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In biogenesis of membrane proteins on the endoplasmic reticulum, a protein-conducting channel called the translocon
functions in both the membrane translocation of lumenal domains and the integration of transmembrane segments. Here
we analyzed the environments of polypeptide chains during the processes by water-dependent alkylation of N-ethylma-
leimide at site-directed Cys residues. Using the technique, the region embedded in the hydrophobic portion of the
membrane within a signal-anchor sequence and its shortening by insertion of a Pro residue could be detected. When
translocation of the N-terminal domain of the signal-anchor was arrested by trapping an N-terminally fused affinity tag
sequence, the signal-anchor was susceptible to alkylation, indicating that its migration into the hydrophobic environment
was also arrested. Furthermore, when the tag sequence was separated from the signal-anchor by insertion of a hydrophilic
sequence, the signal-anchor became inaccessible to alkylation even in the N-terminally trapped state. This suggests that
membrane integration of the signal-anchor synchronizes with partial translocation of its N-terminal domain. Addition-
ally, in an integration intermediate of a membrane protein, both of the two translocation-arrested hydrophilic chains were
in an aqueous environment flanking the translocon, suggesting that the translocon provides the hydrophilic pathway
capable of at least two translocating chains.

INTRODUCTION

In eukaryotic cells, cotranslational integration of membrane
proteins into the endoplasmic reticulum (ER) membrane is
mediated by a protein-conducting channel formed by the
Sec61 complex called the translocon (Johnson and van Waes,
1999; Rapoport, 2007). Findings from electrophysiological
(Simon and Blobel, 1991) and site-specific fluorescent label-
ing (Crowley et al., 1994) studies indicate that the translocon
forms an aqueous pore. In addition, studies using site-spe-
cific cross-linking techniques demonstrated that Sec61�, a
central component of the Sec61 complex, is transiently cross-
linked not only with polypeptide chains translocating across
the membrane but also with transmembrane (TM) segments
of membrane proteins or signal sequences (Mothes et al.,
1994, 1997; Martoglio et al., 1995; Do et al., 1996; Heinrich et
al., 2000). Evidence suggests that the translocon provides an
environment not only for the translocation of secretory pro-
teins, lumenal soluble proteins, and lumenal domains of
membrane proteins across the ER membrane, but also for

the lateral delivery of hydrophobic sequences into the lipid
phase. The Sec61 complex is formed by a heterotrimer that
consists of three components: Sec61�, Sec61�, and Sec61�.
Based on studies of crystal structures of archaeal (Van den
Berg et al., 2004) and bacterial (Tsukazaki et al., 2008) SecY
complexes, which are homologues of the eukaryotic Sec61
complex, one SecY molecule forms an hourglass-like shape
across the membrane with a slight opening that faces toward
the lipid environment, suggesting that a single SecY com-
plex may be sufficient for both membrane translocation and
integration. On the other hand, Sec61 and SecY heterotrim-
ers are observed in oligomeric states by cryo-electron micro-
scopic imaging (Hanein et al., 1996; Beckmann et al., 1997;
Mitra et al., 2005) and by biochemical and genetic analyses
(Mori et al., 2003; Schaletzky and Rapoport, 2006; Osborne
and Rapoport, 2007). Moreover, during integration of mul-
tispanning membrane proteins, multiple TM segments or
hydrophilic chains can interact simultaneously with the
Sec61� subunit (Heinrich and Rapoport, 2003; Sadlish et al.,
2005; Kida et al., 2007). These data indicate the possibility
that the Sec61 complex also functions as an oligomer. Several
ER membrane proteins, such as translocating chain–associ-
ated membrane protein or translocon-associated protein
complex, also serve with or near the Sec61 complex (Osborne et
al., 2005), but their precise functions are not known.

Membrane protein biogenesis begins with the exposure of
a hydrophobic signal sequence from a ribosome synthesiz-
ing a membrane protein. The signal sequence is recognized
by a signal recognition particle and the ribosome with a
nascent membrane protein is targeted to the ER. The signal
recognition particle is recognized by its receptor on the ER
and the signal sequence is transferred to the translocon
together with the ribosome. At the translocon, signal se-
quences form their own TM orientations. TM orientation of
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signal sequences is influenced mainly by the difference in
the number of positively charged residues between both
flanking regions and formed by translocation of the side
containing the fewest positive charges (Sakaguchi, 1997;
Goder and Spiess, 2001). Among the uncleavable signal
sequences (the so-called signal-anchor sequences), type I
signal-anchor (SA-I) sequences translocate their N-terminal
portions and settle in the Nlum/Ccyt orientation (termed
the type I orientation), and type II signal-anchor (SA-II)
sequences form the opposite Ncyt/Clum orientation, like
cleavable signal sequences. Signal sequences are laterally
transferred to the lipid environment, and then the following
TM segments are sorted into the lipid phase when each TM
segment is synthesized and exposed to the translocon. Stud-
ies of membrane integration of systematically constructed
TM sequences suggest that a direct interaction between TM
sequences and the lipid phase may be involved in their
recognition at the translocon (Hessa et al., 2005, 2007). Site-
specific cross-linking experiments revealed that some signal
sequences and TM segments migrate directly from the trans-
locon into the lipid environment (Mothes et al., 1997; Hein-
rich et al., 2000). Depending on the sequence, however, TM
segments are indirectly transferred to the lipid phase via
translocating chain–associated membrane protein (Do et al.,
1996; Heinrich et al., 2000) or PAT-10 (10 kDa of a protein
associated with the ER translocon; Meacock et al., 2002) or
are continuously cross-linked with the Sec61� even after the
following TM segments enter the translocon (Heinrich and
Rapoport, 2003; Sadlish et al., 2005), suggesting that the
integration of TM segments is coordinated not only by a
single Sec61 complex, but also by its oligomerizaton and/or
additional components.

