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ABSTRACT: Signal sequences for insertion of protein into the mammalian endoplasmic reticulum orient
themselves in the translocon on the basis of their flanking charges. It has recently been shown that
hydrophobic N-terminal signals initially insert head-on before they invert their orientation to translocate
the C-terminus. The rate of inversion is reduced with the increasing hydrophobicity of the signal due to
an increased affinity for the initial bound state at the translocon. To probe the environment of the signal
while its orientation is determined, different hydrophobic residues were inserted at various positions
throughout a uniform oligoleucine signal sequence and the constructs were expressed in transfected COS-7
cells. The resulting topologies revealed a strikingly symmetric position dependence specifically for bulky
aromatic amino acids, reflecting the structure of a lipid bilayer. Maximal N-translocation was observed
when the guest residues were placed at the N- or C-terminus of the hydrophobic sequence or in the very
center, corresponding to the positions of highest expected affinity of the signal sequence as a membrane-
spanning helix for the bilayer. The results support the model that during topogenesis in vivo the signal
sequence is exposed to the lipid membrane.

Hydrophobic signal sequences target secretory and mem-
brane proteins to the endoplasmic reticulum (ER)1 for
translocation into the lumen or for integration into the lipid
bilayer (1-3). The signal is first recognized by the signal
recognition particle (SRP), which directs the nascent chain-
ribosome complex to the ER membrane by interaction with
the SRP receptor (4). Both SRP and SRP receptor are
GTPases which control specific docking to the translocation
machinery. The actual translocation pore or translocon is
created by the Sec61 complex composed of anR-subunit
that spans the membrane 10 times, and a single-spanningâ-
and γ-subunit. This pore complex allows hydrophilic se-
quences to pass through the membrane and permits signal
and transmembrane sequences to laterally exit into the lipid
bilayer.

A signal sequence can insert into the translocon and
subsequently into the membrane in two orientations (5).
Cleavable signals and signal-anchor sequences of type II
membrane proteins translocate their C-terminal end, acquire
an Ncyt/Cexo orientation (cytoplasmic N-terminus and exo-
plasmic C-terminus), and they initiate cotranslational transfer
of the growing polypeptide across the membrane. In contrast,
reverse signal-anchor sequences of type III proteins (also
classified as type Ia) insert with an Nexo/Ccyt orientation and

induce translocation of the N-terminus. Examples for type
III proteins are synaptotagmin, neuregulin, and the family
of cytochromes P450.

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”
(6-9). Charge interactions at the translocon, including
residues of the Sec61 complex itself (10), are responsible
for orienting the signal sequence. In addition, the folding
state of hydrophilic sequences N-terminal to a signal may
sterically hinder N-terminal translocation irrespective of the
flanking charges (11). A third determinant is the hydropho-
bicity of the core of the signal sequence (the h-domain) itself.
Strongly hydrophobic signals were observed to insert with
an Nexo/Ccyt orientation even when the charge distribution
was more positive at the N-terminus (12-14).

How hydrophobicity influences signal orientation was not
obvious. A recent in vivo study indicated that hydrophobicity
slows the kinetics of signal orientation in the translocation
machinery (15). An N-terminal signal-anchor sequence with
an h-domain of 22 consecutive leucine residues inserted with
mixed topologies 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 the shortest constructs and increased up to a length
of ∼300 residues following the signal sequence. This result
indicated that N-terminal signals initially insert “head-on”
into the translocon to yield an Nexo/Ccyt orientation. Then
they may invert over time until protein synthesis is completed
or until further reorientation is stopped by an as yet unknown
mechanism after approximately 40-50 s. Inversion appears
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to be driven by electrostatic interactions, since the topology
change was accelerated by increasing the N-terminal positive
charge and slowed by reducing it. The hydrophobicity of
the h-domain also affected reorientation: increased hydro-
phobicity diminished the rate of inversion, whereas reduced
hydrophobicity allowed more rapid inversion. This effect
could be explained by hydrophobicity stabilizing the binding
of the signal to an interaction site at the translocation
apparatus.

