. Cells that specialize in lipid synthesis also expand their ER, 
but in this case the organelle forms a network of convoluted tubules. Moreover, 
membrane-enclosed organelles are often found in characteristic positions in the 
cytoplasm. In most cells, for example, the Golgi apparatus is located close to the 
nucleus, whereas the network of ER tubules extends from the nucleus throughout 
the entire cytosol. !ese characteristic distributions depend on interactions of the 
organelles with the cytoskeleton. !e localization of both the ER and the Golgi 
apparatus, for instance, depends on an intact microtubule array; if the microtu-
bules are experimentally depolymerized with a drug, the Golgi apparatus frag-
ments and disperses throughout the cell, and the ER network collapses toward the 
cell center (discussed in Chapter 16). !e size, shape, composition, and location 
are all important and regulated features of these organelles that ultimately con-
tribute to the organelle’s function.

Evolutionary Origins May Help Explain the Topological 
Relationships of Organelles
To understand the relationships between the compartments of the cell, it is help-
ful to consider how they might have evolved. !e precursors of the "rst eukaryotic 
cells are thought to have been relatively simple cells that—like most bacterial and 

THE COMPARTMENTALIZATION OF CELLS

TABLE 12–1 Relative Volumes 
Occupied by the Major 
Intracellular Compartments in a 
Liver Cell (Hepatocyte)

Intracellular 
compartment 

Percentage 
of total cell 

volume

Cytosol 54

Mitochondria 22

Rough ER 
cisternae

9

Smooth ER 
cisternae plus 
Golgi cisternae

6

Nucleus 6

Peroxisomes 1

Lysosomes 1

Endosomes 1

TABLE 12–2 Relative Amounts of Membrane Types in Two Kinds of Eukaryotic 
Cells

Membrane Type Percentage of total cell membrane

Liver hepatocyte* Pancreatic exocrine cell*

Plasma membrane 2 5

Rough ER membrane 35 60

Smooth ER membrane 16 <1

Golgi apparatus membrane 7 10

Mitochondria
   Outer membrane
   Inner membrane

7
32

4
17

Nucleus
   Inner membrane 0.2 0.7

Secretory vesicle membrane Not determined 3

Lysosome membrane 0.4 Not determined

Peroxisome membrane 0.4 Not determined

Endosome membrane 0.4 Not determined

*These two cells are of very different sizes: the average hepatocyte has a volume of about  
5000 ȝm3 compared with 1000 ȝm3 for the pancreatic exocrine cell. Total cell membrane areas 
are estimated at about 110,000 ȝm2 and 13,000 ȝm2, respectively.

Todas las células eucarióticas tienen el mismo conjunto básico de organelos limitados por 
membranas
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archaeal cells—have a plasma membrane but no internal membranes. !e plasma 
membrane in such cells provides all membrane-dependent functions, including 
the pumping of ions, ATP synthesis, protein secretion, and lipid synthesis. Typ-
ical present-day eukaryotic cells are 10–30 times larger in linear dimension and 
1000–10,000 times greater in volume than a typical bacterium such as E. coli. !e 
profusion of internal membranes can be regarded, in part, as an adaptation to 
this increase in size: the eukaryotic cell has a much smaller ratio of surface area to 
volume, and its plasma membrane therefore presumably has too small an area to 
sustain the many vital functions that membranes perform. !e extensive internal 
membrane systems of a eukaryotic cell alleviate this problem. 

!e evolution of internal membranes evidently went hand-in-hand with the 
specialization of membrane function. A hypothetical scheme for how the "rst 
eukaryotic cells, with a nucleus and ER, might have evolved by the invagination 
and pinching o# of the plasma membrane of an ancestral cell is illustrated in 
Figure 12–3.!is process would create membrane-enclosed organelles with an 
interior or lumen that is topologically equivalent to the exterior of the cell. We 
shall see that this topological relationship holds for all of the organelles involved 
in the secretory and endocytic pathways, including the ER, Golgi apparatus, 
endosomes, lysosomes, and peroxisomes. We can therefore think of all of these 
organelles as members of the same topologically equivalent compartment. As we 
discuss in detail in the next chapter, their interiors communicate extensively with 
one another and with the outside of the cell via transport vesicles, which bud o# 
from one organelle and fuse with another (Figure 12–4).

As described in Chapter 14, mitochondria and plastids di#er from the other 
membrane-enclosed organelles because they contain their own genomes. !e 
nature of these genomes, and the close resemblance of the proteins in these 
organelles to those in some present-day bacteria, strongly suggest that mito-
chondria and plastids evolved from bacteria that were engulfed by other cells 
with which they initially lived in symbiosis (see Figures 1–29 and 1–31): the inner 
membrane of mitochondria and plastids presumably corresponds to the original 
plasma membrane of the bacterium, while the lumen of these organelles evolved 
from the bacterial cytosol. Like the bacteria from which they were derived, 
both mitochondria and plastids are enclosed by a double membrane and they  
remain isolated from the extensive vesicular tra$c that connects the interiors of 
most of the other membrane-enclosed organelles to each other and to the outside 
of the cell. 
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Figure 12–2 An electron micrograph 
of part of a liver cell seen in cross 
section. Examples of most of the major 
intracellular organelles are indicated. 
(Courtesy of Daniel S. Friend.)
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endoplasmic reticulum has a total membrane surface area that is, respectively, 
25 times and 12 times that of the plasma membrane (Table 12–2). !e mem-
brane-enclosed organelles are packed tightly in the cytoplasm, and, in terms of 
area and mass, the plasma membrane is only a minor membrane in most eukary-
otic cells (Figure 12–2).

