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ABSTRACT: Most eukaryotic membrane proteins are cotranslationally integrated into the endoplasmic
reticulum membrane by the Sec61 translocation complex. They are targeted to the translocon by hydrophobic
signal sequences, which induce the translocation of either their N- or their C-terminal sequence. Signal
sequence orientation is largely determined by charged residues flanking the apolar sequence (the positive-
inside rule), folding properties of the N-terminal segment, and the hydrophobicity of the signal. Recent
in vivo experiments suggest that N-terminal signals initially insert into the translocon head-on to yield a
translocated N-terminus. Driven by a local electrical potential, the signal may invert its orientation and
translocate the C-terminal sequence. Increased hydrophobicity slows down inversion by stabilizing the
initial bound state. In vitro cross-linking studies indicate that signals rapidly contact lipids upon entering
the translocon. Together with the recent crystal structure of the homologous SecYEâ translocation complex
of Methanococcus jannaschii, which did not reveal an obvious hydrophobic binding site for signals within
the pore, a model emerges in which the translocon allows the lateral partitioning of hydrophobic segments
between the aqueous pore and the lipid membrane. Signals may return into the pore for reorientation until
translation is terminated. Subsequent transmembrane segments in multispanning proteins behave similarly
and contribute to the overall topology of the protein.

Few membranes in a eukaryotic cell are competent to
translocate and integrate proteins synthesized by the ribo-
somes in the cytoplasm: mitochondria, chloroplasts, per-
oxisomes, andsmost prominentlysthe endoplasmic reticu-
lum (ER).1 The ER serves as the gateway for proteins
destined for all compartments of the secretory pathway, for
the plasma membrane and the cell exterior, and for the
endocytic organelles. The signals for protein targeting to the
ER are highly degenerate. Their essence is an uncharged,
predominantly hydrophobic stretch of 7-25 amino acids (1).
They not only are important for targeting to the ER
membrane but also play a role in protein topogenesis. In
some cases, they also anchor the polypeptide as a trans-
membrane domain and assemble into helix bundles, con-
tributing to the structure and function of complex membrane
proteins.

In cotranslational targeting, which is the predominant mode
of ER sorting in mammalian cells, a signal sequence is first
recognized by signal recognition particle (SRP). As it
emerges from the ribosome, it binds to a hydrophobic groove
or saddle created by a cluster of methionines on the 54-kD
subunit (SRP54) (2-4). The ribosome-nascent chain-SRP

complex is directed to the ER membrane by interaction with
the SRP receptor (5). Both SRP and SRP receptor are
GTPases that interact in a unique manner by forming a shared
catalytic chamber for the two GTP nucleotides (6, 7).
Reciprocal GTPase activation upon the release of the signal
from SRP triggers disassembly of the targeting complex. The
ribosome docks onto the translocon aligning the ribosomal
exit tunnel with the protein-conducting channel (8, 9). The
signal enters the translocon and is oriented with respect to
the membrane to initiate translocation of its N- or C-terminal
sequence across the membrane. The respective hydrophilic
portion of the polypeptide is transferred through the channel
into the ER lumen, and the signal is released laterally into
the lipid bilayer. Additional hydrophobic segments may stop
or reinitiate protein transfer and integrate as transmembrane
domains into the membrane to generate multispanning helix-
bundle proteins. These processes determine the topology of
proteins in the lipid bilayer.

In the 30 years since the discovery of ER signals (10, 11),
determinants of protein topology have been characterized by
mutagenesis of substrate proteins (12), and the components
of the translocation machinery have been discovered by
genetic and biochemical studies (13). Sophisticated cross-
linking experiments identified molecules in contact with
various parts of substrate proteins (14). These mostly static
data together with the recent first crystal structure of a
protein-conducting channel (15) lead to new insights into
the highly dynamic process of protein topogenesis and
membrane integration.
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Orienting Signal Sequences in the Membrane

