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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.)

La cadena polipeptídica pasa a través de un canal acuoso en el translocador
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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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Figure 12–41 Three ways in which protein translocation can be driven through structurally similar translocators. 
(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, 
which is attached to the Sec61 translocator and deposits BiP molecules onto the translocating chain as it emerges from the 
translocator in the lumen of the ER. ATP-driven cycles of BiP binding and release pull the protein into the lumen, a mechanism 
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 
SecY complex in bacteria) in the plasma membrane by the SecA ATPase. ATP hydrolysis-driven conformational changes drive 
a pistonlike motion in SecA, each cycle pushing about 20 amino acids of the protein chain through the pore of the translocator. 
The Sec pathway used for protein translocation across the thylakoid membrane in chloroplasts uses a similar mechanism (see 
Figure 12–26B).
   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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Figure 12–42 How a single-pass 
transmembrane protein with a cleaved 
ER signal sequence is integrated into 
the ER membrane. In this protein, the 
co-translational translocation process 
is initiated by an N-terminal ER signal 
sequence (red) that functions as a start-
transfer signal, opening the translocator as 
in Figure 12–35. In addition to this start-
transfer sequence, however, the protein 
also contains a stop-transfer sequence 
(orange); when this sequence enters the 
translocator and interacts with a binding 
site within the pore, the translocator opens 
at the seam and discharges the protein 
laterally into the lipid bilayer, where the 
stop-transfer sequence remains to anchor 
the protein in the membrane. (In this 
figure and the two figures that follow, the 
ribosomes have been omitted for clarity.)
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(Figure 12–44). In more complex multipass proteins, in which many hydro-
phobic 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 
the protein shown in (B) can occur only 
after this portion has been fully synthesized.
   Note that there are two ways to insert a 
single-pass membrane-spanning protein 
whose N-terminus is located in the ER 
lumen: that shown in Figure 12–42 and that 
shown here in (B).
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scanning process continues until all of the hydrophobic regions in the protein 
have been inserted into the membrane as transmembrane 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. 
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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 
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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. 
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N-terminus located in the ER lumen and its 
C-terminus located in the cytosol. The blue 
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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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Figure 12–38 Free and membrane-bound polyribosomes. (A) A common pool of ribosomes synthesizes the proteins that 
stay in the cytosol and those that are transported into the ER. The ER signal sequence on a newly formed polypeptide chain 
binds to SRP, which directs the translating ribosome to the ER membrane. The mRNA molecule remains permanently bound 
to the ER as part of a polyribosome, while the ribosomes that move along it are recycled; at the end of each round of protein 
synthesis, the ribosomal subunits are released and rejoin the common pool in the cytosol. (B) A thin section electron micrograph 
of polyribosomes attached to the ER membrane. The plane of section in some places cuts through the ER roughly parallel to 
the membrane, giving a face-on view of the rosettelike pattern of the polyribosomes. (B, courtesy of George Palade.)
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Glicosilación 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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N-glycanase

ubiquitin

E3 ubiquitin ligase
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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 

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
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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Cómo  se forma o brota una vesícula en una zona en particular? Como se fusiona?



696 Chapter 13:  Intracellular Membrane Traffic

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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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 
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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 13–4 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. 

Cubierta: Jaula o Caja citoplásmica de proteínas. Antes de funsionarse con la membrane blanco la cubierta se pierde, dado 
que se requiere que la dichas membranas  interacciones directamente para lograr la fusión.
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in the secretory pathway: COPI-coated vesicles bud from Golgi compartments, 
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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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!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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En condiciones apropiadas, triskelions aislados se 
autoensamblan espontáneamente en jaulas poliédricas 

típicas, incluso en ausencia de las vesículas de 
membrana que estos paneles envuelven normalmente

El ensamblado de la caja de clatrina dirige la formación de 
las vesículas.
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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.)

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



  701

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. 

THE MOLECULAR MECHANISMS OF MEMBRANE TRANSPORT

OH

OH

HO

HO

HO

P

O

O

O O

OO

CC

O

O
_

CH2CH2 CH

1
23

4
5 6

1
23

4
5 6

PI

PI(3,4)P2

PI(3,5)P2

PI(3)P

PI(3,4)P2

PI

PI(4)P

PI(5)P

PI(4,5)P2

PI(3,4,5)P3

(A) (C) (E) (F)

(B) (D)

MBoC6 m13.10/13.09

P

P

P

P

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.)

MBoC6 m13.11/13.10

constitutive exocytosis

regulated exocytosis

endocytosis

phagocytosis

KEY: PI(3)P PI(4)P PI(4,5)P2 PI(3,5)P2 PI(3,4,5)P3

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
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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
https://www.youtube.com/watch?v=XXsAf_3MZNk