SA-I sequences are integrated into the membrane while
translocating their N-terminal domain (N-domain) just after
they emerge from the ribosome (Heinrich et al., 2000; Kida et
al., 2000). This translocation can be regulated by fusing the
dihydrofolate reductase or the streptavidin-binding peptide
tag (SBP-tag) sequence to the N-terminus of the N-domain
and using their ligands, methotrexate and streptavidin
(SAv), respectively (Kida et al., 2005, 2007, 2009). We there-
fore focused on N-domain translocation and found that the
ribosome has a critical role in translocation, whereas ATP,
GTP, and a lumenal Hsp70 BiP are not required (Kida et al.,
2005). We also fused the 27th immunoglobulin-like domain
(I27 domain) of titin protein to the N-domain to evaluate the
motive force for the translocation coupling with unfolding of
the I27 domain (Kida et al., 2009). Translocations of passen-
ger domains were diminished not only by the insertion of a
Pro residue into the SA-I sequence, but also by separating
each domain from the SA-I sequence through the insertion
of a spacer sequence. We thus concluded that the SA-I
sequence itself serves to generate motive force for the N-
domain translocation, even though it affects only a limited
upstream portion. Moreover, these data led us to hypothe-
size that motive force is generated when the SA-I sequence
associates with and/or migrates into the lipid environment.

To investigate this hypothesis, we assessed the environ-
ment (water-accessible or water-free) of the SA-I sequence
during its N-domain translocation. In previous studies
(Kimura-Someya et al., 1998; Kuwabara et al., 2004; Koide et
al., 2007), Cys-scanning mutants of membrane proteins were
constructed and the local environment surrounding each
Cys position was analyzed based on the reactivity with
maleimide reagents because a water molecule is required to
function as a proton acceptor for alkylation of the SH groups
with maleimide reagents. By adopting the technique, we
determined the actual region embedded in the hydrophobic

interior of the membrane within an SA-I sequence and also
observed that the region was shortened by inserting a Pro
residue. When the N-domain was stalled in the cytosol by
trapping the N-terminally fused SBP-tag, the SA-I sequence
was susceptible to alkylation, indicating that its migration
into the hydrophobic environment was also arrested. When
the SA-I sequence was separated from the SBP-tag by inser-
tion of a spacer sequence, it became inaccessible to alkyla-
tion even in the N-terminally trapped state. This suggests
that membrane integration of the SA-I sequence synchro-
nizes with partial translocation of its N-terminally flanking
portion. These findings support the hypothesis that motive
force is generated by an interaction between the signal-
anchor sequence and lipid. Furthermore, fusion of an SA-II
sequence following the SBP-tagged N-domain and SA-I se-
quence forms a complex integration intermediate of a mul-
tispanning membrane protein when both N-terminal and
C-terminal translocation are arrested (Kida et al., 2007). Our
site-directed alkylation analysis indicated that two transloca-
tion-arrested hydrophilic chains of the intermediate remained
in the aqueous environment whereas two signal-anchor se-
quences were released into the water-free environment. Also,
the two hydrophilic sequences and one signal-anchor sequence
were cross-linked with the Sec61�. We thus suggest that the
Sec61-based translocon provides the hydrophilic pathway ca-
pable of at least two translocating chains.

MATERIALS AND METHODS

Constructs
The plasmid expressing SBP-Syt200 protein, consisting of the SBP-tag
(MDEKTTGWRGGHVVEGLAGELEQLRARLEHHPQGQREP), a glycosyla-
tion probe sequence (KLNSTAT), and Arg2-Arg200 of mouse synaptotagmin II
(SytII; an AflII site was generated just downstream of Arg200 for synthesis of
truncated mRNAs), as described previously (Kida et al., 2007). Substitution of all
seven Cys residues within SBP-Syt200 by Ala (as shown in Figure 1) and intro-
duction of a Cys residue into each position in the SA-I sequence were performed
by site-directed mutagenesis using either Kunkel’s method (Kunkel, 1985) or the
QuickChange procedure (Stratagene, La Jolla, CA). A Pro residue was also in-
serted by site-directed mutagenesis as shown in Figure 4. To lengthen the linker
between the SBP-tag and SA-I sequence, PCR fragments encoding 10 residues
(T627YTQKLSV634EF), 20 residues (T627YTQKLSVPDGFKVSNSA644EF), 30 resi-
dues (T627YTQKLSVPDGFKVSNSAARGWVIHPLG654EF), and 38 residues
(T627YTQKLSVPDGFKVSNSAARGWVIHPLGLRSEFPIW662EF; the mutated
point for silencing glycosylation and two residues derived from a restriction
enzyme site are underlined and boldface, respectively) from human anion ex-
changer 1 were inserted between the glycosylation probe sequence and SytII.

The plasmid expressing S-38-I-II fusion protein, consisting of the SBP-tag, a
glycosylation probe sequence, SytII (Arg2-Thr160), TM3 of human Na�/H� ex-
changer isoform 6 (R97FLHETGLAMIYGLLVGLVLRYGIHVPSDVNNV129), an-
other glycosylation probe sequence, and bovine prolactin (Thr31-Cys229), was
also previously described (Kida et al., 2007). Disruption of three glycosylation
sites of S-38-I-II by exchange of Thr in glycosylation consensus sequences with
Ala, substitution of all 10 Cys residues between Met1 and His368 (just upstream
of BspHI site) of S-38-I-II to Ala, and introduction of 1 Cys residue into the
positions indicated in Figure 5 was performed by site-directed mutagenesis.

