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Protein translocation across the eukaryotic
endoplasmic reticulum and bacterial
plasma membranes
Tom A. Rapoport1

A decisive step in the biosynthesis of many proteins is their partial or complete translocation across the eukaryotic

endoplasmic reticulum membrane or the prokaryotic plasma membrane. Most of these proteins are translocated through a

protein-conducting channel that is formed by a conserved, heterotrimeric membrane-protein complex, the Sec61 or SecY

complex. Depending on channel binding partners, polypeptides aremoved by differentmechanisms: the polypeptide chain is

transferred directly into the channel by the translating ribosome, a ratcheting mechanism is used by the endoplasmic

reticulum chaperone BiP, and a pushing mechanism is used by the bacterial ATPase SecA. Structural, genetic and

biochemical data show how the channel opens across the membrane, releases hydrophobic segments of membrane proteins

laterally into lipid, and maintains the membrane barrier for small molecules.

F
or almost 40 years, researchers have been fascinated by the
question of how proteins are transported across or are inte-
grated into membranes. Pioneering work by G. Palade1

demonstrated that in eukaryotic cells secretory proteins cross
the endoplasmic reticulum membrane before being transported in
vesicles to the plasmamembrane. The laboratories of G. Blobel andC.
Milstein then discovered that these proteins are directed to the endo-
plasmic reticulum membrane by signal sequences2,3. A little later,
signal sequences were also found to direct the translocation of pro-
teins across the bacterial plasma membrane4,5. Genetic experiments
identified components required for translocation, initially in bacteria
and later in yeast6–8, and the establishment of an in vitro system
initiated biochemical studies9. All of these achievements set the stage
for investigations into the molecular mechanism of translocation,
which will be the focus of this review.

Proteins transported across the eukaryotic endoplasmic reticulum
membrane or the prokaryotic plasma membrane include soluble
proteins, such as those ultimately secreted from the cell or localized
to the endoplasmic reticulum lumen, and membrane proteins, such
as those in the plasma membrane or in other organelles of the secret-
ory pathway. Soluble proteins cross the membrane completely and
usually have amino-terminal, cleavable signal sequences, the major
feature of which is a segment of 7–12 hydrophobic amino acids.
Membrane proteins have different topologies in the lipid bilayer,
with one or more transmembrane segments composed of about
20 hydrophobic amino acids; the hydrophilic regions of these pro-
teins either cross the membrane or remain in the cytosol. Both types
of proteins are handled by the samemachinery within themembrane:
a protein-conducting channel. The channel allows soluble polypep-
tides to cross the membrane and hydrophobic transmembrane seg-
ments of membrane proteins to exit laterally into the lipid phase.

Structure of the translocation channel

The translocation channel is formed from a conserved hetero-
trimeric membrane protein complex, called the Sec61 complex in
eukaryotes and the SecY complex in bacteria and archaea (for more

details, see refs 10 and 11). The a- and c-subunits show significant
sequence conservation, and both subunits are essential for the func-
tion of the channel and for cell viability. The b-subunits are not
essential; they are similar in eukaryotes and archaea, but show no
obvious homology to the corresponding subunit in bacteria.

The a-subunit forms the pore of the channel, as initially shown by
experiments in which photoreactive probes were systematically
placed at different positions of a stalled translocating polypeptide12;
all positions predicted to be within the membrane cross-linked only
to the a-subunit of the Sec61 complex, indicating that this subunit
surrounds the polypeptide chain during its passage across the mem-
brane. In addition, experiments in which the purified Sec61/SecY
complex was reconstituted into proteoliposomes showed that it is
the essential membrane component for protein translocation13–15.
The channel has an aqueous interior, as demonstrated by electro-
physiology experiments16 and by measurements of the fluorescence
lifetime of probes incorporated into a translocating polypeptide
chain17,18.