!e abundance and shape of membrane-enclosed organelles are regulated to 
meet the needs of the cell. !is is particularly apparent in cells that are highly spe-
cialized and therefore disproportionately rely on speci"c organelles. Plasma cells, 
for example, which secrete their own weight every day in antibody molecules into 
the bloodstream, contain vastly ampli"ed amounts of rough ER, which is found 
in large, #at sheets. Cells that specialize in lipid synthesis also expand their ER, 
but in this case the organelle forms a network of convoluted tubules. Moreover, 
membrane-enclosed organelles are often found in characteristic positions in the 
cytoplasm. In most cells, for example, the Golgi apparatus is located close to the 
nucleus, whereas the network of ER tubules extends from the nucleus throughout 
the entire cytosol. !ese characteristic distributions depend on interactions of the 
organelles with the cytoskeleton. !e localization of both the ER and the Golgi 
apparatus, for instance, depends on an intact microtubule array; if the microtu-
bules are experimentally depolymerized with a drug, the Golgi apparatus frag-
ments and disperses throughout the cell, and the ER network collapses toward the 
cell center (discussed in Chapter 16). !e size, shape, composition, and location 
are all important and regulated features of these organelles that ultimately con-
tribute to the organelle’s function.

Evolutionary Origins May Help Explain the Topological 
Relationships of Organelles
To understand the relationships between the compartments of the cell, it is help-
ful to consider how they might have evolved. !e precursors of the "rst eukaryotic 
cells are thought to have been relatively simple cells that—like most bacterial and 
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are estimated at about 110,000 ȝm2 and 13,000 ȝm2, respectively.
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To understand the general principles by which sorting signals operate, it is 
important to distinguish three fundamentally di!erent ways by which proteins 
move from one compartment to another. "ese three mechanisms are described 
below, and the transport steps at which they operate are outlined in Figure 12–5. 
We discuss the #rst two mechanisms (gated transport and transmembrane trans-
port) in this chapter, and the third (vesicular transport, green arrows in Figure 
12–5) in Chapter 13.

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

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

3. In vesicular transport, membrane-enclosed transport intermediates—
which may be small, spherical transport vesicles or larger, irregularly 
shaped organelle fragments—ferry proteins from one topologically equiva-
lent compartment to another. "e transport vesicles and fragments become 
loaded with a cargo of molecules derived from the lumen of one compart-
ment as they bud and pinch o! from its membrane; they discharge their 
cargo into a second compartment by fusing with the membrane enclos-
ing that compartment (Figure 12–6). "e transfer of soluble proteins from 
the ER to the Golgi apparatus, for example, occurs in this way. Because the 
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Figure 12–4 Topologically equivalent 
compartments in the secretory and 
endocytic pathways in a eukaryotic 
cell. Compartments are said to be 
topologically equivalent if they can 
communicate with one another, in the 
sense that molecules can get from one 
to the other without having to cross a 
membrane. Topologically equivalent spaces 
are shown in red. (A) Molecules can be 
carried from one compartment to another 
topologically equivalent compartment 
by vesicles that bud from one and fuse 
with the other. (B) In principle, cycles of 
membrane budding and fusion permit 
the lumen of any of the organelles shown 
to communicate with any other and with 
the cell exterior by means of transport 
vesicles. Blue arrows indicate the 
extensive outbound and inbound vesicular 
traffic (discussed in Chapter 13). Some 
organelles, most notably mitochondria and 
(in plant cells) plastids, do not take part in 
this communication and are isolated from 
the vesicular traffic between organelles 
shown here.
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Figure 12–5 A simplified “roadmap” of protein traffic within a 
eukaryotic cell. Proteins can move from one compartment to another 
by gated transport (red), protein translocation (blue), or vesicular transport 
(green). The sorting signals that direct a given protein’s movement through 
the system, and thereby determine its eventual location in the cell, are 
contained in each protein’s amino acid sequence. The journey begins with the 
synthesis of a protein on a ribosome in the cytosol and, for many proteins, 
terminates when the protein reaches its final destination. Other proteins 
shuttle back and forth between the nucleus and cytosol. At each intermediate 
station (boxes), a decision is made as to whether the protein is to be retained 
in that compartment or transported further. A sorting signal may direct either 
retention in or exit from a compartment. 
   We shall refer to this figure often as a guide in this chapter and the next, 
highlighting in color the particular pathway being discussed. 

En el transporte mediado por compuertas (gated 
transport), las proteínas y las moléculas de ARN se 

mueven entre el citosol y el núcleo a través de 
complejos de poros nucleares en la envoltura 

nuclear.

En la translocación de proteínas, los translocadores de 
proteínas transmembrana transportan directamente 

proteínas específicas a través de una membrana 
desde el citosol hacia un espacio que es 

topológicamente distinto.