Sequences of all constructs were confirmed with DNA sequencing. Infor-
mation for all of the oligo DNAs used in this study are available from the
authors.

In Vitro Transcription and Translation
For synthesis of truncated mRNAs coding SBP-Syt200 and its derivatives,
plasmids were linearized by AflII at Arg200 of SytII. For truncated mRNAs
coding S-38-I-II and its derivatives, plasmids were linearized by BspHI at
His368 of S-38-I-II. Template DNAs were transcribed with T7 RNA polymer-
ase (Takara, Tokyo, Japan) as previously described (Sakaguchi et al., 1992).
mRNAs were translated in a reticulocyte lysate cell-free system for 1 h at 25°C
in the presence of rough microsomal membrane (RM). Preparation of RM
(Walter and Blobel, 1983) and rabbit reticulocyte lysate (Jackson and Hunt,
1983) was performed as previously described. RM was extracted with EDTA
and treated with Staphylococcus aureus nuclease (Roche Chemical, Indianap-
olis, IN) as described previously (Walter and Blobel, 1983). The translation
reaction contained 100 mM potassium acetate (KOAc), 1.0 mM magnesium
acetate (Mg(OAc)2), 32% reticulocyte lysate, and 20 kBq/�l EXPRESS protein-
labeling mix (PerkinElmer, Norwalk, CT). Where indicated, 1 mg/ml SAv
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(Wako, Osaka, Japan) was included in the translation reaction. For the trans-
location chase in the presence of biotin (Sigma-Aldrich, Tokyo, Japan), trans-
lation was terminated by incubation in the presence of 2 mM cycloheximide
(Sigma-Aldrich) for 10 min at 25°C and then further incubated at 25°C for 1 h
in the presence of 0.2–0.4 mM biotin.

Two-Step Cys Alkylation of One-Cys Molecules
For modification with N-ethylmaleimide (NEM) after translation was termi-
nated with cycloheximide, the mixtures were incubated in the absence or
presence of 10 mM NEM (Wako) at 5°C for 1 h. NEM treatment was quenched
by addition of a 10-fold volume of physiological salt buffer (30 mM HEPES,
pH 7.4, 150 mM KOAc, and 2.5 mM Mg(OAc)2) containing 2 mM dithiothre-
itol (DTT) and further incubation for 10 min. To detect whether each Cys
residue was blocked with NEM, membrane fractions were sedimented by
centrifugation at 100,000 � g for 5 min at 4°C, solubilized with lysis buffer (50
mM Tris/HCl, pH 8.5, 1% SDS, 2 mM Tris[2-carboxyethyl]phosphine hydro-
chloride), and incubated in the absence or presence of 8 mM (methyl-PEG12)3-
PEG4-maleimide (PEGmal; Thermo Scientific, Waltham, MA). After PEGmal
modification, aliquots were incubated with 20 mM DTT and then treated with
endoglycosidase H (EndoH; New England Biolabs, Ipswich, MA) at 37°C for
1 h, in accordance with the manufacturer’s instructions. All the alkylation
experiments were carried out at least twice and the results were reproducible.

Chemical Cross-Linking and Immunoprecipitation
For chemical cross-linking, single Cys derivatives of S-38-I-II were synthe-
sized in the presence of RM and in the presence or absence of SAv. Transla-
tion in the presence of SAv was terminated by 10-min incubation with
cycloheximide. The translation mixtures in the absence of SAv were supple-
mented with 2 mM puromycin (Sigma-Aldrich) and incubated at 25°C for 60
min to allow for translocation of the downstream portion of the SA-II se-
quence. These mixtures were then treated with 6–10 mM bis-maleimidoeth-
ane (BMOE; Thermo Scientific) or its solvent DMSO (where indicated as a
minus-cross-linker) on ice for 60 min. Cross-linking reactions were quenched
by dilution with a 10-fold volume of high-salt buffer (30 mM HEPES. pH 7.4,
500 mM KOAc, 2.5 mM Mg(OAc)2) containing 3 mM DTT and incubated for
15 min on ice. For immunoprecipitation, membrane fractions were isolated by
centrifugation at 100,000 � g for 10 min, solubilized with 1% SDS for 5 min at
95°C, and then diluted with a 20-fold volume of immunoprecipitation buffer
(1% Triton X-100, 50 mM Tris/HCl, pH 7.5, 150 mM NaCl). The solutions
were incubated for 30 min with protein A-Sepharose (GE Healthcare, Wauke-
sha, WI) alone to remove materials nonspecifically bound to the resin. The
unbound fractions were incubated for 2 h with anti-Sec61� antiserum and for
another 2 h with protein A-Sepharose. The resin was washed twice with 0.5
ml immunoprecipitation buffer and then extracted with sample buffer for
SDS-PAGE.

SDS-PAGE and Image Analysis
Radiolabeled proteins were analyzed by SDS-PAGE using 7–12% slab gels
and visualized on a Bioimage analyzer BAS-1800 (Fuji Film, Tokyo, Japan).
Quantification was performed using Image Gauge software (v4.0; Fuji Film).