The hydrophobic core of a signal sequence thus affects
topology by influencing the kinetics of signal reorientation,
rather than by changing its preference for a final topology.
This opens the possibility of exploring the environment of
the signal during the orientation process using a series of
constructs with identical charge distribution and overall
hydrophobicity, but containing guest residues in the h-domain
at various positions through the sequence. Here we tested
the effect of the large hydrophobic amino acids tryptophan,
phenylalanine, and tyrosine, as well as the small hydrophobic
residues valine and alanine inserted at various positions in
an oligoleucine sequence. Bulky hydrophobic amino acids
showed a striking position dependence of topogenesis in a
conspicuously symmetric pattern not observed with the other
similarly hydrophobic amino acid. The results suggest the
exposure of the signal to the lipid bilayer during topogenesis
in vivo.

MATERIALS AND METHODS

DNA Constructs.The starting construct encoding H1∆Q-
Leu16 has been previously described (13). Pairs of leucine
residues in the hydrophobic oligoleucine core of the signal
sequence were replaced with other amino acids by poly-
merase chain reaction using Vent polymerase (New England
Biolabs) and appropriate mutagenic oligonucleotide primers
similar to the procedure used in ref14. For example, to
construct H1∆QL16WW1/2, the sense oligonucleotide
CGGGGTACCATGGGACCGCAGTGGTGGCTTTTGC-
TGCTGCTC was used (the KpnI cloning site and the
mutated codons for tryptophan are underlined) in combina-
tion with a reverse primer corresponding to a sequence in
the plasmid vector and with the cDNA of H1∆QL16 as the
template. Mutations in the C-terminal half of the signal
sequence were generated with an antisense primer such as
CCGGGATCCCAAGAGCAACAGCAGGAGCCTCCTG-
AGGAGCAGC for H1∆QL16WW9/10 (the BamHI cloning
site and the mutated codons for tryptophan are underlined)
in combination with an upstream primer complementary to
the vector sequence. With the BamHI site, the polymerase
chain reaction products were ligated to the downstream
cDNA sequence of H1. The final constructs were subcloned
into the expression vector pECE (16). To test the dependence
of protein topology on the length of the protein, the sequence
C-terminal to the signal sequence of normally 230 amino
acids in H1∆QLeuWW1/2, H1∆QLeuWW7/8, and H1∆Q-
LeuWW9/10 was replaced with truncated or extended
versions of 110, 170, 290, or 460 residues as described by
Goder and Spiess (15). All constructs were verified by
sequencing.

Cell Culture, Transfection, and Immunoprecipitation.Cell
culture reagents were from Life Technologies, Inc. COS-7
cells were grown in modified Eagle’s minimal essential

medium supplemented with 10% fetal calf serum, 2 mM
L-glutamine, 100 units/mL penicillin, and 100µg/mL strep-
tomycin at 37°C with 7.5% CO2. Transient transfection was
performed in six-well clusters with lipofectin (Life Tech-
nologies, Inc.) according to the manufacturer’s instructions.
The cells were processed the second day after transfection.
For in vivo labeling, transfected cells were incubated for 40
min in methionine-free medium, labeled for 40 min at 37
°C with 100 µCi/mL [35S]methionine, transferred to 4°C,
washed twice with phosphate-buffered saline, and finally
lysed and immunoprecipitated using a rabbit antiserum
directed against a synthetic peptide corresponding to residues
277-287 near the C-terminus of ASGP receptor H1 (anti-
H1C). The immune complexes were isolated with protein
A-Sepharose (Amersham Pharmacia Biotech) and analyzed
by SDS-polyacrylamide gel electrophoresis and autorad-
iography. Quantitation was performed using a phosphorim-
ager (Molecular Dynamics Inc.). To determine the fraction
of products with the Ncyt/Cexo topology, the intensity of the
glycosylated forms with one and two glycans in the percent-
age of the total of all glycosylated and unglycosylated forms
was calculated. This value proved to be independent of
transfection efficiency, which may vary somewhat between
experiments.