The crystal structure of an archaeal SecY complex provided
important insight into how the a-subunit forms the channel10. The
structure is probably representative of complexes from all species, as
indicated by sequence conservation and by the similarity to a lower-
resolution structure of the Escherichia coli SecY complex, determined
by electron microscopy from two-dimensional crystals19,20. Viewed
from the cytosol, the channel has a square shape (Fig. 1a). The
a-subunit is divided into two halves, transmembrane segments 1–5
and 6–10. The loop between transmembrane segments 5 and 6 at the
back of the a-subunit serves as a hinge, allowing the a-subunit to
open at the front—the ‘lateral gate’. The c-subunit links the two
halves of the a-subunit at the back by extending one transmembrane
segment diagonally across their interface. The b-subunit makes con-
tact only with the periphery of the a-subunit, probably explaining
why it is dispensable for the function of the complex.

The ten helices of the a-subunit form an hourglass-shaped pore
that consists of cytoplasmic and external funnels, the tips of which
meet about half way across the membrane (Fig. 1b). Whereas the
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cytoplasmic funnel is empty, the external funnel is plugged by a short
helix. The crystal structure therefore represents a closed channel but,
as will be discussed later, biochemical data indicate how it can open
and translocate proteins. The constriction of the hourglass-shaped
channel is formed by a ring of six hydrophobic residues that project
their side chains radially inward. The residues forming this ‘pore ring’
are amino acids with bulky, hydrophobic side chains.

Different modes of translocation

The channel alone is a passive pore; it must associate with partners
that provide a driving force for translocation. Depending on the part-
ner, there are three known ways in which the channel can function.

In co-translational translocation, themain partner is the ribosome.
This mode of translocation is found in all cells and is used for the
translocation of secretory proteins as well as for the integration of
most membrane proteins. Co-translational translocation begins with
a targeting phase. The signal or transmembrane sequence of a growing
polypeptide chain is recognized by the signal-recognition particle
(SRP); after this, the ribosome–nascent-chain–SRP complex binds
to the membrane, first by an interaction between SRP and its mem-
brane receptor, and then by an interaction between the ribosome and

the translocation channel (Fig. 2; for review of the targeting phase, see
refs 21 and 22). The elongating polypeptide chain subsequentlymoves
directly from the tunnel inside the ribosome into the associatedmem-
brane channel. GTP hydrolysis is required for chain elongation by the
ribosome, but polypeptide movement through the channel is inde-
pendent of nucleotide hydrolysis23. In the case of membrane proteins,
certain polypeptide segments do not enter the channel, but instead
emerge from the ribosome–channel junction into the cytosol24, gen-
erating a cytosolic domain.

In most if not all cells, some proteins are transported after com-
pletion of their synthesis, that is, post-translationally. This pathway
seems to be used by a larger fraction of proteins in simpler organisms,
such as bacteria and yeast, perhaps because in these fast-growing cells
translocation does not always keep pace with translation. This path-
way is used mostly by soluble proteins, such as secretory proteins,
which possess only moderately hydrophobic signal sequences that
cause them to escape recognition by the SRP during their syn-
thesis25,26. These proteins need to remain unfolded or loosely folded
after their release from the ribosome27. Post-translational transloca-
tion occurs by different mechanisms in eukaryotes and bacteria.

During post-translational translocation in yeast, and probably in
all eukaryotes, the channel partners with another membrane-protein
complex, the tetrameric Sec62/Sec63 complex, and with the luminal
chaperone BiP, a member of the Hsp70 family of ATPases28,29. In
Saccharomyces cerevisiae, the Sec62/Sec63 complex consists of the
essential Sec62 and Sec63 proteins as well as the dispensable Sec71
(also known as Sec66) and Sec72 proteins. Mammalian cells only
have Sec62 and Sec63 (refs 30 and 31). Translocation begins with
the binding of a translocation substrate to the channel (Fig. 3).
During this step, all cytosolic chaperones are released from the sub-
strate32. Once the polypeptide is inserted into the channel, its trans-
location occurs by a ratcheting mechanism33. The polypeptide chain
in the channel can slide in either direction by brownian motion, but
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Figure 1 | The translocation channel. a, View from the cytosol of the crystal
structure of the SecY complex from Methanococcus jannaschii. The
a-subunit consists of two halves, transmembrane segments 1–5 and 6–10 (in
blue and red, respectively), which can open the lateral gate at the front
(purple double-headed arrow). The b- and c-subunits are shown in grey. In
the closed channel, the plug (in yellow) is in the centre of the a-subunit. Plug
movement towards the back (black double-headed arrow) opens the channel
across themembrane. Thepore-ring residues are indicated in green.b, Cross-
sectional view of the channel from the side.
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Figure 2 | Model of co-translational translocation. The scheme is mostly
based on experiments with the eukaryotic system, but is probably similar for
all organisms.
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Figure 3 | Model of post-translational translocation in eukaryotes. It is
possible that oligomers of the Sec61 complex mediate translocation, similar
to the situation with the other modes of translocation (Figs 2 and 4).
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its binding to BiP inside the lumen of the endoplasmic reticulum
prevents movement back into the cytosol, resulting in net forward
translocation. ATP-bound BiP with an open peptide-binding pocket
interacts with the J-domain of Sec63, which causes rapid ATP
hydrolysis and closure of the peptide-binding pocket around the
translocation substrate. J-domain-activated BiP has a low binding
specificity34, allowing it to interact with essentially any polypeptide
segment that emerges from the channel into the lumen of the endo-
plasmic reticulum. When the polypeptide has moved sufficiently in
the forward direction, the next BiP molecule can bind. This process
is repeated until the polypeptide chain has completely traversed
the channel. Finally, exchange of ADP for ATP opens the peptide-
binding pocket and releases BiP.

