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REVIEWS

Protein translocation across the eukaryotic
endoplasmic reticulum and bacterial
plasma membranes

Tom A. Rapoport’

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 Secé61 or SecY
complex. Depending on channel binding partners, polypeptides are moved by different mechanisms: the polypeptide chainis

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 bactenial 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.

o almost 40 years, researchers have been fascinated by the
| question of how profeins ane transported across or ane inte-

grated into membranes. Pioneering work by G. Palade’

demonstrated that in cukaryotic cells secretory proteins cross
the endoplasmic reticulum membrane before being transported in
visicles to the plasma membrane. The laboratories of G, Blobel and C.
Milstein then discovered that these proteins are directed to the endo-
plasmic reticulum membrane by signal sequences™. A little later,
signal sequences were also found to direct the transhocation of pro-
teins across the hacterial plasma membrane®™. Genetic experiments
edentified compoments required for translocation, initizlly in becteria
amd later in yeast™ S, and the establishiment of an is wiiro system
initiated biochemical studies®. 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 retioulum
membrane of the prokarvotic plisma membrane include soluble
profeins, such as those ultimately secreted from the cdl or localised
o the endoplasmic reticulum lumen, and membrane profeins, such
as those in the plasma membrane or in other organclles of the secret-
ory pathway. Soluble proteins cross the membrane completely and
usudlly have amino-termingl, cheavable signal sequences, the major
feature of which is a sepment of 712 hydrophobic amino acids.
Membrane proteins have different topologies in the lipid bilayer,
with one or more transmembrane segments composed of about
) hydrophobic aming acids; the hydrophilic regions of these pro-
teins either oross the membrane or remain in the cytosol. Both types
of proteins are handled by the same machinery within the menbrame:
a protein-conducting channel. The channel allows soluble polypep-
tides to cross the membeane and hydrophobic trammembrane sep-
rents of membrane proteins to exit aterally mto the lipid plase.

Structure of the translocation channel
The translocation dhannel is formed from a conserved hetero-

trimeeric membrane protein complex, called the Seckl complex in
eukaryoles and the S%ecY complex in bacteria and archaea (for more

details, see refs 10 and 11). The - and y-subunits show significant
sequence conservation, and both subunits are essential for the func-
tion of the chanmel and for cel viability. The fsubuniis are not
ecsgential; they are similar in cukaryotes and archaea, but show no
obvious homology to the corresponding subuanit in bacteria.

The a-subuanit fornes the pore of the channel, 3 initilly shown by
experiments in which photoresctive probes were systematically
placed at different positions of a stalled translocating polypeptide';
all positions predicted to be within the membrane cross-linked only
tor the g-subunit of the Sech ] complex, indicating that this subanit
surrounds the polypeptide chain during its passepe across the mem-
brane. In addition, experiments in which the parified Seos1/SecY
complex was reconstituted into protecliposomes showed that it is
the essential membrane component for protein translocation™ ',
The channe has an aqueous interior, as demonstrated by electro-
physiology experiments' and by messurements of the Auorescence
lifetime of probes incorporated into a translocating polypeptide
chain'™"™,

The crystal strocture of an archaesl SecY complex provided
important insight into how the o-subunit forms the channel™. The
structure is probably representative of complexes from all species, as
indicated by sequence conserviation and by the similarity to a lower-
rescdution structure of the Escherichinag coli SecY complex, determined
by electron microscopy from two-dimensional orystals"™™. Viewed
from the cytosol, the channel has a square shape (Fig. 1a). The
a-subunit is divided into two halves, transmembrane segments 1-5
amd 610, The loop between transmembeane segments 5 and 6 at the
back of the g-subunit serves as a hinge, allowing the g-subunit to
open at the front—ithe “lateral gate”. The y-soubunit links the bwo
halves of the a-subunit af the keck by extending one transmembrane
sepmeent diagonally across their interface. The fl-subanit neakes con-
tact oaly with the periphery of the a-subunit, probably explaining
why it i3 dispensable for the function of the comples.

The ten helices of the g-subunit form an hourglass-shaped pore
that consists of cytoplasmic and external funnels, the tips of which
meet about hall way across the membrane (Fig. 1b). Whereas the
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cytoplesmic funnd s empty, the exterml funng s plugzed by a short
helix. The crystal strocture therefore represents a chosed channel but,
as will be discussed later, biochemical data indicate how it can open
and tramslocate proteins. The constriction of the hourghass-shaped
channd is formeed by a ring of six hypdrophobic residuses that project
their side chains radially inward. The residoes formang this “pore ring”
are aming acids with bulky, hydrophobic side chains.