In secretory and single-spanning membrane proteins,
topology is determined by the orientation of the signal
sequence in the membrane. Cleavable signals of secretory
proteins (Figure 1a) or type I membrane proteins (Figure
1b) initiate translocation of their C-terminal sequence. Signal
peptidase cleaves off these signals and generates new lumenal
N-termini (16). Signal anchors of type II membrane proteins
(Figure 1c) similarly translocate their C-terminus. They are
not necessarily at the very N-terminus of the protein, remain
uncleaved, and have a longer apolar segment to span the
hydrophobic core of the bilayer with an Ncyt/Cexo orientation
(cytoplasmic N-, exoplasmic C-terminus) in the completed
protein. Very likely, even cleaved signals integrate into the
lipid membrane. Signal peptide peptidase, an intramembrane
protease, was shown to process signal peptides within the
membrane producing soluble fragments with potential sig-
naling function (17-19). In contrast to cleavable signals and
signal anchors, reverse signal anchors of type III proteins
(also classified as type Ia) insert with an Nexo/Ccyt orientation
and induce translocation of the N-terminus (Figure 1d).

Several factors have been shown to determine the orienta-
tion of the signal in the membrane. Most prominently,
charged residues flanking the hydrophobic core of the signal
influence orientation: the more positive end is generally
cytosolic, a phenomenon known as the “positive-inside rule”
(20-23). Since there is no general electrical potential across
the ER membrane, local charges at the translocation ap-
paratus must be involved in orienting the signal sequence
(see below). In addition, folding of hydrophilic sequences
N-terminal to a signal sterically hinders N-terminal trans-
location irrespective of the flanking charges (24). The
polypeptide needs to be unfolded to be transferred through
the translocation channel. A third determinant is the hydro-
phobicity of the core of the signal sequence (the h-domain)
itself. Strongly hydrophobic signals were observed to insert
with Nexo/Ccyt orientation even when the flanking charges
were more positive at the N-terminus (25-27). How
hydrophobicity exerts its topogenic effect was less obvious.

The mechanism by which hydrophobicity affects signal
orientation was explained in a recent in vivo study by Goder
and Spiess (28). An N-terminal signal-anchor with a generic
h-domain of 22 leucine residues inserted with mixed orienta-

FIGURE 1: Three types of signals initiate cotranslational protein topogenesis. Cleavable signals (red with arrowhead indicating the signal
peptidase cleavage site) and uncleaved signal-anchor sequences (red without arrowhead) induce translocation of the C-terminal sequence
and assume an Ncyt/Cexoorientation. Reverse signal anchors (blue) insert with the opposite Nexo/Ccyt orientation and translocate their N-terminus.
More complex topologies are produced by the combination of the signal with additional transmembrane segments inserting in alternating
orientations (light red for Ncyt/Cexo and light blue for Nexo/Ccyt). The distribution of hydrophobic signal and transmembrane segments and
their orientation in the membrane are shown for a secretory protein (a, preprolactin), a type I membrane protein (d, cation-dependent
mannose-6-phosphate receptor), a type II membrane protein (b, asialoglycoprotein receptor), and a type III membrane protein (c, synaptotagmin
I), and for examples of multispanning membrane proteins with corresponding initial signal sequences (e, gap junction proteinR6; f, vasopressin
receptor V2; g, glucagon receptor).
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tions despite a positive N-terminus. Surprisingly, the topology
depended on the total length of the protein: the fraction of
polypeptides with an Ncyt/Cexo orientation was lowest for a
short protein and increased up to∼300 residues following
the signal sequence. This result indicated that N-terminal
signals initially insert to yield an Nexo/Ccyt orientation
(schematically shown in Figure 2). Driven by electrostatic
forces, a signal anchor is inverted until protein synthesis is
completed or until further reorientation is stopped after
approximately 40-50 s by an as yet unknown mechanism.
Increased N-terminal positive charge accelerated the kinetics
of signal inversion, whereas reduced charge slowed them.
Increased hydrophobicity of the h-domain, however, dimin-
ished the rate of inversion, whereas reduced hydrophobicity
accelerated it. Thirteen or more consecutive leucines were
necessary to trap a fraction of the polypeptides before they
had oriented themselves according to their flanking charges.
Most or all natural cleavable signals and signal anchors are
less hydrophobic and thus invert within seconds, long before
translation is completed. Hydrophobicity inhibits inversion
because the signal cannot reorient when bound at the
translocation apparatus, but only when dissociated. The more
hydrophobic the signal, the higher is the affinity to the bound
state and the lower the inversion rate.