RESULTS

Environment of the SA-I Sequence in the Intermediate of
N-domain Translocation
To determine the environment of the SA-I sequence during
its N-domain translocation, we first examined the actual
region embedded in the hydrophobic interior of the mem-
brane within an SA-I sequence. Each amino acid residue
from position 68–85 of the Cys-less mutant of SBP-Syt200
protein, which consists of the SBP-tag and N-terminal 200
residues of SytII (Syt200; a model protein possessing an SA-I
sequence), was sequentially replaced with a Cys residue
(Figure 1). mRNAs truncated at Arg200 of SytII were synthe-
sized in vitro and translated in a cell-free system in the
presence of RM. Translation was completed with puromy-
cin, which releases a nascent polypeptide from the ribosome,
and the mixtures were treated with 10 mM NEM, a mem-
brane-permeable maleimide reagent, at 5°C for 1 h. In this
step, the SH groups of Cys residues in an aqueous environ-
ment were alkylated with NEM. After quenching NEM with
DTT, membrane fractions were isolated by centrifugation,
solubilized with SDS, and then treated with 8 mM PEGmal
to modify the Cys residues that were not blocked with NEM.
Because the molecular mass of PEGmal is �2.4 kDa, in

contrast to the �0.1-kDa molecular weight of NEM, Cys
residues located in the hydrophobic environment are mod-
ified with PEGmal and the conjugated molecule is detectable
as a band with lower mobility on SDS-PAGE.

After synthesis in the presence of RM, all single-Cys de-
rivatives of SBP-Syt200 were glycosylated at both N-glyco-
sylation sites in the N-domain (Figure 1C, PEGmal (�)
lanes), indicating that these mutations in the SA-I sequence
did not affect membrane orientation. The membrane-inte-
grated proteins were applied to sequential Cys modification
with NEM followed by PEGmal. When the first NEM treat-
ment was skipped, diglycosylated molecules of all single-
Cys proteins except one at position 76 displayed slower
mobility on SDS-PAGE, and therefore PEGmal was effi-
ciently reactive with almost all Cys positions examined here
in the absence of NEM treatment (Figure 1C, bottom panel,
PEGmal � lanes). Because position 76 shows low reactivity
with PEGmal irrespective of NEM treatment, we did not
take this position into account. Treatment with NEM, how-
ever, remarkably diminished the PEGmal modification effi-
ciency at positions 68, 69, 84, and 85 (Figure 1C, �NEM,
lanes 2, 4, 34, and 36), indicating that these positions were
located in an aqueous environment. PEGmal modification at
most of the positions between 70 and 83 were affected little
by prior NEM treatment (Figure 1C, lanes 6, 8, 10, 12, 14, 16,
18, 20, 22, 24, 26, and 32), in contrast to positions 81 and 82
(Figure 1C, lanes 28, and 30). It is possible that these two
positions are partially exposed to the aqueous environment
by inclination of the SA-I sequence across the membrane or
partial perturbation of the cytosolic leaflet of the lipid bi-
layer. These results indicate that the region between posi-
tions 70 and 83 within the SA-I sequence is embedded in the
hydrophobic interior of the membrane.

We then examined the environment of the SA-I sequence
in the intermediate of the N-domain translocation. N-do-
main translocation of SBP-Syt200 is arrested in the presence
of SAv and restored by the addition of biotin. We performed
two-step Cys modification in the translocation-arrested state
or after translocation resumed (Figure 2, A and B). To quan-
tify PEGmal-modification efficiency, EndoH treatment was
performed after the PEGmal reaction, because the mobility
shift caused by PEGmal conjugation is similar to that pro-
duced by N-glycosylation and the band patterns are rather
complex. According to Figure 1, positions 74 and 79 are in
the interior and position 84 is in the exterior of the mem-
brane-embedded region within the SA-I sequence. In the
arrested state with SAv, mainly nonglycosylated molecules
were detected (Figure 2A, lanes 1, 4, 13, 16, 25, and 28), and
they were diglycosylated after incubation in the presence of
biotin (Figure 2A, lanes 7, 10, 19, 22, 31, and 34). In the
absence of NEM treatment, both translocated and transloca-
tion-arrested molecules of three single-Cys proteins were
efficiently (�80%) modified with PEGmal (Figure 2A, lanes
2, 3, 8, 9, 14, 15, 20, 21, 26, and 27, and Figure 2B), so the
glycosylation states of the N-domain did not affect the PEGmal
modification. By resuming translocation with biotin, posi-
tions 74 and 79, but not 84, were efficiently (�70%) modified
with PEGmal after two-step Cys alkylation (Figure 2A, lanes
11, 12, 23, 24, 35, and 36, and Figure 2B), suggesting that the
SA-I sequence was normally integrated into the membrane.
In the translocation-arrested state, however, PEGmal-modi-
fication efficiency at positions 74 and 79 was rather low
(�30%) because NEM blocked the modification (Figure 2A,
lanes 5, 6, 17, and 18, and 2B). These results indicate that the
SA-I sequence in the translocation-arrested state remains in
an aqueous environment, and that it migrates into the hy-
drophobic environment, presumably the lipid phase, after
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Figure 1. Membrane-embedded region within a signal-anchor sequence can be determined by site-directed Cys alkylation. (A) Scheme of
two-step Cys alkylation with N-ethylmaleimide (NEM) and (methyl-PEG12)3-PEG4-maleimide (PEGmal). A Cys residue in an aqueous
environment is reactive with NEM, which blocks the subsequent PEGmal modification. A Cys residue in a hydrophobic environment is not
reactive with NEM so that the PEGmal modification can occur after solubilization with SDS. PEGmal-conjugated molecules are identified by
their decreased mobility on SDS-PAGE gels. (B) The SBP-tag and N-glycosylation sequence were fused to the N-terminus of SytII. Potential
N-glycosylation sites are indicated by the open circles. mRNAs truncated at Arg200 of SytII were used for cell-free translation. Numbers
indicate the amino acid residues within the indicated regions. All seven Cys residues within the SBP-Syt200 protein were substituted with
Ala residues (bold letters). Each residue between the Leu68 and Ala85 of the �7Cys mutant was exchanged for a Cys residue. (C) Single-Cys
derivatives of SBP-Syt200 were synthesized in the presence of rough microsomal membranes (RM) and then applied to the two-step
alkylation. In the second step, the reaction was performed in the presence of PEGmal (�) or its solvent only (�). Nonglycosylated (F),
monoglycosylated (E), diglycosylated (E E), and diglycosylated and PEGmal-conjugated (E E and �) forms are observed. (D) The PEGmal
conjugation efficiency (% PEGylation) of the diglycosylated forms at each position in C was quantified. (E) The region roughly between Ala70