En el transporte vesicular, los intermediarios de 
transporte limitados por membrana -que pueden 
ser pequeñas vesículas de transporte esféricas o 

fragmentos de organelos de forma irregular- 
transportan proteínas de un compartimiento 

topológicamente equivalente a otro.
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preexisting peroxisomes, but others are !rst integrated into the ER membrane, 
where they are packaged into specialized peroxisomal precursor vesicles. New 
precursor vesicles may then fuse with one another and begin importing addi-
tional peroxisomal proteins, using their own protein import machinery to grow 
into mature peroxisomes, which can undergo cycles of growth and !ssion. 

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

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

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

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

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

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

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

Another crucially important function of the ER in most eukaryotic cells is to 
sequester Ca2+ from the cytosol. "e release of Ca2+ into the cytosol from the ER, 
and its subsequent reuptake, occurs in many rapid responses to extracellular 
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Figure 12–32 Co-translational and post-
translational protein translocation. 
(A) Ribosomes bind to the ER membrane 
during co-translational translocation. (B) By 
contrast, cytosolic ribosomes complete the 
synthesis of a protein and release it prior 
to post-translational translocation. In both 
cases, the protein is directed to the ER by 
an ER signal sequence (red and orange).
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transported proteins do not cross a membrane, vesicular transport can 
move proteins only between compartments that are topologically equiva-
lent (see Figure 12–4). 

Each mode of protein transfer is usually guided by sorting signals in the trans-
ported protein, which are recognized by complementary sorting receptors. If a 
large protein is to be imported into the nucleus, for example, it must possess a 
sorting signal that receptor proteins recognize to guide it through the nuclear pore 
complex. If a protein is to be transferred directly across a membrane, it must pos-
sess a sorting signal that the translocator recognizes. Likewise, if a protein is to be 
loaded into a certain type of vesicle or retained in certain organelles, a comple-
mentary receptor in the appropriate membrane must recognize its sorting signal. 

Signal Sequences and Sorting Receptors Direct Proteins to the 
Correct Cell Address
Most protein sorting signals involved in transmembrane transport reside in 
a stretch of amino acid sequence, typically 15–60 residues long. Such signal 
sequences are often found at the N-terminus of the polypeptide chain, and in 
many cases specialized signal peptidases remove the signal sequence from the 
!nished protein once the sorting process is complete. Signal sequences can also 
be internal stretches of amino acids, which remain part of the protein. Such sig-
nals are used in gated transport into the nucleus. Sorting signals can also be com-
posed of multiple internal amino acid sequences that form a speci!c three-di-
mensional arrangement of atoms on the protein’s surface; such signal patches are 
sometimes used for nuclear import and in vesicular transport. 

Each signal sequence speci!es a particular destination in the cell. Proteins 
destined for initial transfer to the ER usually have a signal sequence at their N- 
terminus that characteristically includes a sequence composed of about 5–10 
hydrophobic amino acids. Many of these proteins will in turn pass from the ER to 
the Golgi apparatus, but those with a speci!c signal sequence of four amino acids 
at their C-terminus are recognized as ER residents and are returned to the ER. 
Proteins destined for mitochondria have signal sequences of yet another type, in 
which positively charged amino acids alternate with hydrophobic ones. Finally, 
many proteins destined for peroxisomes have a signal sequence of three charac-
teristic amino acids at their C-terminus. 

Table 12–3 presents some speci!c signal sequences. Experiments in which the 
peptide is transferred from one protein to another by genetic engineering tech-
niques have demonstrated the importance of each of these signal sequences for 
protein targeting. Placing the N-terminal ER signal sequence at the beginning 
of a cytosolic protein, for example, redirects the protein to the ER; removing or 
mutating the signal sequence of an ER protein causes its retention in the cytosol. 
Signal sequences are therefore both necessary and su"cient for protein targeting. 
Even though their amino acid sequences can vary greatly, the signal sequences of 
proteins having the same destination are functionally interchangeable; physical 
properties, such as hydrophobicity, often seem to be more important in the sig-
nal-recognition process than the exact amino acid sequence.

Signal sequences are recognized by complementary sorting receptors that 
guide proteins to their appropriate destination, where the receptors unload their 
cargo. #e receptors function catalytically: after completing one round of tar-
geting, they return to their point of origin to be reused. Most sorting receptors 
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recognize classes of proteins rather than an individual protein species. !ey can 
therefore be viewed as public transportation systems, dedicated to delivering 
numerous di"erent components to their correct location in the cell. 

Most Organelles Cannot Be Constructed De Novo: They Require 
Information in the Organelle Itself
When a cell reproduces by division, it has to duplicate its organelles, in addition to 
its chromosomes. In general, cells do this by incorporating new molecules into the 
existing organelles, thereby enlarging them; the enlarged organelles then divide 
and are distributed to the two daughter cells. !us, each daughter cell inherits a 
complete set of specialized cell membranes from its mother. !is inheritance is 
essential because a cell could not make such membranes from scratch. If the ER 
were completely removed from a cell, for example, how could the cell reconstruct 
it? As we discuss later, the membrane proteins that de#ne the ER and perform 
many of its functions are themselves products of the ER. A new ER could not be 
made without an existing ER or, at least, a membrane that speci#cally contains 
the protein translocators required to import selected proteins into the ER from the 
cytosol (including the ER-speci#c translocators themselves). !e same is true for 
mitochondria and plastids.

!us, it seems that the information required to construct an organelle does not 
reside exclusively in the DNA that speci#es the organelle’s proteins. Information 
in the form of at least one distinct protein that preexists in the organelle mem-
brane is also required, and this information is passed from parent cell to daughter 
cells in the form of the organelle itself. Presumably, such information is essential 
for the propagation of the cell’s compartmental organization, just as the informa-
tion in DNA is essential for the propagation of the cell’s nucleotide and amino acid 
sequences. 