The Sec61 Complex: The Gateway through and into the
Membrane

The machinery for the translocation and insertion of
proteins into the membrane had first been identified geneti-
cally in yeast as Sec61p, a membrane protein with 10
transmembrane domains (29, 30). The mammalian homolog,
Sec61R, was found to be part of a complex with two smaller
components Sec61â (Sbh1p in yeast) and Sec61γ (Sss1p),
which span the membrane only once (31, 32). Sec61Râγ is
evolutionarily homologous to the bacterial translocation
complex SecYEG (33). The Sec61 complex is sufficient for
translocation and membrane integration of some proteins in
reconstituted liposomes, whereas others require an additional
component, the translocating chain-associated membrane

protein (TRAM), which spans the membrane eight times
(32). Although not necessary in the minimal reconstituted
system, the lumenal chaperone BiP/Kar2p and the ER
membrane protein Sec63p are required for cotranslational
translocation in yeast (34). Sec63p is part of a complex with
Sec62p, Sec71p, and Sec72p, which together with the Sec61
complex constitute the machinery for posttranslational trans-
location in yeast (35). Sec63p contains a J domain that
recruits BiP to the lumenal exit site of the translocon. BiP
binds to translocating polypeptides and, acting as a molecular
ratchet, drives translocation (36). Probably, this mechanism
is also functional for efficient cotranslational translocation.
In general, binding of chaperones to polypeptide segments
emerging into the ER lumen is likely to trap them there and
fix the topology of the protein accordingly.

To characterize the machinery components and the envi-
ronment of nascent polypeptides at various stages of trans-
location and insertion, photo-cross-linking techniques proved
extremely powerful (14). Photoreactive probes were incor-
porated by in vitro translation at defined positions into
nascent chains programmed by truncated mRNAs. Upon
photolysis, molecules in close proximity to the probe were
cross-linked to the arrested polypeptides. As the signal
emerged from the ribosome, it was found in contact with
SRP54 (37, 38). Upon docking of the ribosome-nascent
chain complex to the ER membrane, cleavable signals, signal
anchors, and reverse signal anchors were all cross-linked to
Sec61R (39). The N-terminus of a cleavable signal was
shown to contact TRAM (40). The hydrophilic polypeptide
arrested in translocation was also found close to Sec61R (40)
while in an aqueous environment (41), indicating that Sec61R
is the major component forming the protein-conducting
channel through the bilayer. A stop-transfer sequence was
cross-linked to Sec61R and TRAM in what appeared to be
an ordered succession of proteinaceaous environments with
increasing polypeptide length (42). This led to a model of
specific proteinaceaous binding sites for signal and trans-
membrane domains in the translocation apparatus.

However, the signal in an arrested nascent chain that was
just long enough to reach into the translocon was found to
contact not only Sec61R but also lipids (43, 44). It was
proposed that the signal might be bound at the lateral exit
site of the channel, simultaneously exposed to the aqueous
pore, Sec61R, and lipids. Cross-linking patterns obtained with
a reactive side chain in different positions in the h-domain
suggested that the signal was in a helical conformation in
stable contact with transmembrane helices 2 and 7 of Sec61R
on one side and with lipid on the other (45). However, these
findings are also consistent with the signal leaving rapidly
into the lipid bilayer upon entering the translocon. Because
it is still tethered to the translocon, cross-linking to Sec61R
persists. Position-dependent cross-linking may reflect pre-
ferred contact surfaces on the outside of the translocation
complex. Indeed, stop-transfer sequences were similarly
found to cross-link to Sec61R and lipid as soon as they
extended into the channel (45, 46). Different sequences were
detected in different positions, in some cases adjacent also
to TRAM, suggesting that transmembrane segments tethered
to the translocation complex associate at various places to
the outside of the pore complex (47). It should also be
considered that experiments with arrested nascent polypep-
tides do not truly represent a time course. In vivo experiments