and Ala83 within the SA-I sequence is highly likely to be in the hydrophobic interior of the membrane.
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the resumption of the translocation. In addition, the mem-
brane-embedded region of the SA-I sequence and the migra-
tion into the hydrophobic environment could be quantita-
tively observed using this method. Thus, this method was
validated for assessing the local environment of membrane
proteins.

Membrane Integration of the SA-I Sequence Synchronizes
with the Formation of Its TM Orientation and Partial
Translocation of the N-domain
As we previously reported, when the SA-I sequence was
separated from the SBP-tag by the insertion of a hydrophilic
sequence, a portion in the N-domain just flanking the SA-I
sequence partially reached the luminal space in the N-ter-
minally trapped state (Kida et al., 2007). Therefore, we next
analyzed the SA-I sequence in the N-terminally trapped
state when the linker sequence was elongated. To this end,
the SA-I sequence was stepwise separated from the SBP-tag
by the insertion of successively longer hydrophilic se-
quences derived from a lumenal loop region of human anion
exchanger 1 (Figure 3). When synthesized in the absence of
SAv, all proteins shown in Figure 3 were efficiently digly-
cosylated (Figure 3B, lanes 1, 7, 13, 19, and 25) and each
position 77 was conjugated with PEGmal even after NEM
treatment (Figure 3B, lanes 2, 8, 14, 20, and 26), indicating
that spacer sequences alone did not affect membrane trans-
location and integration. On the other hand, when synthe-
sized in the presence of SAv, glycosylation of the molecule

without a spacer was inhibited (Figure 3B, lane 4) and po-
sition 77 was hardly reactive with PEGmal because of mask-
ing by NEM (Figure 3B, lanes 5 and 6), similar to positions
74 and 79 in Figure 2. When molecules containing spacer
sequences were synthesized in the presence of SAv, the
signals of the monoglycosylated forms became stronger as
the spacer sequence was elongated, and the monoglycosy-
lation efficiencies of molecules containing 30- and 38-residue
spacers increased to 50 and 57%, respectively (Figure 3B,
lanes 10, 16, 22, and 28, and 3C, filled bars). After two-step
Cys modification, not only diglycosylated but also monogly-
cosylated forms of molecules with spacer sequences were
efficiently modified with PEGmal, whereas nonglycosylated
bands showed little change (Figure 3B, lanes 11, 17, 23, and
29). Moreover, the sum of the monoglycosylation and dig-
lycosylation modification efficiency rates was almost identi-
cal to that achieved with PEGmal (Figure 3C). These results
indicate that the SA-I sequence migrated into the hydropho-
bic environment, even when its upstream domain was still
translocating in the translocon and was partially exposed to
the ER lumen. Thus, it is highly likely that membrane inte-
gration of the SA-I sequence synchronizes with the forma-
tion of its own TM orientation. According to our previous
data, the translocation motive force affecting the N-termi-
nally fused SBP-tag or I27 domain was decreased by increas-
ing the spacing between the SA-I and each sequence, and we
thus concluded that the SA-I sequence directly drives N-
domain translocation within a limited upstream portion

Figure 2. SA-I sequence migration into the hydrophobic environ-
ment is coupled with N-domain translocation. (A) Three single-Cys
derivatives (positions 74, 79, and 84) of SBP-Syt200 were synthe-
sized in the presence of streptavidin (SAv) to arrest the N-domain
translocation and then treated with biotin (biotin chase) to release

the translocation arrest. Before (�) or after (�) biotin chase, products were applied to two-step Cys alkylation. Each reaction was performed
in the absence (�) or presence (�) of each maleimide reagent. To quantify PEGylation efficiency, aliquots following PEGmal reaction were
treated with endoglycosidase H (EndoH). E E and �, glycosylation and PEGylation, respectively. (B) PEGylation efficiencies in the EndoH �
lanes of Figure 2A were quantified. (C) When the N-domain translocation was arrested, Cys residues in the central part of the SA-I sequence
were reactive to NEM. In the intermediate state, the SA-I sequence of SBP-Syt200 is in an aqueous environment.
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(Kida et al., 2009). Together, the previous and present data
suggest that the SA-I sequence provides the motive force for
the translocation simultaneously with the formation of TM
orientation and migration into the membrane.