In bacterial post-translational translocation, the channel partners
with the cytosolic ATPase SecA. SecA has several domains, including
two nucleotide-binding folds (NBF1 and NBF2) that bind the
nucleotide between them and move relative to one another during
the ATP hydrolysis cycle. The other domains also move, perhaps
allowing SecA to alternate between the closed and open conforma-
tions that are observed in crystal structures35,36. A large groove in the
open state might close around the polypeptide chain, because it is
similar in dimensions to those seen in other proteins that interact
with a wide range of substrates. Several experiments indicate that
SecA functions as a monomer during translocation37–40, but the issue
is still controversial41–43. The translocation of many substrates begins
with their binding to SecB, a cytosolic chaperone44 (Fig. 4). Next,
SecA interacts with SecB and accepts the polypeptide, probably bind-
ing both the signal sequence and the segment following it45–47. The
subsequent transfer of the polypeptide into the channel requires a full
cycle of ATP hydrolysis by SecA48. Once inserted into the channel,
the substrate is translocated by a ‘pushing’ mechanism49. Although
the details are not yet clear, a plausible mechanism assumes that the
polypeptide-binding groove of SecA closes around the polypeptide
chain andmoves towards the channel, pushing the polypeptide into it
(Fig. 4). The size of SecAmeans that it is unlikely that it inserts deeply
into the SecY channel, as proposed earlier49,50. On nucleotide hydro-
lysis, the groove opens, releases the peptide, andmoves away to ‘grab’
the next segment of the substrate. This cycle continues until the entire
polypeptide is translocated. An electrochemical gradient across the
membrane stimulates translocation in vitro and is required in vivo51,
but it is unclear how the gradient is used.

Archaea probably have both co- and post-translational transloca-
tion52,53, but it is unknown how post-translational translocation
occurs because these organisms lack SecA, the Sec62/Sec63 complex
and BiP.

Opening the channel across the membrane

In all modes, the translocation of a secretory protein begins with its
insertion into the channel. The polypeptide inserts as a loop (Fig. 5a),
with the signal sequence intercalated into the walls of the channel and
the segment distal to it located in the pore proper54. Opening of the
channel for loop insertion probably occurs in two steps. The first is
the binding of a channel partner—the ribosome, the Sec62/Sec63
complex or SecA. This event probably destabilizes interactions that
keep the plug in the centre of the Sec61/SecYmolecule. The ribosome

and SecA interact with cytosolic loops in the carboxy-terminal half of
Sec61/SecY55, and these might transmit conformational changes to
other parts of themolecule, resulting in transient displacement of the
plug and continuous opening and closing of the lateral gate. This is
supported by the observation of increased ion conductance when
non-translating ribosomes are bound to the channel16.