Alkaline Extraction and Protease Protection Assays.
Alkaline extraction was performed as previously described
(17). To reduce the viscosity of the sample, the cells
suspended in alkaline solution were pipetted up and down
through a 25 gauge needle to shear the DNA before it was
loaded onto the sucrose cushion. For the protease protection
assay, labeled cells were incubated at 4°C with hypotonic
swelling buffer [15 mM Hepes/KOH (pH 7.2) and 15 mM
KCl] and scraped with a rubber policeman. Aliquots were
incubated without protease or with 100µg/mL trypsin in the
presence or absence of 0.5% Triton X-100 for 30 min at 4
°C. Trypsin was then inhibited by addition of 500µg/mL
soybean trypsin inhibitor before immunoprecipitation and
analysis by SDS gel electrophoresis and autoradiography.
As control constructs, HC, encoding the cleavable signal of
influenza hemagglutinin fused to the C-terminal portion of
H1 (18), and wild-type H1 were used.

RESULTS

Protein Topology Is Strongly Dependent on the Position
of Double Tryptophans in an H1∆QLeu16 Host Sequence.
To explore the properties of the signal’s environment while
its orientation is determined, we tested the behavior of model
proteins based on H1∆QLeu16. This protein is derived from
the H1 subunit of the asialoglycoprotein receptor, a typical
type II membrane protein. It has been modified at the
N-terminus to start with an artificial signal sequence of 16
consecutive leucine residues with a single positive charge
at the N-terminus (theR-amino group) and a net negative
C-terminal flanking sequence (Figure 1B). Because of its
considerably hydrophobic core, only∼35% of the molecules
are able to translocate the C-terminus, before the polypeptide
of 230 amino acids is completed and further reorientation
of the protein is terminated (ref15, and autoradiograph in
Figure 1A). To test the position effect of guest residues
throughout the uniform h-domain of this construct, we
replaced pairs of leucine residues with tryptophans, the most
voluminous amino acid. Two residues were simultaneously
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altered to potentially generate more significant effects. When
two tryptophans had previously been placed at positions 8
and 13 of H1∆QLeu16, the distribution of topologies had
not significantly changed in comparison to the parental
construct (14).

The constructs containing double tryptophans placed
throughout the signal sequence were expressed in transfected
COS-7 cells and labeled with [35S]methionine for 40 min.
The products were immunoprecipitated and analyzed by SDS
gel electrophoresis and autoradiography (Figure 2). Topology
was derived from the glycosylation pattern, since modifica-
tion of the N-glycosylation sites at positions 40 and 108
indicates C-terminal translocation, whereas the unglycosy-
lated form indicates an Nexo/Ccyt orientation (Figure 1A and
refs 13-15). The results showed a dramatic position
dependence for the tryptophans in a surprisingly symmetric
pattern. When positioned at either end of the h-domain, the
tryptophan-containing sequences inserted predominantly with
an Nexo/Ccyt orientation. In contrast, tryptophans further inside
the h-domain favored C-terminal translocation, except when
placed in the center at positions 7 and 8 where the fraction
of Nexo/Ccyt molecules with∼50% was again significantly
increased. Constructs with single tryptophans inserted into
H1∆QL16 produced a similar pattern with smaller deviations
(data not shown).

Interpretation of the glycosylation pattern in terms of
protein topology depends on the assumption that all products
are integrated into the membrane and that glycosylation
efficiency is not affected by insertion of the guest residues.
Glycosylation efficiency at one of the two glycosylation sites
(most likely the one closest to the membrane) is indeed
somewhat dependent on the sequence, probably reflecting

the protein’s position in the membrane when the glycans are
transferred (19). To test for complete membrane integration,
WW1/2, WW7/8, and WW9/10, i.e., constructs covering the
entire spectrum of different topology distributions, were
expressed in COS-7 cells, labeled, and subjected to alkaline
extraction and centrifugation (Figure 3A). Glycosylated and
unglycosylated forms of all constructs were equally and
almost completely recovered in the membrane pellet, whereas
a control protein consisting of the cleavable signal of
influenza hemagglutinin fused to the C-terminal portion of
H1 was extracted into the supernatant. All signal-anchor
constructs were thus efficiently targeted to the ER and
integrated into the membrane irrespective of the position of
the tryptophan residues.