FIGURE 2: Insertion mechanism for N-terminal signal-anchor and
reverse signal-anchor sequences. Reverse signal-anchor (panel A,
blue) and signal-anchor sequences (panel B, red) initially insert
into the translocation apparatus to yield an Nexo/Ccyt orientation (28).
The charge distribution of signal anchors (positive N-terminus,
negative C-terminus) drives their inversion to an Ncyt/Cexo orienta-
tion resulting in C-terminal translocation (and potentially glyco-
sylation, shown by purple diamonds). Inversion is accelerated by
increased charge difference (∆N-C), slowed by increased hydro-
phobicity of the signal core, and stopped upon translation termina-
tion or after∼50 s (28). Signal anchors that have not inverted when
reorientation is blocked result in products with the “wrong” Nexo/
Ccyt orientation (grayed-out portion). The process is illustrated
schematically. The SRP receptor was omitted for simplicity.
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suggested that orientation of a signal anchor is terminated
at the latest approximately 50 s after the signal emerged from
the ribosome, even if translation is not yet completed (28).
This period has certainly passed by the time of in vitro cross-
linking. Cross-linking results are thus likely to reflect the
situation of the signal after it has left the translocation pore
for the lipid membrane, while still closely connected to the
translocon via the nascent chain.

Recently, the crystal structure of the SecYEâ translocation
complex ofMethanococcus jannaschiihas been determined
(15). It suggests that a translocation pore is formed by a
single SecYEâ complex rather than by three or four
complexes as previously proposed based on electron mi-
croscopy of the yeast and mammalian translocons (8, 9). As
a consequence, the hydrophilic pore is likely to be consider-
ably less spacious than previously expected (48), even
considering that the crystal structure is of the closed state.
The 10 transmembrane helices of Sec61R form an aqueous
channel with a central constriction of hydrophobic residues
(Figure 3A). The channel is open to the cytosolic side, that
is, to the ribosome, but plugged by a short helix inserted
from the lumenal side. This plug has to move away, probably
by turning out as a whole around a flexible hinge in the
connecting sequences, to allow passage of a translocating
polypeptide. The plug may also play a role in sealing the

channel against ion loss from within the ER lumen while
idle.

Most interestingly for topogenesis, there is no obvious
hydrophobic surface lining the inside of SecY/Sec61R that
could serve as a static recognition site for signal sequences
(Figure 3D). The translocon is organized in two halves
(transmembrane helices 1-5 and 6-10; Figure 3A). To
laterally leave the channel toward the lipid membrane, a
polypeptide has to pass between helices 2/3 and 7/8. A
hydrophobic environment is accessible to a signal sequence
in the pore only when the channel laterally opens, for
example, due to thermal motion within the structure (Figure
3B,C). As the h-domain of the signal exits into the surround-
ing lipid, it will form a helix, optimizing intramolecular
hydrogen bonds. Similarly, the signal might return into the
hydrophilic channel where the peptide as a flexible chain
may invert its orientation due to the flanking charges.
According to the model illustrated in Figure 4, the Sec61
complex allows lateral equilibration of the signal between
an aqueous and a transmembrane environment. The translat-
ing ribosome may facilitate the transient lateral opening of
the pore. Upon termination of translation, re-entry of the
signal may be hindered, resulting in the observed block of
further topology changes. For translocation of the C-terminal
sequence, the lumenal plug is shifted out of the way. This is

FIGURE 3: The translocation complex and its lateral exit site. The backbone structure of theM. jannaschiiSecYEâ complex (Protein Data
Base accession code 1RHZ) (15) is shown from the cytosolic side. SecY (corresponding to Sec61R) is shown in gray with its 10 transmembrane
domains in red (numbered in panel A). The central hydrophilic pore is blocked by a short luminal helix that must move away to allow
passage of a translocating polypeptide. SecE (Sec61γ) and theâ subunit are shown in green and blue, respectively. To allow exit of a
hydrophobic sequence into the lipid bilayer, the two pseudo-symmetric halves (helices 1-5 and 6-10) must open (arrows in panel B)
hinging around the connection between helices 5 and 6 (schematically shown in panel C). Panel D shows a stereoview of the SecYEâ
complex from the cytosolic side. The structure is slightly turned down in comparison to the view of panels A-C to better see into the
hydrophilic pore, which in the closed state is blocked by the central constriction and the lumenal plug. Atoms are colored gray for C, blue
for N, red for O, and yellow for S.
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also necessary for translocation of the N-terminal domain
of type III proteins with reverse signal anchors.