Pro insertion into the SA-I Sequence Shortens the
Membrane-embedded Region
The insertion of one Pro residue into the SA-I sequence
diminishes the translocation of N-terminally fused passen-
ger sequences, the SBP-tag, and the I27 domain (Kida et al.,
2009). To further explore the role of the SA-I sequence in
generating the motive force for translocation, we examined
the intramembrane environments of the Pro containing SA-I
sequences. A Pro residue was inserted between either posi-
tions 67 and 68 or positions 84 and 85, and the environments
at the lumenal and cytosolic boundary positions of the SA-I
sequence were examined by site-directed Cys modification.
All proteins mutated in the SA-I sequence (Figure 4A) were
correctly inserted into the membrane and diglycosylated
when synthesized in the presence of RM (Figure 4B, PEGmal
lanes). When a Pro residue was not introduced, positions 70
and 83 were the lumenal and cytosolic ends embedded in
the membrane, respectively (Figures 1 and 4B, lanes 4 and
16). When a Pro residue was inserted between positions 67
and 68, PEGmal modification at positions 70 and 71 was
decreased (Figure 4B, lanes 20 and 22), suggesting that these
positions were exposed to the aqueous environment by the
Pro residue insertion. In addition, reactivity at position 83
was influenced by the same Pro insertion (Figure 4B, lane
32). In the case of Pro insertion between positions 84 and 85,
NEM reactivity at positions 83 and 70 also increased (Figure
4B, lanes 36 and 48), indicating that the Pro residue affected
water accessibility of not only the close end but also the
distal end of the membrane-embedded region. These find-
ings suggest that the membrane-embedded region within

the SA-I sequence was shortened by the insertion of a Pro
residue. Based on the results presented in Figures 3 and 4
and previous results, the conformational change of the SA-I
sequence caused by Pro insertion probably influences the
membrane-integration process.

Translocation-arrested N-domain in Aqueous Site
Flanking the Sec61� Does Not Affect Integration of the
Signal-Anchor Sequence That Follows
When an SA-II sequence is fused following the SA-I se-
quence of SBP-38-Syt protein (x � 38 in Figure 3A), it is
integrated into the membrane with translocation of its
downstream chain, irrespective of the translocation-arrested
N-domain (Kida et al., 2007). When the N-terminal SBP-tag
of the S-38-I-II chimera protein is trapped by SAv and the
C-terminus is also trapped in a ribosome by translating the
truncated mRNA, the two translocation-arrested hydro-
philic chains penetrating the membrane flank Sec61�. There-
fore, we proposed that one translocon could accommodate
at least two translocating hydrophilic chains (Kida et al.,
2007). In the present study, we examined the environment
surrounding each of four membrane-penetrating chains by
the site-directed Cys alkylation. A Cys residue was scanned
within four regions (as shown in Figure 5A) of the S-38-I-II
protein. Three glycosylation sites in the original S-38-I-II
protein were silenced to more easily detect the PEGmal-
modified forms. Before the two-step Cys modification anal-
ysis, single-Cys derivatives were applied to chemical cross-
linking using the bifunctional cross-linker, BMOE. After
synthesis in the presence of RM and SAv, BMOE was added
and the cross-linking reaction was performed. S-38-I-II pro-
teins were detected as �45-kDa bands on an SDS-PAGE gel,
and cross-linked products of �80 kDa were detected on the
molecules possessing a single Cys within the region up-
stream of the SA-I sequence, the SA-II sequence, and the

Figure 3. Migration of the SA-I sequence into
the hydrophobic environment synchronizes
with partial translocation of the N-domain. (A)
The SA-I sequence was separated from the
SBP-tag by insertion of a hydrophilic sequence
of the lengths indicated by the “x �” row in B.
Leu77 within the membrane-embedded region
was exchanged for a Cys residue. (B) Mole-
cules with spacer sequences (0, 10, 20, 30, or 38
residues) were synthesized in the absence (�)
or presence (�) of streptavidin (SAv) and ap-
plied to two-step Cys alkylation and endogly-
cosidase H (EndoH) treatment, as in the above
figures. (C) Monoglycosylated and diglycosy-
lated efficiencies (filled and open columns, re-
spectively) in the cases with (�) or without (�)
SAv were quantified from PEGmal (�) lanes in
B. PEGylation efficiencies in the presence (F)
or absence (f) of SAv were also quantified
from the EndoH � lanes. (D) As the spacer (x)
was elongated, the N-domain partially reached
the lumenal space even when the N-terminal
SBP-tag was trapped in the cytosol. In this situ-
ation, the SA-I sequence formed the TM orienta-
tion and migrated into the hydrophobic interior
of the membrane.
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region downstream of the SA-II sequence (Figure 5B). Bands
of �80 kDa were immunoprecipitated with anti-Sec61� an-
tiserum (Figure 5C, lanes 3, 9, 15, 21, 27, and 33), and
therefore these bands contained cross-linked products be-
tween S-38-I-II and Sec61� proteins. Cross-linking with the
region upstream of the SA-I sequence completely disap-
peared in the absence of SAv (Figure 5C, lanes 6 and 12), and
cross-linking with the SA-II sequence and its downstream
portion decreased after the C-terminus was released from
the ribosome by puromycin (Figure 5C, lanes 18, 24, 30, and
36), indicating that these regions are close to the Sec61
channel in each translocation-arrested situation. Further-
more, the upstream hydrophilic chain was cross-linked with
another protein(s), and cross-linked products of �110 kDa

were detected (Figure 5B). The band seems to shift gradually
to �120 kDa from position 99–113 (Figure 5B, lanes 10–14).
Although the cross-link partner(s) was not identified, this
suggests that the former and latter hydrophilic chains were
located in or near Sec61� but under somewhat different
situations. Also, the SA-I sequence was cross-linked at po-
sitions 155 and 170, and two cross-linked products were
detected. The SA-I sequence may be located near other
factors after it leaves the Sec61 channel.