To test whether all unglycosylated products have an Nexo/
Ccyt orientation, cells were labeled, ruptured by swelling and
scraping, and incubated at 4°C with or without trypsin
(Figure 3B). Wild-type H1, which was analyzed as a control
protein, shifted its position in SDS gel electrophoresis upon
trypsin treatment because of digestion of its 40-amino acid
cytoplasmic domain. The unglycosylated forms of all three
WW constructs were efficiently digested by protease,
whereas the glycosylated ones were resistant. Upon perme-
abilization of membranes by detergent, all products were
sensitive. These control experiments confirm that the gly-
cosylation state of the proteins as analyzed in Figure 2
directly represents their final orientation in the membrane.

Topologies at a Fixed Protein Length Reflect the Kinetics
of Signal Reorientation.To analyze whether the observed
topologies of different constructs are a measure of the
inversion kinetics of the signal-anchor sequence in the

FIGURE 1: Model proteins for studying the position effect of guest
residues in an oligoleucine host signal-anchor sequence. (Top) The
signal-anchor protein H1∆QL16 was expressed in COS-7 cells,
labeled with [35S]methionine, immunoprecipitated, and analyzed
by SDS gel electrophoresis and autoradiography. Three forms were
produced corresponding to the unglycosylated protein (0) with the
Nexo/Ccyt orientation, or with one (1) or two (2) glycans of the Ncyt/
Cexo orientation, as schematically illustrated. The latter two forms
are sensitive to deglycosylation by endoglycosidase H (+). One of
the glycosylation sites is close to the transmembrane sequence and
is not completely modified, resulting in some products that are
glycosylated only once. (Bottom) To probe the signal’s environment
during topogenesis, two identical guest residues (XX) were
systematically introduced at the indicated positions into the
hydrophobic domain (gray background) of the host sequence
H1∆QL16. The N-terminal sequence of H1∆QL16 is shown in
single-letter code (charged residues are denoted with+ or -).

FIGURE 2: Topogenic effect of tryptophan guest residues in an
oligoleucine signal-anchor sequence. A series of constructs with
two tryptophans (WW) replacing two leucines throughout the
oligoleucine sequence in H1∆QL16 (as shown in Figure 1) was
expressed in COS-7 cells labeled with [35S]methionine, immuno-
precipitated, and analyzed by SDS gel electrophoresis and auto-
radiography. The glycosylated and unglycosylated forms represent-
ing Ncyt/Cexo and Nexo/Ccyt orientations, respectively, were quantified
and expressed as the fraction of polypeptides with a translocated
C-terminus (Ncyt/Cexo orientation) vs the position of the guest
residues in the oligoleucine sequence. The average and standard
deviation of four independent experiments are shown. The hori-
zontal line represents the topology distribution of the original host
sequence (Leu16).
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translocon as shown before for the parental construct
H1∆QL16 (15), we generated a series of constructs with 110,
170, 230, 290, and 460 residues following the signal-anchor
sequences of WW1/2, WW7/8, and WW9/10. Upon expres-
sion in COS-7 cells, labeling, and immunoprecipitation, the
fraction of glycosylated products corresponding to Ncyt/Cexo

polypeptides was determined. With the increasing length of
the proteins, the C-terminally translocated fraction increased
(Figure 4). On the basis of a translation rate of∼5 amino
acids/s as determined for cultured mammalian cells (20), the
length of the protein can be converted into the time of
translation from the moment the signal has fully emerged
from the ribosome (with∼40 residues still hidden within
the ribosome) to termination (bottom scale in Figure 4). The
rate of increase of Ncyt/Cexo products was lowest for the
WW1/2 series of constructs, highest for WW9/10, and
intermediate for WW7/8. The topologies observed in Figure
2 for a fixed length of the protein of 230 amino acids
downstream of the signal-anchor sequence therefore reflect
the signals’ inversion kinetics. Thus, tryptophans at the end
of the signal core inhibit inversion compared to the oligo-
leucine host sequence, whereas tryptophans between enhance
inversion, except in the very center.