As we discuss in more detail in Chapter 13, however, the ER buds o" a con-
stant stream of transport vesicles that incorporate only a subset of ER proteins and 
therefore have a composition di"erent from the ER itself. Similarly, the plasma 
membrane constantly buds o" various types of specialized endocytic vesicles. 
!us, some organelles can form from other organelles and do not have to be 
inherited at cell division.

TABLE 12–3 Some Typical Signal Sequences

Function of signal 
sequence

Example of signal sequence

Import into nucleus -Pro-Pro-Lys-Lys-Lys-Arg-Lys-Val-

Export from nucleus -Met-Glu-Glu-Leu-Ser-Gln-Ala-Leu-Ala-Ser-Ser-Phe-

Import into mitochondria +H3N-Met-Leu-Ser-Leu-Arg-Gln-Ser-Ile-Arg-Phe-Phe-Lys-Pro-Ala-Thr-Arg-Thr-Leu-Cys-Ser-Ser-
Arg-Tyr-Leu-Leu-

Import into plastid +H3N-Met-Val-Ala-Met-Ala-Met-Ala-Ser-Leu-Gln-Ser-Ser-Met-Ser-Ser-Leu-Ser-Leu-Ser-Ser-Asn-
Ser-Phe-Leu-Gly-Gln-Pro-Leu-Ser-Pro-Ile-Thr-Leu-Ser-Pro-Phe-Leu-Gln-Gly-

Import into peroxisomes -Ser-Lys-Leu-COO–

Import into ER +H3N-Met-Met-Ser-Phe-Val-Ser-Leu-Leu-Leu-Val-Gly-Ile-Leu-Phe-Trp-Ala-Thr-Glu-Ala-Glu-Gln-
Leu-Thr-Lys-Cys-Glu-Val-Phe-Gln-

Return to ER -Lys-Asp-Glu-Leu-COO–

Some characteristic features of the different classes of signal sequences are highlighted in color. Where they are known to be important for 
the function of the signal sequence, positively charged amino acids are shown in red and negatively charged amino acids are shown in green. 
Similarly, important hydrophobic amino acids are shown in orange and important hydroxylated amino acids are shown in blue. +H3N indicates the 
N-terminus of a protein; COO– indicates the C-terminus.
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preexisting peroxisomes, but others are !rst integrated into the ER membrane, 
where they are packaged into specialized peroxisomal precursor vesicles. New 
precursor vesicles may then fuse with one another and begin importing addi-
tional peroxisomal proteins, using their own protein import machinery to grow 
into mature peroxisomes, which can undergo cycles of growth and !ssion. 

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

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

As mentioned at the beginning of this chapter, the ER has a central role in both 
lipid and protein biosynthesis, and it also serves as an intracellular Ca2+ store 
that is used in many cell signaling responses (discussed in Chapter 15). "e ER 
membrane is the site of production of all the transmembrane proteins and lip-
ids for most of the cell’s organelles, including the ER itself, the Golgi apparatus, 
lysosomes, endosomes, secretory vesicles, and the plasma membrane. "e ER 
membrane is also the site at which most of the lipids for mitochondrial and per-
oxisomal membranes are made. In addition, almost all of the proteins that will be 
secreted to the cell exterior—plus those destined for the lumen of the ER, Golgi 
apparatus, or lysosomes—are initially delivered to the ER lumen.
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was genetically engineered to express a 
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signals, as discussed in Chapter 15. A Ca2+ pump transports Ca2+ from the cytosol 
into the ER lumen. A high concentration of Ca2+-binding proteins in the ER facil-
itates Ca2+ storage. In some cell types, and perhaps in most, speci!c regions of 
the ER are specialized for Ca2+ storage. Muscle cells have an abundant, modi!ed 
smooth ER called the sarcoplasmic reticulum. "e release and reuptake of Ca2+ by 
the sarcoplasmic reticulum trigger myo!bril contraction and relaxation, respec-
tively, during each round of muscle contraction (discussed in Chapter 16).