The same proteins were then analyzed by two-step Cys
modification (Figure 6). After sequential treatment with
NEM followed by PEGmal, all positions in regions upstream
of the SA-I sequence and downstream of the SA-II sequence
were hardly modified with PEGmal (Figure 6B, lanes 1–32

Figure 4. Insertion of a Pro residue into the
SA-I sequence shortens the membrane-embed-
ded region. (A) A Pro residue was inserted
between positions 67 and 68 or positions 84
and 85 within the SA-I sequence, and then the
regions from position 69–72 and from position
80–83 were scanned with a Cys residue. (B)
After synthesis in the presence of RM, the mol-
ecules were applied to two-step Cys alkylation
as described in Figure 1. PEGylation efficiency
of the diglycosylated forms of each protein
(�Pro, �; 67-Pro68, E; 84-Pro85, ‚) was quan-
tified. (C) When a Pro residue was inserted
between positions 67 and 68, positions 70 and
83 were exposed to the aqueous environment
and the location of positions 71 and 82 were a
little affected. The insertion of a Pro residue
between positions 84 and 85 also exposed po-
sitions 70 and 83 to an aqueous environment
and the environment of position 80 was signif-
icantly changed.
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Figure 5. Two translocation-arrested chains and one signal-anchor sequence are simultaneously cross-linked with Sec61�. (A) A fusion
protein consisting of the SBP-tag, a 38-residue spacer sequence, and an SA-I sequence, as shown in Figure 3, was further followed by the SA-II
and hydrophilic sequences to construct the S-38-I-II protein. To simplify band patterns on SDS-PAGE gels, three glycosylation sites of the
original S-38-I-II were silenced (shown as crosses). Four regions, upstream of the SA-I sequence, within the SA-I and SA-II sequences, and
downstream of the SA-II sequence, of the Cys-less mutant of S-38-I-II were scanned with a Cys residue. (B) Truncated mRNAs of single-Cys
derivatives of S-38-I-II were translated in the presence of RM and streptavidin (SAv), and then the products were treated with a bifunctional
cross-linker, bis-maleimidoethane (BMOE). Numbers at the top of the lanes indicate Cys positions from the N-terminus. The map of the
positions is illustrated in Figure 6B. The former hydrophilic chain was also cross-linked with another molecule(s) (asterisk). In addition, two
cross-linked products between the SA-I sequence and proteins but Sec61� was detected (double-asterisk). (C) Molecules with a Cys residue
at the indicated positions were synthesized in the presence of SAv to form the intermediate state of the translocation of two hydrophilic chains
(SAv �) or synthesized in the absence of SAv and the translation was terminated with puromycin (Puro) to translocate both chains (SAv �
and Puro �). After cross-linking with BMOE, aliquots were immunoprecipitated with anti-Sec61� antiserum. Immunoprecipitated forms
were quantified and the reduction rates caused by releasing both chains from translocation arrest were calculated (bottom of the panel).
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and 51–80), whereas the central positions of the SA-I and
SA-II sequences were highly modified with PEGmal (lanes
36, 38, 40, 46, and 48). Thus, the two translocation-arrested
chains were located in an aqueous environment and reactive
to NEM, although the SA-I and SA-II sequences migrated
into the hydrophobic environment even at such an interme-
diate state. Unmodified molecules showed a little higher
mobility upon PEGmal treatment. Some contaminations
within the PEGmal reagent may affect the mobility on SDS-
PAGE. These results suggest the flexible nature of the trans-
locon: 1) The translocon forms an aqueous environment that
can accommodate two hydrophilic chains, and 2) the pre-
ceding hydrophilic chain penetrating via an aqueous path-

way flanking the Sec61� does not inhibit integration and
translocation of the following chains.

DISCUSSION

In the present study, we determined the environments of the
SA-I sequence and polypeptide chains during membrane
translocation and integration using site-directed Cys alkyla-
tion. The findings indicated, first, that �14 residues in the
central region of the SA-I sequence comprise the actual
region embedded in the hydrophobic portion of the mem-
brane. Second, the SA-I sequence of the SBP-Syt200 molecule
remains in the aqueous environment in the intermediate

Figure 6. Two translocation-arrested chains are located in an aqueous environment flanking the Sec61�. (A) Single-Cys derivatives of
S-38-I-II were synthesized in the presence of RM and SAv and applied to two-step Cys alkylation. PEGylated forms are indicated with open
squares. (B) PEGylation efficiencies in the panel were quantified. Each value was placed in each position on the map. (C) Distribution models
of four membrane-penetrating chains and prospective cross-link partner(s) with one (i) or two (ii) Sec61 channels. In the integration
intermediate of the S-38-I-II protein, two hydrophilic chains (a and b) and the SA-II sequence (II) flank the Sec61 channel. Although two
hydrophilic chains are located in the aqueous environment, only the former “a” chain is cross-linked with another cross-link partner(s) and
thus these two chains may be in different situations.
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state of the N-domain translocation and migrates into the
hydrophobic environment immediately after the transloca-
tion resumes. Third, separation of the SA-I sequence from
the SBP-tag releases the SA-I sequence into the hydrophobic
environment irrespective of trapping the N-terminal tag in
the cytosol. Fourth, insertion of a Pro residue into the SA-I
sequence shortens its membrane-embedded region. Fifth, in
the integration intermediate of the S-38-I-II chimera protein,
two translocation-arrested hydrophilic chains remain in the
aqueous environment flanking Sec61�, whereas two signal-
anchor sequences have migrated into the water-free envi-
ronment. We here suggest that migration of the SA-I se-
quence into the membrane synchronizes with the formation
of its own TM orientation, and it is likely that this environ-
mental transition supplies the motive force for N-domain
translocation. We also suggest that the translocon can pro-
vide the aqueous pathway capable of at least two translo-
cating chains.