Different modes of translocation

The chanmel alone is a passive pore; it muost asociate with partners
that provide a driving force for translocation. Diepending on the part -
mer, there are three kinown wiays in which the deannd can function.

Iin co-trandational translocation, the main partier is the ribosome.
This mwde of translocation is found in all cdls and 5 used for the

trandocation of secretory proteing 2 well as for the integration of
st menibrane proteins. Co-transhational transdocation begins with
a targeting phase. The sipmal or transmemnbrane sequence of 2 growing
polypeptide chain s recopnized by the signal-recopnition  partiche
(SRI’); after this, the ribosome—nasceni-chain—SEP complex binds
to the membrane, first by an interaction bebween SR and its mem-
brane receptor, and then by an interaction between the ribosome and

Figure 1| The translocation chanmel. a, View from the oytosol of the orystal
structure of the SecY complex from Metharococoes jarmaschir. The
r-swhunit consists of two halves, transmembrane segments 1-5 and 610 (in
blue and red, respeciively), which can open the lateral gate at the fromt
(purple double headed arrow). The - and y-sobumnits are shown in grey. In
the dosed chanmel, the plug (in ydlow) is im the centre of the o sobumit. Pleg
mavement towards the back (black double headed armow) opens the channel
across the membrane. The pore ring residues are indicated in green. b, Cross
sectional view of the channd from the side.
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Figure 2 | Model of co-transkational translocation. The scheme is mosthy
based on experiments with the eukaryotic system, bt is prohably similar for
all organisms.

the translocation chanmel (Fig. 2; for review of the targeting phase, see
refs 21 and 22 ) The dongating polypeptide chain subsequently moves
direcily from the tunmel inside the ribosome into the associated mem-
brane channel. GTT hydrolysis is required for chain dongation by the
Fibsoime, but polypeptide movement throwgh the chanme s inde-
pendent of nucleotide hydrolysis™. In the case of membrane proteins,
certain polypeptide segments do not enter the channe, but instead
emerge from the ribosome—channd junction into the cytosol™, pen-
erafing a cytosolic domain.

In muost if not all cells, some proteins are transported after com-
pletion of their synthesis, that is, post-translationally. This pathway
seeins to be wsaed by a larger fraction of proteins in simpler orgamisms,
such as bacteria and yeast, perhaps because in these fast-growing cells
transdocation does mol 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 syin-
thesis™™. These proteins need to remain unfolded or loosely folded
after their release from the ribosome”™. Post-translational transhoca-
tion occurs by different mechanisms in cukarvotes and bacteria.

During post-translational transhocation in yeest, amd probably in
all cukaryotes, the channel partners with another membrane-protein
complex, the tetramenc Secb2/Sechd complex, and with the luminal
chaperone Bil', a member of the Hap?0 family of ATPases™™. In
Saccharonrpces cerevisige, the Sech2fbechd complex consists of the
essential Sech? amnd Sech3 proteins as well as the dispensable Sec’ |
(abso known as Sechh) and Secy? proteins. Mammalian cells only
have Sech? and Sechd (refs 30 and 31). Translocation begins with
the hinding of a translocation substrate to the chanmel (Fig 3).
Drariing this step, all cytosolic chaperones are released from the sub-
strate™. Once the polypeptide is inserted into the channel, its trans-
location ocours by a ratcheting mechanism™. The polypeptide chain
in the chanmel can slide in ether direction by brownian motion, but
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Figure 3 | Model of post-transkstional translocation in eukaryotes. [ is
possible that oligomers of the 5ech] complex mediate translocation, similar
to the stuation with the other modes of tramsbocation (Figs X and 4).
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Figure 4 | Model of post-transiational translocation in bacteria.

its binding to BilP inside the lumen of the endoplasmic reticulum
prevents movement back into the cytosol, resulting in net forward
transbocation. ATP-bound Bil* with an open peplide-binding pocket
interacts with the J-dommin of Sece3, which causes rapid ATP
hydrolysis and closure of the peptide-binding pocket around the
tramshocation substrate. |-domain-sctivated Bil* has a bow binding
specificity™, allowing it to interact with essentially any polypeptide
sepment that emerges from the channel into the lomen of the endo-
plasmic reticulum. When the polypeptide has moved sufficiently in
the forward direction, the next Bil* molecule can bind. This process
i repeated uniil the polypeptide chain has completely traversed
the channel. Finally, exchange of ADP for ATPF opens the peptide-
binding pocket and releases Bil.