To study the functions and biochemistry of the ER, it is necessary to isolate 
it. "is may seem to be a hopeless task because the ER is intricately interleaved 
with other components of the cytoplasm. Fortunately, when tissues or cells are 
disrupted by homogenization, the ER breaks into fragments, which reseal to 
form small (~100–200 nm in diameter) closed vesicles called microsomes. Mic-
rosomes are relatively easy to purify. To the biochemist, microsomes represent 
small authentic versions of the ER, still capable of protein translocation, protein 
glycosylation (discussed later), Ca2+ uptake and release, and lipid synthesis. Mic-
rosomes derived from rough ER are studded with ribosomes and are called rough 
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Figure 12–33 The rough and smooth ER. (A) An electron micrograph of the rough ER in a pancreatic exocrine  
cell that makes and secretes large amounts of digestive enzymes every day. The cytosol is filled with closely packed sheets 
of ER membrane that is studded with ribosomes. At the top left is a portion of the nucleus and its nuclear envelope; note that 
the outer nuclear membrane, which is continuous with the ER, is also studded with ribosomes. (B) Abundant smooth ER in a 
steroid-hormone-secreting cell. This electron micrograph is of a testosterone-secreting Leydig cell in the human testis.  
(C) A three-dimensional reconstruction of a region of smooth ER and rough ER in a liver cell. The rough ER forms oriented 
stacks of flattened cisternae, each having a lumenal space 20–30 nm wide. The smooth ER membrane is connected to 
these cisternae and forms a fine network of tubules 30–60 nm in diameter. The ER lumen is colored green. (D) A tomographic 
reconstruction of a portion of the ER network in a yeast cell. Membrane-bound ribosomes (tiny dark spheres) are seen in both 
flat sheets and tubular regions of irregular diameter, demonstrating that the ribosomes bind to ER membranes of different 
curvature in these cells. (A, courtesy of Lelio Orci; B, courtesy of Daniel S. Friend; C, after R.V. Krstić   , Ultrastructure of the 
Mammalian Cell. New York: Springer-Verlag, 1979; D, from M. West et al., J. Cell Biol. 193:333–346, 2011. With permission 
from Rockefeller University Press.)
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microsomes. !e ribosomes are always found on the outside surface, so the inte-
rior of the microsome is biochemically equivalent to the lumen of the ER (Figure 
12–34A). 

Many vesicles similar in size to rough microsomes, but lacking attached ribo-
somes, are also found in cell homogenates. Such smooth microsomes are derived 
in part from smooth portions of the ER and in part from vesiculated fragments of 
the plasma membrane, Golgi apparatus, endosomes, and mitochondria (the ratio 
depending on the tissue). !us, whereas rough microsomes are clearly derived 
from rough portions of ER, it is not easy to separate smooth microsomes derived 
from di"erent organelles. !e smooth microsomes prepared from liver or muscle 
cells are an exception. Because of the unusually large quantities of smooth ER or 
sarcoplasmic reticulum, respectively, most of the smooth microsomes in homog-
enates of these tissues are derived from the smooth ER or sarcoplasmic reticu-
lum. !e ribosomes attached to rough microsomes make them more dense than 
smooth microsomes. As a result, we can use equilibrium centrifugation to sepa-
rate the rough and smooth microsomes (Figure 12–34B). Microsomes have been 
invaluable in elucidating the molecular aspects of ER function, as we discuss next.

Signal Sequences Were First Discovered in Proteins Imported into 
the Rough ER
!e ER captures selected proteins from the cytosol as they are being synthesized. 
!ese proteins are of two types: transmembrane proteins, which are only partly 
translocated across the ER membrane and become embedded in it, and water-sol-
uble proteins, which are fully translocated across the ER membrane and are 
released into the ER lumen. Some of the transmembrane proteins function in the 
ER, but many are destined to reside in the plasma membrane or the membrane of 
another organelle. !e water-soluble proteins are destined either for secretion or 
for residence in the lumen of the ER or of another organelle. All of these proteins, 
regardless of their subsequent fate, are directed to the ER membrane by an ER 
signal sequence, which initiates their translocation by a common mechanism.

Signal sequences (and the signal sequence strategy of protein sorting) were 
#rst discovered in the early 1970s in secreted proteins that are translocated across 
the ER membrane as a #rst step toward their eventual discharge from the cell. 
In the key experiment, the mRNA encoding a secreted protein was translated by 
ribosomes in vitro. When microsomes were omitted from this cell-free system, 
the protein synthesized was slightly larger than the normal secreted protein. In 
the presence of microsomes derived from the rough ER, however, a protein of the 
correct size was produced. According to the signal hypothesis, the size di"erence 
re$ects the initial presence of a signal sequence that directs the secreted protein 
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Figure 12–34 The isolation of purified 
rough and smooth microsomes 
from the ER. (A) A thin section electron 
micrograph of the purified rough ER 
fraction shows an abundance of ribosome-
studded vesicles. (B) When sedimented to 
equilibrium through a gradient of sucrose, 
the two types of microsomes separate from 
each other on the basis of their different 
densities. Note that the smooth fraction will 
also contain non-ER-derived material.  
(A, courtesy of George Palade.)
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to the ER membrane and is then cleaved o! by a signal peptidase in the ER mem-
brane before the polypeptide chain has been completed (Figure 12–35). Cell-free 
systems in which proteins are imported into microsomes have provided powerful 
procedures for identifying, purifying, and studying the various components of the 
molecular machinery responsible for the ER import process.

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

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

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

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

!is co-translational transfer process creates two spatially separate popula-
tions of ribosomes in the cytosol. Membrane-bound ribosomes, attached to the 
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Figure 12–36 The signal-recognition particle (SRP). (A) A mammalian SRP is a rodlike 
ribonucleoprotein complex containing six protein subunits (brown) and one RNA molecule (blue). 
The SRP RNA forms a backbone that links the protein domain containing the signal-sequence-
binding pocket to the domain responsible for pausing translation. Crystal structures of various 
SRP pieces from different species are assembled here into a composite model to approximate the 
structure of a complete SRP. (B) The three-dimensional outline of the SRP bound to a ribosome 
was determined by cryoelectron microscopy. SRP binds to the large ribosomal subunit so that its 
signal-sequence-binding pocket is positioned near the growing polypeptide chain exit site, and its 
translational pause domain is positioned at the interface between the ribosomal subunits, where it 
interferes with elongation factor binding. (C) As a signal sequence emerges from the ribosome and 
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membrane. The SRP and its receptor 
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chains, binds the SRP–ribosome complex 
and directs it to the translocator. In a 
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SRP receptor are then released, leaving 
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then inserts the polypeptide chain into 
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the lipid bilayer. Because one of the SRP 
proteins and both chains of the SRP 
receptor contain GTP-binding domains, 
it is thought that conformational changes 
that occur during cycles of GTP binding 
and hydrolysis (discussed in Chapter 
15) ensure that SRP release occurs only 
after the ribosome has become properly 
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device may be especially important for secreted and lysosomal hydrolases, which 
could wreak havoc in the cytosol; cells that secrete large amounts of hydrolases, 
however, take the added precaution of having high concentrations of hydrolase 
inhibitors in their cytosol. !e pause also ensures that large portions of a protein 
that could fold into a compact structure are not made before reaching the trans-
locator in the ER membrane. !us, in contrast to the post-translational import of 
proteins into mitochondria and chloroplasts, chaperone proteins are not required 
to keep the protein unfolded.