Charge interactions appear to provide the driving force
for signal orientation. The role of conserved charged residues
in Sec61p of yeast was tested by mutagenesis. Three
mutations were identified that affect the topology of diag-
nostic substrates as expected when the positive-inside rule
is weakened (49): two arginines at the lumenal plug and a
glutamate at the cytosolic end of transmembrane domain 8.
Although these three residues do not account for the entire
charge effect in signal orientation, they show that Sec61p
contributes to the positive-inside rule.

Topogenesis of Multispanning Membrane Proteins

In complex membrane proteins that span the membrane
multiple times, it is generally the first hydrophobic sequence
that targets the nascent protein to the ER membrane. This
may be a cleavable signal, a signal anchor, or a reverse signal
anchor, just as in single-spanning proteins (Figure 1e-g).
Some members of the seven-transmembrane receptor family,
for example, generate an exoplasmic N-terminus with a
reverse signal anchor, whereas others (particularly those with
large translocated N-terminal domains) employ a cleavable
signal (f vs g). Subsequent transmembrane segments insert
with alternating orientations. In the simplest case, their
orientations are determined by that of the initial signal
sequence. Indeed, signal anchors inserted downstream of a
first cleavable signal or signal anchor can function perfectly
as stop-transfer sequences. Artificial proteins spanning the
membrane up to four times have been created by tandemly
repeating identical copies of a signal anchor in a polypeptide
separated by>100 amino acids from each other (50).

However, the topology of natural proteins is not just
dictated by the first transmembrane domain but appears to
be supported by contributions of downstream sequences.
Statistically, internal transmembrane domains also follow the
charge rule, although less stringently than the most N-
terminal signal (51). Mutations designed to invert the
orientation of the initial transmembrane domain of the
glucose transporter Glut1 did not cause inversion of the entire
protein but resulted in a local defect (52). Similarly, insertion
of positive charge clusters into short exoplasmic loops of
model proteins caused “frustration” of individual hydropho-
bic domains, showing that internal charges can be topogeni-
cally active, but did not affect the topology of the rest of
the protein (53). In the case of the seven-transmembrane
protein ProW, efficient translocation of the N-terminus
required the presence of at least four transmembrane domains
(54). The topology of multispanning proteins thus seems to
be determined by a consensus of its segments.

Cooperation of topogenic determinants throughout the
sequence could be accomplished by retaining and assembling
the transmembrane domains within the translocation ma-
chinery before the completed protein is released as a whole
into the membrane, as previously proposed (55). However,
subsequent transmembrane domains could be cross-linked
to lipid as soon as they reached the translocon (43, 44, 46),
indicating that they exit into the membrane one-by-one. If
downstream sequences overrule the initial topology of a
transmembrane segment, it must be able to return back into
the translocation pore to reorient itself.

Evidence for substantial polypeptide reorientation was
obtained in in vivo experiments using a model protein with
two conflicting topogenic sequences, a cleavable signal at
the N-terminus and an internal signal anchor (56). When
these two signals were separated byg80 residues, these
spacer residues were translocated and the second hydrophobic
segment functioned as a stop-transfer sequence. With shorter
spacers, however, an increasing fraction of proteins inserted
with a translocated C-terminus as dictated by the second
signal. A glycosylation site in the spacer increased translo-
cation of the spacer sequence. This indicates that the second
hydrophobic sequence, by inserting in an Ncyt/Cexoorientation,
forces the spacer of up to∼60 residues to return from the
ER lumen to the cytosol, unless it is glycosylated. In the
process, at least two hydrophilic polypeptide segments have
to pass simultaneously through the translocation pore. A
similar situation may underlie the generation of the various
topologies of the prion protein (in particular those termed
NtmPrP andCtmPrP, where a mildly hydrophobic sequence may
integrate in either orientation) (57).