The second step is the intercalation of the hydrophobic segment of
a signal sequence into the lateral gate. Photocrosslinking experiments
with a yeast in vitro system show that the hydrophobic region of a
bound signal sequence forms a helix of about two turns, which is
intercalated between transmembrane segments 2b and 7 (ref. 56).
The signal sequence can also be crosslinked to phospholipid mole-
cules, indicating that it sits at the interface between channel and lipid.
The binding of the signal sequence would separate transmembrane
segments 2b and 7 and further destabilize plug interactions, causing
the plug to move from the centre of Sec61/SecY into a cavity at the
back of the molecule. Disulphide-bridge crosslinking shows that
the plug indeed comes close to the transmembrane segment of the
c-subunit during translocation57,58. Thismodel is also consistent with
the observation that many mutations that allow the translocation of
proteins with defective signal sequences (signal-suppressor muta-
tions) would be expected to destabilize the closed channel10,59.

Finally, the open state of the channel would be fixed by the inser-
tion of the polypeptide segment distal to the signal sequence into the
pore proper. During subsequent translocation, the signal sequence
stays put, whereas the rest of the polypeptidemoves through the pore.
The plug could only return to the centre of Sec61/SecY when the
polypeptide chain has left the pore. At some point, the signal
sequence is cleaved by signal peptidase and is then further degraded
by the signal peptide peptidase, a presenilin-like enzyme that cleaves
the hydrophobic segment within the membrane60.

The pore

The crystal structure indicates that a single copy of the Sec61/SecY
complex forms the pore; according to this model, a polypeptide
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Figure 4 | Model of post-translational translocation in bacteria.
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Figure 5 | Different stages of translocation. a, Translocation of a secretory
protein. The red line indicates the hydrophobic region of a signal sequence.
Depicted is the co-translational mode of translocation, but similar schemes
can be envisioned for the other modes. For simplicity, only the translocating
Sec61/SecY copy is shown. b, Translocation of membrane proteins. When a
hydrophobic transmembrane sequence (in red) has emerged from the
ribosome, it can bind reversibly in several conformations. If the hydrophobic
sequence is long and the N terminus is not retained in the cytosol, it can flip
across the membrane (upper panel). If the N terminus is retained in the
cytosol and the polypeptide chain is further elongated by the translating
ribosome (indicated by the loop between the ribosome and channel), the C
terminus can translocate across the membrane (lower panel).
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wouldmove from the cytoplasmic funnel, through the pore ring, into
the external funnel. Previously, it was thought that several copies of
the Sec61/SecY complex would assemble to form a hydrophilic pore
in the membrane, but the crystal structure shows that, similar to all
other membrane proteins, a single SecY complex has an entirely
hydrophobic belt around its exterior surface10. Systematic disulphide
cross-linking experiments, in which one cysteine is placed in a trans-
location substrate and another at various positions of SecY, show that
the polypeptide chain indeed passes through the centre of the SecY
complex andmakes contact with it only at the waist of the hourglass-
shaped channel61. The aqueous interior of the channel, its shape and
the lack of interactions of the hydrophobic pore residues with the
hydrophilic polypeptide backbone all help to minimize the energy
required to move a translocation substrate through the membrane.

The diameter of the pore ring, as observed in the crystal structure,
is too small to allow the passage of most polypeptide chains. Because
even peptide loops of 13 residues and bulky side chains can move
through the channel62,63, pore widening has to be postulated, which
could be mediated by movements of the helices to which the pore-
ring residues are attached. The flexibility of the pore ring is supported
by molecular dynamics simulations as well as by electrophysiology
experiments64–67. The intercalation of a signal sequence at the front of
Sec61/SecY may cause additional widening of the pore, as is required
for loop insertion of a polypeptide chain. The estimated maximum
dimensions of the pore on the basis of the crystal structure are
153 20 ångström (Å) (ref. 10). A polypeptide in the pore could
therefore form an a-helix, but no tertiary structure, in agreement
with experimental data68.