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

!is co-translational transfer process creates two spatially separate popula-
tions of ribosomes in the cytosol. Membrane-bound ribosomes, attached to the 
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The SRP RNA forms a backbone that links the protein domain containing the signal-sequence-
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structure of a complete SRP. (B) The three-dimensional outline of the SRP bound to a ribosome 
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translational pause domain is positioned at the interface between the ribosomal subunits, where it 
interferes with elongation factor binding. (C) As a signal sequence emerges from the ribosome and 
binds to the SRP, a conformational change in the SRP exposes a binding site for the SRP receptor. 
(B, adapted from M. Halic et al., Nature 427:808–814, 2004. With permission from Macmillan 
Publishers Ltd.)
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that could fold into a compact structure are not made before reaching the trans-
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which the polypeptide chain passes. !e core of the translocator, called the Sec61 
complex, is built from three subunits that are highly conserved from bacteria to 
eukaryotic cells. !e structure of the Sec61 complex suggests that Į helices con-
tributed by the largest subunit surround a central channel through which the 
polypeptide chain traverses the membrane (Figure 12–39). !e channel is gated 
by a short Į helix that is thought to keep the translocator closed when it is idle and 
to move aside when it is engaged in passing a polypeptide chain. According to 
this view, the pore is a dynamic gated channel that opens only transiently when a 
polypeptide chain traverses the membrane. In an idle translocator, it is important 
to keep the channel closed, so that the membrane remains impermeable to ions, 
such as Ca2+, which otherwise would leak out of the ER. As a polypeptide chain is 
translocating, a ring of hydrophobic amino acid side chains is thought to provide 
a "exible seal to prevent ion leaks.

!e structure of the Sec61 complex suggests that the pore can also open along 
a seam on its side. Indeed, some structures of the translocator show it locked in an 
open-seam conformation. !is opening allows a translocating peptide chain lat-
eral access into the hydrophobic core of the membrane, a process that is import-
ant both for the release of a cleaved signal peptide into the membrane (see Figure 
12–35) and for the integration of transmembrane proteins into the bilayer, as we 
discuss later.
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Figure 12–39 Structure of the Sec61 complex. (A) A side view (left) and a top view (right, seen 
from the cytosol) of the structure of the Sec61 complex of the archaeon Methanococcus jannaschii. 
The Sec61Į subunit has an inverted repeat structure (see Figure 11–10) and is shown in blue and 
beige to indicate this pseudo-symmetry; the two smaller ȕ and Ȗ subunits are shown in gray. In 
the side view, some helices in front have been omitted to make the inside of the pore visible. The 
yellow short helix is thought to form a plug that seals the pore when the translocator is closed. To 
open, the complex rearranges itself to move the plug helix out of the way, as indicated by the red 
arrow. A ring of hydrophobic amino acid side chains is thought to form a tight-fitting diaphragm 
around translocating polypeptide chain to prevent leaks of other molecules across the membrane. 
The pore of the Sec61 complex can also open sideways at a lateral seam. (B) Models of the closed 
and open states of the translocator are shown in top view, illustrating how a signal sequence (or a 
transmembrane segment) could be released into the lipid bilayer after opening of the seam. (PDB 
codes: 1RH5 and 1RHZ.)

  677

In eukaryotic cells, four Sec61 complexes form a large translocator assembly 
that can be visualized on ER-bound ribosomes after detergent solubilization of 
the ER membrane (Figure 12–40). It is likely that this assembly includes other 
membrane complexes that associate with the translocator, such as enzymes that 
modify the growing polypeptide chain, including oligosaccharide transferase and 
the signal peptidase. !e assembly of a translocator with these accessory compo-
nents is called the translocon.

Translocation Across the ER Membrane Does Not Always Require 
Ongoing Polypeptide Chain Elongation
As we have seen, translocation of proteins into mitochondria, chloroplasts, and 
peroxisomes occurs post-translationally, after the protein has been made and 
released into the cytosol, whereas translocation across the ER membrane usually 
occurs during translation (co-translationally). !is explains why ribosomes are 
bound to the ER but not to other organelles. 