As one transmembrane segment after the other reversibly
partitions into the lipid membrane, they may associate with
each other and partially assemble before protein synthesis
is completed. Membrane integration of weakly hydrophobic
sequences was found to be stabilized by a preceding
transmembrane segment, and the overall topology became
more defined (58, 59). Similarly, complementary charged
residues in different transmembrane segments of the K+

channel KAT1 were found to be required for the correct
topology (60). Topogenesis and protein folding are thus not
necessarily separable events. Helix bundling may start
already during protein insertion and influence the resulting
topology.

FIGURE 4: Model for signal orientation in the translocation complex.
The signal of a nascent polypeptide is recognized by SRP (a) and
targeted to the ER membrane via the SRP receptor (not shown). In
the translocon, the signal reversibly partitions between the hydro-
philic channel and the lipid environment via the lateral exit site
(indicated by green arrowheads, bT c and dT e). The initial
orientation is Nexo/Ccyt (b and c) because the polypeptide is too
short to loop early in the process. Based on a local electrical
potential and depending on the flanking charges, the signal may
invert its orientation while in the channel (bf d) and enter the
lipid in the Ncyt/Cexo topology (e). Translocation of hydrophilic
sequences requires the opening of the lumenal plug (d and e). The
kinetics of inversion are accelerated by increasing charge difference
of the signal (∆N-C) and slowed by increasing hydrophobicity
(shifting the equilibrium to the membrane-bound form). With further
translation the growing peptide loops out (indicated by dotted lines)
into the ER lumen or the cytoplasm depending on the signal
orientation.
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Outlook

The Sec61 translocon provides multiple functions: it
constitutes a gated pore for the passage of hydrophilic
polypeptides through the membrane barrier, it allows hy-
drophobic segments lateral access to the core of the lipid
bilayer for integration as transmembrane helices, and it
contributes to their orientation. It works with highly diverse
substrate sequences and even de novo designed generic
sequences. Other components are likely to act upon the
translocation complex and regulate its properties. Regulatory
roles have been suggested for the ribosome (61) and the
lumenal chaperone BiP (62) in sealing the translocation pore
either on the cytosolic or on the lumenal side to maintain
ion gradients at the ER membrane (reviewed in more detail
in ref 63). It is likely that unassembled transmembrane
domains of nascent proteins are taken care of by intramem-
brane chaperones (potentially TRAM or PAT-10 (64)). There
are further indications that specific (particularly nonbilayer)
lipids assist protein folding in the membrane as “lipochap-
erones” (65) and influence translocon function and topogen-
esis (66, 67). The current challenge is to derive a molecular
understanding of a highly dynamic process from relatively
static experimental data such as cross-linking snapshots,
endpoint topologies of model substrates, and structural data,
the most recent milestone being the crystal structure of
SecYEâ (15).
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27. Rösch, K., Naeher, D., Laird, V., Goder, V., and Spiess, M. (2000)
The topogenic contribution of uncharged amino acids on signal
sequence orientation in the endoplasmic reticulum,J. Biol. Chem.
275, 14916-14922.

28. Goder, V., and Spiess, M. (2003) Molecular mechanism of signal
sequence orientation in the endoplasmic reticulum,EMBO J. 22,
3645-3653.

29. Deshaies, R. J., and Schekman, R. (1987) A yeast mutant defective
at an early stage in import of secretory protein precursors into
the endoplasmic reticulum,J. Cell Biol. 105, 633-645.

30. Stirling, C. J., Rothblatt, J., Hosobuchi, M., Deshaies, R., and
Schekman, R. (1992) Protein translocation mutants defective in
the insertion of integral membrane proteins into the endoplasmic
reticulum,Mol. Biol. Cell 3, 129-142.

31. Görlich, D., Prehn, S., Hartmann, E., Kalies, K. U., and Rapoport,
T. A. (1992) A mammalian homologue of SEC61p and SECYp
is associated with ribosomes and nascent polypeptides during
translocation,Cell 71, 489-503.

32. Görlich, D., and Rapoport, T. A. (1993) Protein translocation into
proteoliposomes reconstituted from purified components of the
endoplasmic reticulum membrane,Cell 75, 615-630.