Other Bulky Hydrophobic Guest Residues Generate a
Similar Position Dependence of Protein Topology.The
signal’s inversion kinetics could be affected either by
changing the flexibility of the polypeptide in its free state in
the translocon in comparison to the host sequence or by
altering the affinity to the initial bound state. Tryptophan

has a bulky aromatic side chain, and it appears to be unlikely
that the exchange of leucines with tryptophans at any position
would make the polypeptide more flexible. To explain the
increased inversion kinetics for guest tryptophans at positions
3-12, it is more plausible that tryptophans at these positions
reduce the affinity for the signal binding site in comparison
to the parental oligoleucine sequence.

Because of the nitrogen in its side chain, tryptophan also
has polar properties. To address whether the observed
position dependence of tryptophans in the host signal is
caused by the size of the side chain or its polar contribution,
two additional series of constructs with two phenylalanines
or two tyrosines as guest residues in the oligoleucine
sequence were prepared and analyzed in transfected COS-7
cells as described above. Both phenylalanine and tyrosine
are hydrophobic, aromatic, and rigid. They are large in

FIGURE 3: Glycosylation patterns reflect protein topology. (A)
COS-7 cells expressing selected constructs were labeled with [35S]-
methionine and subjected to alkaline extraction. After centrifugation,
the membrane pellet (P) and the supernatant (S), as well as an equal
aliquot of the total starting material (T), were analyzed by
immunoprecipitation, SDS gel electrophoresis, and autoradiography.
The control construct HC consists of the cleavable signal sequence
of influenza hemagglutinin fused to the C-terminal domain of H1.
The positions of molecular mass markers of 26 and 37 kDa are
indicated. (B) COS-7 cells expressing selected constructs or wild-
type H1 were labeled with [35S]methionine, permeabilized by
swelling and scraping, and incubated with or without trypsin (Tryp)
in the presence or absence of Triton X-100 (TX). The products
were then analyzed by immunoprecipitation, SDS gel electrophore-
sis, and autoradiography. The positions of molecular mass markers
of 20, 26, 37, and 50 kDa are indicated.

FIGURE 4: Topologies reflect the inversion kinetics of the signal-
anchor sequences. For each of the constructs WW1/2, WW7/8, and
WW9/10, a series was constructed with polypeptides of 110, 170,
230, 290, and 460 residues following the signal-anchor sequence.
These constructs were expressed in COS-7 cells, labeled with [35S]-
methionine, immunoprecipitated, and analyzed by SDS gel elec-
trophoresis. The positions of molecular mass markers of 15, 20,
26, 37, 50, and 64 kDa are indicated. The glycosylated and
unglycosylated forms representing the Ncyt/Cexo and Nexo/Ccyt
orientations, respectively, were quantified and plotted as the fraction
of polypeptides with a translocated C-terminus (Ncyt/Cexoorientation)
vs the length of the C-terminal domain and the time of translation
from when the signal completely emerged from the ribosome to
termination. The time scale is based on a translation rate of 5 amino
acids/s as determined for cultured cell lines (20) and starts at 40
amino acids, since 30-40 residues are hidden within the ribosome.
The average of three independent experiments (including the one
presented at the top) is shown.
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comparison to most other amino acids, although somewhat
smaller than tryptophan. The side chain of phenylalanine
lacks a polar group entirely, whereas that of tyrosine contains
a polar hydroxyl group.

The resulting topologies for the constructs with double
phenylalanines (Figure 5A) presented almost the same
symmetric position dependence with minimal Ncyt/Cexo

orientation for phenylalanines placed at the beginning, at the
end, or in the center of the signal-anchor sequence. The
most notable difference is that phenylalanines at the ends of
the signal yielded more Ncyt/Cexo orientation than the tryp-
tophans. The polar characteristics of tryptophan might be
responsible for the strongly reduced inversion kinetics when
positioned at the ends of the signal.

The corresponding series of tyrosine-containing constructs
again showed the same basic pattern of topologies with
relative minima of Ncyt/Cexo topology with tyrosines on either
end or in the center of the h-domain (Figure 5B). Tyrosines
at the C-terminal end inserted almost completely with an
Nexo/Ccyt orientation like the corresponding tryptophan con-
structs, consistent with tyrosine having polar characteristics
as well. However, N-terminal tyrosines (YY1/2) produced
relatively high levels of the Ncyt/Cexo orientation (see Discus-
sion).