Results from fluorescence-quenching experiments have indicated
that the pore is much larger (40–60 Å) than conceivable with a single
Sec61/SecY molecule69. The fluorescent probes were incorporated
into translocating nascent chains that are associated with stalled,
membrane-bound ribosomes; quenching agents as large as NAD1

were able to move through the channel to collide with the probes.
These data could be reconciled with the crystal structure if two or
more Sec61/SecY complexes associated at their front surfaces and
opened their lateral gates to fuse their pores into a larger channel.
Although a different arrangement—a back-to-back orientation—is
suggested by the two-dimensional structure of the E. coli SecY com-
plex and by cross-linking data19,70, the model would be consistent
with an electron microscopy structure in which a translating E. coli
ribosome was proposed to be associated with two nearly front-to-
front oriented SecYmolecules71. However, this structure is based on a
low-resolution electron-densitymap (,15 Å), and the docking of the
SecY crystal structure required its drastic modification. The position
and orientation of both SecY molecules are different from that of the
single SecY molecule that is seen in more recent electron microscopy
structures of non-translating ribosome–SecY complexes72.
Disulphide-bridge cross-linking experiments argue against fusion
of different pores because they show that, during SecA-mediated
translocation, both the signal sequence and the mature region of a
polypeptide chain are located in the same SecY molecule48. A deter-
gent-solubilized translocation intermediate also contains just one
copy of SecY associated with one SecA and one translocation sub-
strate molecule38.

If, then, the channel is formed from only one Sec61/SecY mole-
cule, how can one rationalize the fluorescence-quenching results?
Although there is currently no good explanation, it should be noted
that the fluorescent probes were located deep inside the ribosome,
and therefore the same large diameter (40–60 Å) must be assumed
for the ribosome tunnel, a size that does not agree with that seen
in ribosome structures (,20 Å) determined by crystallography or
cryo-electronmicroscopy73–75. Onemight argue that the tunnel could
widen under certain conditions, but this could not be caused simply
by the arrival of a nascent polypeptide, because a chain is present
in some of the structures. It is also difficult to see how the rigid
ribosomal RNA that lines most of the tunnel could undergo such a

dramatic change. It has been proposed that the structural methods
give inaccurate answers because they are obtained in detergent76, but
the disulphide cross-linking experiments were performed with func-
tional translocation intermediates in intact membranes48.

Oligomeric translocation channels

Although the pore is formed by only one Sec61/SecY molecule,
translocation of a polypeptide chain seems to be mediated by oligo-
mers. This is best supported by the observation that a SecY molecule
defective in SecA-mediated translocation can be rescued by linking it
covalently with a wild-type SecY copy48. Disulphide-bridge cross-
linking showed that SecA binds through its NBF1 domain to a
non-translocating SecY copy, and moves the polypeptide chain
through a neighbouring SecY copy48 (Fig. 4). In this model, the static
interaction with the non-translocating SecY molecule would prevent
complete detachment of SecA when its peptide-binding domain
moves away from the translocating SecY molecule to ‘grab’ the next
polypeptide segment.

The Sec61/SecY complex probably forms oligomers during co-
translational translocation as well. When a ribosome–nascent-
chain–SRP complex binds to the SRP receptor, a domain of SRP
undergoes a conformational change that exposes a site on the ribo-
some to which a single Sec61/SecY molecule could bind77—probably
the one seen in recent electron microscopy structures of non-
translating ribosome–SecY complexes72. The bound SecY molecule
is close to the point where a polypeptide exits the ribosome and could
thus become the translocating copy. At a later stage of translocation,
SRP completely detaches from the ribosome, and one or more addi-
tional copies of the Sec61/SecY complex may associate, as suggested
by cross-linking and freeze-fracture electron microscopy experi-
ments78,79. These copies could stabilize the ribosome–channel junc-
tion and possibly recruit other components, such as signal peptidase
and oligosaccharyl transferase, which are needed for polypeptide
modification, or the translocon-associated protein complex
(TRAP), the function of which is still unclear. On termination of
translocation, dissociation of the Sec61/SecY oligomers could facil-
itate the release of the ribosome from the membrane78. Dissociable
oligomers may also allow the Sec61/SecY complex to change channel
partners and modes of translocation.

Electron microscopy structures of detergent-solubilized ribo-
some–channel complexes suggested the presence of three or four
Sec61 molecules80,81. However, the low resolution of these structures
makes it difficult to distinguish between protein and additional den-
sity contributed by lipid and detergent. It is therefore possible that
only one Sec61 molecule is present, whereas the other Sec61 copies
were lost during solubilization, similar to the dissociation seen with
SecA-interacting SecY oligomers38.