In bacterial post-translational translocation, the channed partners
with the cytosolic ATPase SecA. SecA has several domains, including
two nucleotide-binding  folds (NBF1 and NBF2) that hind the
nucleotide between them and move relative to one another during
the ATT hydrolysis cycle. The other domains also move, perhaps
allowing SecA to alternate between the closed and open conforma-
tions that are observed in crystal structures™™, A large groove in the
open state might dose around the polypeptide chain, becanse it s
similar in dimensions to those seen in other proteins that interact
with a wide ramge of substrates. Several experiments indicate that
SecA functions as a monomer during translocation™ *°, but the issue
is still controversial™ ™. The translocation of many substrates hegins
with their hinding to SecB, a cytosolic chaperone®™ (Fig. 4). Mext,
SecA interacts with Sech and accepts the polypeptide, probably bind-
ing both the signal sequence and the sepment following it™ . The
subsequent transfer of the polypeptide into the channel requines a full
cycle of ATP hydrolysis by SecA™. Once inserted into the channe,
the substrate is translocated by a ‘pushing’ mechanism™. Although
the details are nod yet clear, a plavsible mechaniam assumes that the
podypeptide-binding groove of SecA cdoses around the polypeptide
chain and moves towards the canne, pushing the polypeptide into it
[Fig. 4). The size of SecA means that it is unlikely that it inserts deeply
into the SecY channel, a2 proposed earlier™ ™. On nudentide hydro-
lysis, the groove opens, relezses the peptide, and moves away to “grab’
the next sepment of the substrate. This cycle continues wntil the entire
podypeptide is translocated. An dectrochemical gradient across the
membrane stimulates translocation e vitre and is required 1 vive’
bt it is unclear how the gradient is nsed.

Archaea probably have both co- and post-translational transboca-
ton >, but it s wnknown how post-translational transbocation
occurs becanse these organisms lack Sech, the Secb2/Sech3 complex
amd Bil'.

Opening the channel across the membrane

I all modes, the traslocation of a secretory protein begins with its
insertion into the channel. The polypeptide inseris as a loop (Fig. 5a),
with the sepnal sequence intercalated into the walls of the channel and
the segment distal to it located in the pore proper™. Opening of the
channel for loop insertion probably occurs in two steps. The first i
the binding of a channel partner—the ribosome, the Sech2iSechs
complex oF SecAl This event probably destabilizes interactions that
kcep the plug in the centre of the Secé 1 SecY molecule. The ribosome

amd SecA interact with cytosolic loops in the carboxy-terminal halfof
Seoh 1/SecY™, and these might transmit conformational changes to
other parts of the molecule, resulting in transient displacement of the
plug and continomous opening and closing of the lateral gate. This is
supported by the observation of increased jon condoctance when
non-translating ribosomes are bound to the channel '™,

The second step is the intercalation of the hydrophobic segment of
a signal sequence into the lateral gate. Photocrosslinking experimenis
with a yeist ds witro system show that the hydrophobic region of a
bound sigmal sequence forms a helix of about two turns, which s
intercalated between transmembrane segments 2h and 7 (ref. 56).
The signal sequence can also be crosslinked to phospholipid mode-
cules, indicating that it sits at the interface between channel amd lipid.
The binding of the sipnal sequence would separate transmembrane
sepmeents 2b and 7 and forther destabilize plug interactions, causing
the plug to move from the centre of Sech 1 /SecY into a cavity at the
back of the molecule. Disulphide-bridge crosslinking shows that
the plug indeed comes dose to the transmembrane sepment of the
v-subunit during translocation™ " This model is also consistent with
the observation that many mutations that allow the tramsbocation of
proteins with defective signal sequences (signal-suppressor muta-
tions) would be expected to destabilize the closed chanmel"™,

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 trandocation, the signal sequence
stays pul, whereas the rest of the polypeptide moves through the pore.
The plug could only return to the centre of Sechl SecY when the
polypeptide chain has left the pore. Al some point, the signal
sejuence is cleaved by sigmal peptidase and is then further degraded
by the signal peptide peplidase, a presenilin-like eneyme that deaves
the hydrophobic segment within the membrane™.

The pore

The crystal strocture indicates that a single copy of the Seos 1/SecY
complex forms the pore; according to this model, a polypeptide

a g ‘D{j{"ﬁ
a4

Phﬂj ;’L-.
N

-

b
o |

ap

\'-iffmﬂ;.z _
= = j

Figure 5 | Different stages of translocation. a, Translocation of a secretory
prodein. The red line indicates the hydrophobic regson of a signal sequence.
Drepicted is the oo trandational mude of trandocation, but similar schemes
can be envisioned for the other modes. For simplicity, ondy the transhocating
Sech] MSecY 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 termines is mot retained in the cytosod, it can Bip
amross the membrane (opper pamel). I the N terminuos is retained in the
cytos and the polypeptide chain is further elongated by the trandating
ribosome (indicated by the loop between the ribosome and channel ), the ©
terminus can transdocate across the membrane {lower pamel).
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