Symmetric Position Dependence Correlates with Side
Chain Bulkiness.As a control, the effect of valine guest
residues was tested with the constructs VV1/2 to VV15/16
(Figure 6A). Valine is smaller than leucine, but similar in
hydrophobicity. The position effects were less distinctive and
entirely different from those of the bulky aromatic residues.
The fraction of products with the Ncyt/Cexo orientation was
generally somewhat lower than that of the parental sequence
H1∆QLeu16,∼30%, but was slightly increased to 40% when
the valines were positioned at the N-terminus and decreased
to ∼15% at positions 5 and 6 and positions 7 and 8. The
pattern was again different when alanines were used as guest
residues (Figure 6B). Alanine is small and considerably less
hydrophobic than the other residues that were tested. The

major effect on topology of the host sequence was a
significant increase in the amount of Ncyt/Cexo orientation
when the alanines were placed at positions 9 and 10 and
positions 11 and 12. The results with alanine and valine guest
residues show that the symmetric M-shaped position depen-
dence of topology is specific for amino acids with bulky
side chains.

DISCUSSION

Signal sequences are first recognized by SRP on a
hydrophobic surface created by a cluster of methionines on
the 54 kDa subunit (SRP54) (21-23). Once the ribosome-
nascent chain-SRP complex has docked, the signal is
transferred to a second recognition site in the translocon (24-
26). Topogenic determinants control how the signal is
positioned in the translocon: electrostatic forces act on the
flanking charges (6, 7, 10), and an N-terminal hydrophilic
extension sterically hinders insertion of the N-terminus (11).
Our previous in vivo studies for N-terminal, very hydro-
phobic signals showed that their orientation changes with
the time of translation (15). Initial insertion leads to an Nexo/
Ccyt orientation, but C-terminal translocation is acquired
gradually in a process that is accelerated by an increasing
charge difference∆(N-C) and slowed by the increasing
hydrophobicity of the signal. With constant charge and
overall hydrophobicity, the effect on topology of guest
residues inserted at various positions in a generic oligoleucine
signal is expected to reflect changes in the affinity of the
signal for the initial bound state and in the flexibility in the
free state. The position effect of guest residues on topology
may thus provide information about the situation of the signal
sequence during topogenesis in vivo.

The position effects of valines and alanines may be best
explained by their effects on the flexibility of the polypeptide
chain in comparison to the parental oligoleucine sequence.
Valine is aâ-branched amino acid that reduces flexibility,
whereas the small side chain of alanine allows more
conformational freedom. Reduced or increased flexibility

FIGURE 5: Position dependence of other bulky aromatic guest residues: phenylalanines and tyrosines. Construct series with two phenylalanines
[FF (A)] or tyrosines [YY (B)] replacing leucines throughout the oligoleucine sequence in H1∆QL16 were expressed in COS-7 cells,
labeled with [35S]methionine, immunoprecipitated, and analyzed by SDS gel electrophoresis and autoradiography. The glycosylated and
unglycosylated forms were quantified and plotted as the fraction of polypeptides with a translocated C-terminus (Ncyt/Cexo orientation) vs
the position of the guest residues in the oligoleucine sequence. The average and standard deviation of three independent experiments are
shown. The horizontal line represents the topology distribution of the original host sequence.
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particularly at central positions in the apolar sequence will
hinder or facilitate, respectively, the inversion of the free
polypeptide. Bulky hydrophobic residues generated a strik-
ingly symmetric pattern that cannot be explained by varia-
tions in polypeptide flexibility. It is more likely that the
properties of the signal binding site dominate the changes
in inversion kinetics for different positions of the guest
residues. In a proteinaceous signal binding site, bulky side
chains might sterically hinder binding or contribute additional
favorable contacts, therefore reducing or increasing the
binding affinity, resulting in higher or lower inversion rates,
respectively. Without a detailed structure of such a binding
site, the position dependence of guest residues is not
predictable. Symmetry would be accidental. If the bound
signal had a helical conformation and were bound on one
side to a protein surface in a fixed position, one would expect
to find a periodicity of three to four residues. This is clearly
not the case. In addition, the oligoleucine sequence is uniform
and therefore might always position itself in such a way that
the bulky residues are facing away from the protein surface.