The emerging concept of homo-oligomeric channels, in which
only one copy is active at any given time, may be a common theme
in protein translocation. Such a situation may apply for PapC, which
is involved in the secretion of pilus subunits across the outer mem-
brane of E. coli 82, and for Tom40 and Tim22, which are involved in
protein transport across the outer and inner mitochondrial mem-
brane83,84, respectively.

Membrane-protein integration

During the synthesis of a membrane protein, all transmembrane
segments move from the aqueous interior of the channel, through
the lateral gate, into the lipid phase. The gate is formed where short
segments of four transmembrane segments at the front of Sec61/SecY
link the two halves of themolecule10. The resulting seam in the wall of
the channel is probably weak once these transmembrane segments
are no longer contacted and stabilized by the plug. The lateral gate
may therefore continuously open and close, exposing polypeptide
segments located in the aqueous channel to the surrounding hydro-
phobic lipid phase. Segments that are sufficiently long and hydro-
phobic to span the entire membrane would exit the channel through
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the lateral gate, simply by partitioning between aqueous and
hydrophobic environments. This model is supported by photo-
cross-linking experiments that examined the lateral exit of a trans-
membrane segment in different translocation intermediates85, as well
as by the agreement between a hydrophobicity scale derived from
peptide partitioning into an organic solvent and the tendency of a
peptide to span the membrane86. The model is also consistent with
molecular dynamics simulations that indicate that lipidmolecules do
not pass the lateral gate rapidly87. The size of the channel indicates
that transmembrane segments exit laterally one by one or in pairs.
Hydrophilic segments between the transmembrane segments would
move alternately from the ribosome, through the aqueous channel, to
the external side of the membrane, or emerge between the ribosome
and channel into the cytosol. Movement into the cytosol would
utilize a gap between the ribosome and channel, which can be visua-
lized in electron microscopy structures81.

In contrast to a signal sequence, which always has its N terminus in
the cytosol, the first transmembrane segment of a membrane protein
can have its N terminus on either side of the membrane, depending
on the amino-acid sequence of the protein. In a multi-spanning
membrane protein, the first transmembrane segment often deter-
mines the orientation of the subsequent ones88, although there are
exceptions in which internal transmembrane segments have a pre-
ferred orientation regardless of the behaviour of preceding trans-
membrane segments (for a review, see ref. 89).

A model for how the orientation of the first transmembrane seg-
ment is determined is shown in Fig. 5. When a hydrophobic segment
emerges from the ribosome, it can intercalate reversibly in two dif-
ferent orientations into the lateral gate (Fig. 5b). If the hydrophobic
sequence is long and the N terminus is not retained in the cytosol by
positive charges or by the folding of the preceding polypeptide seg-
ment (for a review, see ref. 89), it can flip across the channel and
subsequently exit it laterally into the lipid phase. If the N terminus is
retained in the cytosol and the polypeptide chain is further elongated,
the C terminus can translocate across the channel, inserting the poly-
peptide as a loop, as in the case of a secretory protein.

Maintaining the permeability barrier

The channel must prevent the free movement of small molecules,
such as ions or metabolites, both in its resting state and when trans-
locating a polypeptide.Maintaining themembrane barrier is particu-
larly important for prokaryotes, because the proton gradient across
the membrane is the main source of their energy. The endoplasmic
reticulum membrane may be somewhat leaky to small molecules90,
but it must also prevent the free flow of ions.

Results from fluorescence-quenching experiments with endoplas-
mic reticulum membranes suggest a complex molecular mechanism
to maintain the membrane permeability barrier. In this model, the
resting channel has a pore size of 9–15 Å, which is closed at the
luminal end by BiP, either directly or indirectly91. During the trans-
location of a secretory protein, the channel widens to 40–60 Å, and
the luminal seal is lost, replaced by a cytoplasmic seal from the trans-
lating ribosome69,91. When a multi-spanning membrane protein is
synthesized, the seals provided by the ribosome and BiP alternate,
depending on whether the nascent chain is directed to the endoplas-
mic reticulum lumen or the cytosol92. The pore is closed by BiP before
the transmembrane segment in a nascent chain reaches the channel,
implying that the ribosome recognizes the nascent chain as a mem-
brane protein. Fluorescence resonance energy transfer (FRET) and
chemical modification experiments support the idea that a trans-
membrane segment can form an a helix inside the ribosome93,94,
but it is difficult to see how the ribosome tunnel, with its mostly
hydrophilic surface, could recognize a long hydrophobic sequence.
In addition, consecutive transmembrane segments move in the same
direction inside the ribosome, but would have to transmit opposing
signals to the ribosome-associated channel. A tight seal between
the ribosome and channel is also at odds with electron microscopy

structures that reveal a gap of 12–15 Å between them80,95. Finally, this
model does not explain how the membrane barrier is maintained in
the absence of a ribosome (in post-translational translocation) or in
the absence of BiP (in prokaryotes).