Some completely synthesized proteins, however, are imported into the ER, 
demonstrating that translocation does not always require ongoing translation. 
Post-translational protein translocation is especially common across the yeast 
ER membrane and the bacterial plasma membrane (which is thought to be evo-
lutionarily related to the ER). To function in post-translational translocation, the 
ER translocator needs accessory proteins that feed the polypeptide chain into the 
pore and drive translocation (Figure 12–41). In bacteria, a translocation motor 
protein, the SecA ATPase, attaches to the cytosolic side of the translocator, where it 
undergoes cyclic conformational changes driven by ATP hydrolysis. Each time an 
ATP is hydrolyzed, a portion of the SecA protein inserts into the pore of the trans-
locator, pushing a short segment of the passenger protein with it. As a result of this 
ratchet mechanism, the SecA ATPase progressively pushes the polypeptide chain 
of the transported protein across the membrane. 

Eukaryotic cells use a di"erent set of accessory proteins that associate with the 
Sec61 complex. !ese proteins span the ER membrane and use a small domain on 
the lumenal side of the ER membrane to deposit an hsp70-like chaperone protein 
(called BiP, for binding protein) onto the polypeptide chain as it emerges from the 
pore into the ER lumen. ATP-dependent cycles of BiP binding and release drive 
unidirectional translocation, as described earlier for the mitochondrial hsp70 
proteins that pull proteins across mitochondrial membranes. 

Proteins that are transported into the ER by a post-translational mechanism 
are #rst released into the cytosol, where they bind to chaperone proteins to pre-
vent folding, as discussed earlier for proteins destined for mitochondria and chlo-
roplasts.

In Single-Pass Transmembrane Proteins, a Single Internal ER 
Signal Sequence Remains in the Lipid Bilayer as a Membrane-
spanning Į Helix
!e ER signal sequence in the growing polypeptide chain is thought to trigger the 
opening of the pore in the Sec61 protein translocator: after the signal sequence is 
released from the SRP and the growing chain has reached a su$cient length, the 
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Figure 12–40 A ribosome (green) bound to the ER protein translocator 
(blue). (A) A side-view reconstruction of the complex from electron 
microscopic images. (B) A view of the translocator seen from the ER lumen. 
The translocator contains Sec61, accessory proteins, and detergent used in 
the preparation. Domains of accessory proteins extend across the membrane 
and form the lumenal bulge. (C) A schematic drawing of a membrane-bound 
ribosome attached to the translocator, indicating the location of the tunnel 
in the large ribosomal subunit through which the growing polypeptide chain 
exits from the ribosome. The mRNA (not shown) would be located between 
the small and large ribosomal subunits. (Adapted from J.F. Ménétret et al., J. 
Mol. Biol. 348:445–457, 2005. With permission from Academic Press.)
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cytosolic side of the ER membrane, are engaged in the synthesis of proteins that 
are being concurrently translocated into the ER. Free ribosomes, unattached to 
any membrane, synthesize all other proteins encoded by the nuclear genome. 
Membrane-bound and free ribosomes are structurally and functionally identical. 
!ey di"er only in the proteins they are making at any given time.

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

The Polypeptide Chain Passes Through an Aqueous Channel in 
the Translocator
It had long been debated whether polypeptide chains are transferred across the 
ER membrane in direct contact with the lipid bilayer or through a channel in a 
protein translocator. !e debate ended with the identi#cation of the transloca-
tor, which was shown to form a water-#lled channel in the membrane through 
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stay in the cytosol and those that are transported into the ER. The ER signal sequence on a newly formed polypeptide chain 
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signal sequence binds to a speci!c site inside the pore itself, thereby opening the 
pore. An ER signal sequence is therefore recognized twice: !rst by an SRP in the 
cytosol and then by a binding site in the pore of the protein translocator, where it 
serves as a start-transfer signal (or start-transfer peptide) that opens the pore (for 
example, see Figure 12–35 for how this works for a soluble protein). Dual recog-
nition may help ensure that only appropriate proteins enter the lumen of the ER.

While bound in the translocation pore, a signal sequence is in contact not only 
with the Sec61 complex, which forms the walls of the pore, but also, along the lat-
eral seam, with the hydrophobic core of the lipid bilayer. "is was shown in chem-
ical cross-linking experiments in which the signal sequence and the hydrocarbon 
chains of lipids were covalently linked together. When the nascent polypeptide 
chain grew long enough, the ER signal peptidase cleaved o# the signal sequence 
and released it from the pore into the membrane, where it was rapidly degraded 
to amino acids by other proteases in the ER membrane. To release the signal 
sequence into the membrane, the translocator opens laterally along the seam (see 
Figures 12–35 and 12–39). "e translocator is therefore gated in two directions: 
it opens to form a pore across the membrane to let the hydrophilic portions of 
proteins cross the lipid bilayer, and it opens laterally within the membrane to let 
hydrophobic portions of proteins partition into the lipid bilayer. Lateral gating of 
the pore is an essential step during the integration of transmembrane proteins.