However, the symmetry of the position dependence for
bulky aromatic guest residues parallels the symmetry of the
lipid bilayer (illustrated in Figure 7A) and thus suggests
contact of the signal with the lipid membrane during
topogenesis. The low fraction of the Ncyt/Cexo orientation
obtained for tryptophans positioned at the ends of the
h-domain could be explained by their favorable interaction
with the interphase between the apolar core and the head-
group regions of the lipid bilayer (27). Statistically, tryp-
tophan is enriched in the interphase regions of transmem-
brane helices (28, 29) and of â-barrel proteins (30, 31),
probably stabilizing the position of the proteins in the
membrane. This is also the case for tyrosine, whereas there
is no preferred position for phenylalanine in transmembrane
sequences. The highest fractions of Ncyt/Cexo orientation and
thus the lowest apparent affinity for the bound state in the
translocon are observed for WW5/6 and WW9/10, in which
the tryptophans in a transmembrane helix would be posi-

tioned in the center of the acyl chain regions of the two lipid
layers, where the membrane is most tightly packed and
accommodation of a large and stiff side chain is least
favorable. In contrast, at the center of the bilayer, order and
density are lowest and bulky side chains are more easily
accommodated. Correspondingly, tryptophans at the center
of the signal in WW7/8 showed a reduced amount of the
Ncyt/Cexo orientation, i.e., increased affinity in comparison
to WW5/6 and WW9/10.

The behavior of phenylalanine guest residues supports this
interpretation. Because the phenylalanine side chain is
similarly bulky, they produce the same basic pattern as
tryptophans. Since the side chain is nonpolar and cannot take
advantage of the polarity change at the interphase regions
of the bilayer, phenylalanines at the ends of the oligoleucine
sequence showed more Ncyt/Cexo orientation. In contrast,
tyrosines should behave more like tryptophans. They do,
except at the very N-terminus where tyrosines yielded a
higher fraction of Ncyt/Cexo topology and the entire topology
pattern for tyrosine guest residues appears to be tilted. A
potential explanation might be that the polarity axis of the
tyrosine side chain, unlike that of the tryptophan side chain,
cannot reach into the interphase as steeply at the N-terminus
of a helix as at the C-terminus.

Sixteen apolar residues are not quite long enough to
completely span the hydrophobic core region of the mem-
brane. They are, however, flanked on both sides by several
polar but uncharged residues, which can also be found within
natural signal and transmembrane sequences. Part of these
flanking sequences thus must be pulled into the apolar phase
(32). The symmetry of topology patterns for all three
aromatic residues seems to be slightly offset toward the
N-terminus, suggesting that the N-terminus of the signal is
pulled into the hydrophobic phase more easily. It has also
been shown by glycosylation mapping that tryptophans can
influence the positioning of a transmembrane helix according
to its interface preference (33). However, the presence of
aromatic residues is not likely to affect the topogenesis of

FIGURE 6: Topogenic effect of nonbulky valine and alanine guest residues. Construct series with two valines [VV (A)] or alanines [AA
(B)] replacing leucines throughout the oligoleucine sequence in H1∆QL16 were expressed in COS-7 cells, labeled with [35S]methionine,
immunoprecipitated, and analyzed by SDS gel electrophoresis and autoradiography. The glycosylated and unglycosylated forms were quantified
and plotted as the fraction of polypeptides with a translocated C-terminus (Ncyt/Cexo orientation) vs the position of the guest residues in the
oligoleucine sequence. The average and standard deviation of three independent experiments are shown. The horizontal line represents the
topology distribution of the original host sequence.
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natural signal sequences, because they orient themselves
much more rapidly than the highly hydrophobic model
signals used here. They have completely inverted their
orientation before topogenesis is terminated.