33. Schatz, G., and Dobberstein, B. (1996) Common principles of
protein translocation across membranes,Science 271, 1519-1526.

34. Brodsky, J. L., Goeckeler, J., and Schekman, R. (1995) BiP and
Sec63p are required for both co- and posttranslational protein
translocation into the yeast endoplasmic reticulum,Proc. Natl.
Acad. Sci. U.S.A. 92, 9643-9646.

Current Topics Biochemistry, Vol. 43, No. 40, 200412721



35. Panzner, S., Dreier, L., Hartmann, E., Kostka, S., and Rapoport,
T. A. (1995) Posttranslational protein transport in yeast reconsti-
tuted with a purified complex of Sec-proteins and Kar2p,Cell
81, 561-570.

36. Matlack, K. E. S., Misselwitz, B., Plath, K., and Rapoport, T. A.
(1999) BiP acts as a molecular ratchet during posttranslational
transport of prepro-R factor across the ER membrane,Cell 97,
553-564.

37. Krieg, U. C., Walter, P., and Johnson, A. E. (1986) Photo-cross-
linking of the signal sequence of nascent preprolactin to the 54-
kilodalton polypeptide of the signal recognition particle,Proc.
Natl. Acad. Sci. U.S.A. 83, 8604-8608.

38. Kurzchalia, T. V., Wiedmann, M., Girshovich, A. S., Bochkareva,
E. S., Bielka, H., and Rapoport, T. A. (1986) The signal sequence
of nascent preprolactin interacts with the 54K polypeptide of the
signal recognition particle,Nature 320, 634-636.

39. High, S., Flint, N., and Dobberstein, B. (1991) Requirements for
the membrane insertion of signal-anchor type proteins,J. Cell Biol.
113, 25-34.

40. Mothes, W., Prehn, S., and Rapoport, T. A. (1994) Systematic
probing of the environment of a translocating secretory protein
during translocation through the ER membrane,EMBO J. 13,
3973-3982.

41. Crowley, K. S., Liao, S., Worrell, V. E., Reinhart, G. D., and
Johnson, A. E. (1994) Secretory proteins move through the
endoplasmic reticulum membrane via an aqueous, gated pore,Cell
78, 461-471.

42. Do, H., Falcone, D., Lin, J., Andrews, D. W., and Johnson, A. E.
(1996) The cotranslational integration of membrane proteins into
the phospholipid bilayer is a multistep process.Cell 85, 369-
378.

43. Martoglio, B., Hofmann, M. W., Brunner, J., and Dobberstein, B.
(1995) The protein-conducting channel in the membrane of the
endoplasmic reticulum is open laterally toward the lipid bilayer,
Cell 81, 207-214.

44. Mothes, W., Heinrich, S. U., Graf, R., Nilsson, I., von Heijne,
G., Brunner, J., and Rapoport, T. A. (1997) Molecular mechanism
of membrane protein integration into the endoplasmic reticulum,
Cell 89, 523-533.

45. Mothes, W., Jungnickel, B., Brunner, J., and Rapoport, T. A.
(1998) Signal sequence recognition in cotranslational translocation
by protein components of the endoplasmic reticulum membrane,
J. Cell Biol. 142, 355-364.

46. Heinrich, S. U., Mothes, W., Brunner, J., and Rapoport, T. A.
(2000) The Sec61p complex mediates the integration of a
membrane protein by allowing lipid partitioning of the transmem-
brane domain,Cell 102, 233-244.

47. McCormick, P. J., Miao, Y., Shao, Y., Lin, J., and Johnson, A. E.
(2003) Cotranslational protein integration into the ER membrane
is mediated by the binding of nascent chains to translocon proteins,
Mol. Cell 12, 329-341.

48. Hamman, B. D., Chen, J. C., Johnson, E. E., and Johnson, A. E.
(1997) The aqueous pore through the translocon has a diameter
of 40-60 A during cotranslational protein translocation at the ER
membrane,Cell 89, 535-544.

49. Goder, V., Junne, T., and Spiess, M. (2004) Sec61p contributes
to signal sequence orientation according to the positive-inside rule,
Mol. Biol. Cell 15, 1470-1478.