"e integration of membrane proteins requires that some parts of the poly-
peptide chain be translocated across the lipid bilayer whereas others are not. 
Despite this additional complexity, all modes of insertion of membrane proteins 
are simply variants of the sequence of events just described for transferring a sol-
uble protein into the lumen of the ER. We begin by describing the three ways in 
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(A) Co-translational translocation. The ribosome is brought to the membrane by the SRP and SRP receptor and then engages 
with the Sec61 protein translocator. The growing polypeptide chain is threaded across the membrane as it is made. No 
additional energy is needed, as the only path available to the growing chain is to cross the membrane. (B) Post-translational 
translocation in eukaryotic cells requires an additional complex composed of Sec62, Sec63, Sec71, and Sec72 proteins, 
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that closely resembles the mechanism of mitochondrial import in Figure 12–23. (C) Post-translational translocation in bacteria. 
The completed polypeptide chain is fed from the cytosolic side into the bacterial homolog of the Sec61 complex (called the 
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   Whereas the Sec61 translocator, SRP, and SRP receptor are found in all organisms, SecA is found exclusively in bacteria, and 
the Sec62, 63, 71, 72 complex is found exclusively in eukaryotic cells. (Adapted from P. Walter and A.E. Johnson, Annu. Rev. 
Cell Biol. 10:87–119, 1994. With permission from Annual Reviews.)

La translocación de proteínas hacia las mitocondrias, cloroplastos y peroxisomas se produce 
después de la traducción, después de que la proteína se ha hecho y liberado en el citosol, 

mientras que la translocación a través de la membrana ER suele ocurrir durante la traducción 
(co-traduccionalmente)
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which single-pass transmembrane proteins (see Figure 10–17) become inserted 
into the ER membrane.

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

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

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

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

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

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

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

When proteins are extracted with detergent from a membrane and then recon-
stituted into arti#cial lipid vesicles, a random mixture of right-side-out and inside-
out protein orientations usually results. !us, the protein asymmetry observed in 
cell membranes seems not to be an inherent property of the proteins, but instead 
results solely from the process by which proteins are inserted into the ER mem-
brane from the cytosol.
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Figure 12–44 Integration of a double-
pass transmembrane protein with an 
internal signal sequence into the ER 
membrane. In this protein, an internal ER 
signal sequence acts as a start-transfer 
signal (as in Figure 12–43) and initiates 
the transfer of the C-terminal part of the 
protein. At some point after a stop-transfer 
sequence has entered the translocator, 
the translocator discharges the sequence 
laterally into the membrane.
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Figure 12–45 The insertion of the 
multipass membrane protein rhodopsin 
into the ER membrane. Rhodopsin is the 
light-sensitive protein in rod photoreceptor 
cells in the mammalian retina (discussed 
in Chapter 15). (A) A hydropathy plot 
(see Figure 10–20) identifies seven short 
hydrophobic regions in rhodopsin. (B) The 
hydrophobic region nearest the N-terminus 
serves as a start-transfer sequence that 
causes the preceding N-terminal portion 
of the protein to pass across the ER 
membrane. Subsequent hydrophobic 
sequences function in alternation as start-
transfer and stop-transfer sequences. The 
green arrows indicate the paired start and 
stop signals inserted into the translocator. 
(C) The final integrated rhodopsin has its 
N-terminus located in the ER lumen and its 
C-terminus located in the cytosol. The blue 
hexagons represent covalently attached 
oligosaccharides. 

  681

scanning process continues until all of the hydrophobic regions in the protein 
have been inserted into the membrane as transmembrane Į helices.

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

When proteins are extracted with detergent from a membrane and then recon-
stituted into arti#cial lipid vesicles, a random mixture of right-side-out and inside-
out protein orientations usually results. !us, the protein asymmetry observed in 
cell membranes seems not to be an inherent property of the proteins, but instead 
results solely from the process by which proteins are inserted into the ER mem-
brane from the cytosol.

THE ENDOPLASMIC RETICULUM

NH2

MBoC6 m12.48/12.48

COOH

mature double-pass
transmembrane protein

in ER membrane

NH2

stop-transfer
sequence

start-transfer
sequence

ER LUMEN

CYTOSOL

hydrophobic
start-transfer-
peptide-
binding site

hydrophobic
stop-transfer-
peptide-
binding site

translocator protein

NH2
NH2

Figure 12–44 Integration of a double-
pass transmembrane protein with an 
internal signal sequence into the ER 
membrane. In this protein, an internal ER 
signal sequence acts as a start-transfer 
signal (as in Figure 12–43) and initiates 
the transfer of the C-terminal part of the 
protein. At some point after a stop-transfer 
sequence has entered the translocator, 
the translocator discharges the sequence 
laterally into the membrane.

1 2 3 4 5 7

amino acid number
0 100 200

(A) (C)

(B)

NH2

COOH

CYTOSOL

H2N
+

start start stop start stop start stop
COOH

MBoC6 m12.49/12.49

hy
dr

op
hi

lic
   

   
   

   
   

 h
yd

ro
ph

ob
ic

6

LUMEN

Figure 12–45 The insertion of the 
multipass membrane protein rhodopsin 
into the ER membrane. Rhodopsin is the 
light-sensitive protein in rod photoreceptor 
cells in the mammalian retina (discussed 
in Chapter 15). (A) A hydropathy plot 
(see Figure 10–20) identifies seven short 
hydrophobic regions in rhodopsin. (B) The 
hydrophobic region nearest the N-terminus 
serves as a start-transfer sequence that 
causes the preceding N-terminal portion 
of the protein to pass across the ER 
membrane. Subsequent hydrophobic 
sequences function in alternation as start-
transfer and stop-transfer sequences. The 
green arrows indicate the paired start and 
stop signals inserted into the translocator. 
(C) The final integrated rhodopsin has its 
N-terminus located in the ER lumen and its 
C-terminus located in the cytosol. The blue 
hexagons represent covalently attached 
oligosaccharides. 