In summary, the easiest explanation of our results is that
the signal contacts the lipid bilayer during topogenesis in
vivo. The concept that the signal upon insertion into the
translocon is in contact with lipids is of course not new. In
vitro, arrested nascent chains that are just long enough for
the signal to enter the translocon could be photo-cross-linked
not only to Sec61R but also to lipids (26, 34). Since the extent
of cross-linking to the lipid was higher for a more hydro-
phobic signal-anchor sequence than for a short cleavable
signal, it was further proposed that the translocon might open
more or less toward the lipid membrane depending on the
hydrophobicity of the signal (34). However, cross-linking
experiments provide a snapshot of a dynamic situation, and
the possibility could not be ruled out that some signals were
cross-linked to the protein while still within the translocon
and others had already been integrated into the bilayer
reacting with 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 the lipid on the other (26). This might
reflect the state after the signal had left the translocon upon
completion of topogenesis. In vivo, signal reorientation was
found to be terminated at the latest approximately 50 s after
the signal emerged from the ribosome, even if translation

was not yet completed (ref15 and Figure 4). This period of
signal orientation has certainly passed by the time of in vitro
cross-linking. Stop-transfer sequences were similarly found
to be cross-linkable in defined positions at the interface of
the translocon and lipid membrane as long as the nascent
chain remained attached to the ribosome (25). 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 with the outside of the pore complex (25). In
contrast, our current results support the notion that the signal
is in contact with the lipid bilayer during topogenesis, i.e.,
while signal reorientation takes place.

Recently, the crystal structure of the SecYEâ translocation
complex ofMethanococcus jannaschiihas been determined
(35), which is homologous to the mammalian Sec61Râγ
complex. It suggests that the translocation pore is formed
by a single Sec61 complex, rather than by three or four
complexes as previously proposed on the basis of electron
microscopy of the yeast and mammalian translocons (36, 37).
As a consequence, the hydrophilic pore generated upon
opening of the channel is likely to be less spacious than
previously expected (38). In any case, however, there is no
obvious hydrophobic surface lining the inside of the pore
that could serve as a static binding site for apolar signal
sequences.

The translocon is organized in two halves (transmembrane
helices 1-5 and 6-10) with a lateral exit site toward the
lipid membrane between helices 2 and 3 and helices 7 and

FIGURE 7: Position dependence of bulky guest residues in the signal-anchor sequence of H1∆Leu16 that reflects the symmetry of the lipid
bilayer. (A) The dependence of topology on the position of double tryptophans [WW (blue squares), from Figure 2], phenylalanines [FF
(red triangles), from Figure 5A], and tyrosines [YY (green circles), from Figure 5B] are shown with a section of a dipalmitoylphosphati-
dylcholine bilayer upon molecular dynamics simulation (39), clearly visualizing the low density in the center of the membrane and the
polar-nonpolar transition at the headgroup interphases (courtesy of A. Lyubartsev, Stockholm University, Stockholm, Sweden). (B) The
signal during topogenesis at the translocon is schematically shown from the top (top panel) or from the side (bottom panel). The signal is
proposed to be in an equilibrium between a free state in the pore and a bound state in the lipid membrane outside the translocon. The
situation of the signal intercalating between the surfaces of the exit site is likely to be an unstable transition state (indicated by brackets).
Only the free state is able to invert in a manner driven by charge interactions. See the text also.
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8 (35). It seems that a hydrophobic environment becomes
accessible to an entering signal only when the exit site opens,
for example, due to thermal motion within the structure. At
such a moment, the h-domain of the signal might exit into
the surrounding lipid where it will form a helix, optimizing
intramolecular hydrogen bonds. Similarly, the signal might
return into the hydrophilic channel pore where the peptide
is unlikely to remain helical. As a flexible chain, it may invert
its orientation due to charge interactions. We propose that
the signal is in an equilibrium between a “bound state” as a
transmembrane helix outside the translocon and a flexible,
free state within the translocon (Figure 7). An intermediate
state of a signal helix intercalating between the transmem-
brane domains of the translocon’s exit site is likely to be
unstable, particularly also considering the multitude of
possible signal sequences. The translocon therefore allows
lateral equilibration of the signal between an aqueous and a
transmembrane environment. The translating ribosome may
facilitate the transient lateral opening of the pore. Upon
termination of translation, re-entry of the signal may be
inhibited, resulting in the observed block of further topology
changes.
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