The crystal structure indicates a simplermodel, in which themem-
brane barrier is formed by the channel itself, with both the plug and
pore ring contributing to the seal10. Electrophysiology experiments
show that the resting SecY channel, reconstituted in the absence of
other components into a planar membrane, is indeed impermeable
to ions and water, and opens on plug displacement67. In the active
channel, the pore ring would fit like a gasket around the translocating
polypeptide chain, thereby restricting the passage of small molecules
during protein translocation. The seal would not be expected to be
perfect; in fact, a partial loss of the electrochemical gradient is
observed on accumulation of an arrested translocation intermediate
in E. coli membranes96. Leakage is probably compensated for by
powerful ion pumps. During the synthesis of a multi-spanning
membrane protein, the seal would be provided in an alternating
manner either by the nascent chain in the pore or—once the chain
has left the pore—by the plug returning to the centre of Sec61/SecY.
This model needs further experimental verification, but it would
explain how the membrane barrier can be maintained in both co-
and post-translational translocation, and why a gap between the
ribosome and channel may not compromise the barrier.

Surprisingly, plug-deletion mutants are viable in S. cerevisiae and
E. coli, and have only moderate translocation defects97–99. However,
the crystal structure of these mutants shows that new plugs are
formed from neighbouring polypeptide segments99. The new plugs
still seal the closed channel, but they have lost many interactions that
normally keep the plug in the centre of SecY. This results in continu-
ous channel opening and closing, as observed in electrophysiology
experiments67. In addition, facilitated channel opening in the plug-
deletionmutants permits polypeptides with defective or evenmissing
signal sequences to be translocated98,99. The plug sequences are only
poorly conserved among Sec61/SecY channels, supporting the idea
that promiscuous segments can seal the channel and lock it in its
closed state.

Perspective

Progress during the past several years has led to a detailed under-
standing of protein translocation, in particular of the function of the
Sec61/SecY channel. Nevertheless, major questions in the field are
still controversial and unresolved. Further progress will require the
combination of different approaches. To address how the channel
maintains the permeability barrier, electrophysiology experiments
are needed to complement the fluorescence-quenching method, par-
ticularly because results from the latter are difficult to reconcile with
structural data. Important questions in co-translational transloca-
tion include how the SRP receptor and channel collaborate, how
many Sec61/SecY complexes participate in translocation, and how
the ribosome ultimately dissociates from the channel. The precise
role of the Sec62/Sec63 components in post-translational transloca-
tion, and the mechanism by which SecAmoves polypeptides, are also
important issues for the future.Membrane-protein integration is still
particularly poorly understood, and new methods are required to
follow the integration of individual transmembrane segments during
the synthesis of a multi-spanning membrane protein. Another unre-
solved issue concerns other translocation components, such as the
translocon-associated membrane protein (TRAM) protein and the
translocon-associated protein (TRAP) complex in mammalian cells,
or the YidC, SecD and SecF proteins in prokaryotes. These compo-
nents may be required as chaperones for the folding of transmem-
brane segments, or to increase the efficiency of translocation of some
substrates, but their precise functions remain to be clarified. Much
of the progress in the field will depend on the generation of high-
resolution structures, with the ‘holy grail’ being a picture of the
‘translocon in action’, in which a channel associated with both a
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partner and a translocating polypeptide chain is visualized at
atomic detail. However, even lower resolution electron microscopy
structures of active translocation complexes are eagerly awaited. The
study of the Sec translocation system remains an exciting area of
research and is likely to serve as a paradigm for other protein trans-
location systems, such as those in mitochondria, chloroplasts and
peroxisomes.
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