50. Wessels, H. P., and Spiess, M. (1988) Insertion of a multispanning
membrane protein occurs sequentially and requires only one signal
sequence,Cell 55, 61-70.

51. von Heijne, G. (1989) Control of topology and mode of assembly
of a polytopic membrane protein by positively charged residues,
Nature 341, 456-458.

52. Sato, M., Hresko, R., and Mueckler, M. (1998) Testing the charge
difference hypothesis for the assembly of a eucaryotic multispan-
ning membrane protein,J. Biol. Chem. 273, 25203-25208.

53. Gafvelin, G., Sakaguchi, M., Andersson, H., and von Heijne, G.
(1997) Topological rules for membrane protein assembly in
eukaryotic cells,J. Biol. Chem. 272, 6119-6127.

54. Nilsson, I., Witt, S., Kiefer, H., Mingarro, I., and von Heijne, G.
(2000) Distant downstream sequence determinants can control
N-tail translocation during protein insertion into the endoplasmic
reticulum membrane,J. Biol. Chem. 275, 6207-6213.

55. Borel, A. C., and Simon, S. M. (1996) Biogenesis of polytopic
membrane proteins: membrane segments assemble within trans-
location channels prior to membrane integration,Cell 85, 379-
389.

56. Goder, V., Bieri, C., and Spiess, M. (1999) Glycosylation can
influence topogenesis of membrane proteins and reveals dynamic
reorientation of nascent polypeptides within the translocon,J. Cell
Biol. 147, 257-266.

57. Stewart, R. S., Drisaldi, B., and Harris, D. A. (2001) A Trans-
membrane Form of the Prion Protein Contains an Uncleaved
Signal Peptide and Is Retained in the Endoplasmic Reticululm,
Mol. Biol. Cell 12, 881-889.

58. Ota, K., Sakaguchi, M., Hamasaki, N., and Mihara, K. (2000)
Membrane integration of the second transmembrane segment of
band 3 requires a closely apposed preceding signal-anchor
sequence,J. Biol. Chem. 275, 29743-29748.

59. Heinrich, S. U., and Rapoport, T. A. (2003) Cooperation of
transmembrane segments during the integration of a double-
spanning protein into the ER membrane,EMBO J. 22, 3654-
3663.

60. Sato, Y., Sakaguchi, M., Goshima, S., Nakamura, T., and Uozumi,
N. (2003) Molecular dissection of the contribution of negatively
and positively charged residues in S2, S3, and S4 to the final
membrane topology of the voltage sensor in the K+ channel,
KAT1. J. Biol. Chem. 278, 13227-13234.

61. Liao, S., Lin, J., Do, H., and Johnson, A. E. (1997) Both lumenal
and cytosolic gating of the aqueous ER translocon pore are
regulated from inside the ribosome during membrane protein
integration,Cell 90, 31-41.

62. Haigh, N. G., and Johnson, A. E. (2002) A new role for BiP:
closing the aqueous translocon pore during protein integration into
the ER membrane,J. Cell Biol. 156, 261-270.

63. Alder, N. N., and Johnson, A. E. (2004) Cotranslational membrane
protein biogenesis at the endoplasmic reticulum,J. Biol. Chem.
279, 22787-22790.

64. Meacock, S. L., Lecomte, F. J., Crawshaw, S. G., and High, S.
(2002) Different transmembrane domains associate with distinct
endoplasmic reticulum components during membrane integration
of a polytopic protein,Mol. Biol. Cell 13, 4114-4129.

65. Bogdanov, M., and Dowhan, W. (1999) Lipid-assisted protein
folding, J. Biol. Chem. 274, 36827-36830.

66. van Voorst, F., and De Kruijff, B. (2000) Role of lipids in the
translocation of proteins across membranes,Biochem. J. 347(Part
3), 601-612.

67. van Klompenburg, W., Nilsson, I., von Heijne, G., and de Kruijff,
B. (1997) Anionic phospholipids are determinants of membrane
protein topology,EMBO J. 16, 4261-4266.

BI048368M

12722 Biochemistry, Vol. 43, No. 40, 2004 Current Topics