Membrane Integration of the Signal-Anchor Sequence
Coupled with Translocation of its Lumenal Domain
In the present study, the SA-I sequence remained in the
aqueous environment when the N-terminally fused SBP-tag
was trapped in the cytosol, and it migrated into the hydro-
phobic environment by separating between the SBP-tag and
the SA-I sequence. Because N-terminally fused passenger
sequences closer to the SA-I sequence are translocated more
efficiently (Kida et al., 2009), migration of the SA-I sequence
into the hydrophobic environment may synchronize with
movement of the passengers into the translocon pore. Find-
ings from site-specific cross-linking experiments demon-
strated that highly hydrophobic sequences enter the lipid
environment directly from the Sec61 channel (Mothes et al.,
1997; Heinrich et al., 2000). Assessments of membrane inser-
tion of systematically constructed stop-transfer TM se-
quences also indicated that direct interaction between hy-
drophobic sequences and lipids seems to be involved in
recognition at the translocon (Hessa et al., 2005; Hessa et al.,
2007). Thus, it is likely that the SA-I sequence associates with
and/or migrates into the lipid environment in an early stage
during the topogenesis. We also observed that insertion of a
Pro residue into the SA-I sequence shortened its membrane-
embedded region, indicating that the Pro residue causes a
conformation change of the SA-I sequence within the mem-
brane, presumably by its helix-breaking propensity. The
same mutation reduces its N-domain translocation (Kida et
al., 2009). Because a Pro residue within a hydrophobic se-
quence shows inhibitory effect on the membrane integration
(Hessa et al., 2005), the inserted Pro residue may attenuate
migration of the SA-I sequence into the lipid environment
and consequently lead to a lower efficiency of N-domain
translocation. It is possible that the Pro residue diminishes
the hydrophobic interaction between the SA-I sequence and
the lipid and/or decelerates the release from the translocon
into the lipid phase. We thus propose that membrane inte-
gration of the SA-I sequence provides the motive force for its
N-domain translocation.

In addition, our translocation-trapping system can arrest
migration of the SA-I sequence into the hydrophobic envi-
ronment at various intermediate stages by increasing the
distance between the SA-I sequence and the SBP-tag. Bio-
physical analyses of these intermediates, for example by
using an environment-sensitive fluorescent probe for live
detection of the environment (Alder et al., 2008), may pro-

vide additional insight into the dynamics of the migration of
hydrophobic sequences into the membrane.

Environment Provided by the Translocon during
Membrane Protein Integration
Data from the site-specific BMOE cross-linking showed that
two translocation-arrested chains and the SA-II sequence of
the S-38-I-II chimera protein in the integration intermediate
state were simultaneously flanking the Sec61�. SH groups
located in the hydrophobic environment should not be used
for BMOE cross-linking because of the water-dependent
reactivity of maleimide groups. The positions exposed par-
tially to the aqueous environment within the SA-II sequence,
however, were cross-linked with Sec61�, whereas those
within the SA-I sequence were not. This finding suggested
that the SA-II sequence, but not the SA-I sequence, is prox-
imal to the Sec61 channel in the intermediate state. Further-
more, various Cys positions in both translocation-arrested
hydrophilic chains were proximal to the Sec61� and were
located in an aqueous environment. This strongly suggests
that two hydrophilic chains penetrated the membrane via
the aqueous pathway in or near the Sec61 channel. Accord-
ing to a previous study (Brambillasca et al., 2006), several
tail-anchored TM sequences can mediate the translocation of
the downstream sequences of more than 80 residues through
the protein-free liposomal membrane. In this study, how-
ever, two chains were cross-linked with Sec61� as long as
their translocations were arrested and therefore they should
penetrate the membrane through an aqueous environment
flanking Sec61�. Only the chain upstream of the SA-I se-
quence contacted another protein(s) and showed lower
cross-linking efficiency with Sec61� when using bis-maleim-
idohexane, an analogue of BMOE with a longer linker (data
not shown). Hence, these two chains are thought to be in
different situations and maybe the former chain is closer to
the rim of the Sec61 channel. The results obtained by the two
techniques suggest that the Sec61 translocon simultaneously
interacts with three polypeptide chains and provides an
aqueous environment that accommodates at least two hy-
drophilic chains. Figure 6C shows two cartoons of our
model of each polypeptide chain around the Sec61 channel.
In the model with one Sec61 channel (Figure 6C, i), the
former hydrophilic chain should move from the central pore
of the channel to a secondary pathway near or outside the
lateral exit crack. In this case, an additional hydrophilic spot
formed by the gathered Sec61 channels or with other com-
ponents may be required. An alternative model is that two
hydrophilic chains are accommodated in distinct channels
(Figure 6C, ii). Considering the cross-linked pattern, the
former hydrophilic chain may locate near the lateral exit site
of the channel and be accessible to another protein.

Crystal structures of archaeal and bacterial SecY com-
plexes reveal that SecY monomers form a reasonable shape
for membrane translocation and integration (Van den Berg et
al., 2004; Tsukazaki et al., 2008), and positions in the con-
stricted site of the SecY hourglass are cross-linked with a
translocation-arrested chain (Cannon et al., 2005). Also, ac-
cording to a recent image of the solubilized ribosome-Sec61
channel complex, a ribosome may bind firmly with only one
Sec61 channel (Menetret et al., 2008). On the other hand, the
results of various studies suggest that the Sec channel also
serves as an oligomer. Oligomeric states of the Sec61 and
SecY complexes were observed by electron microscopy
(Hanein et al., 1996; Mitra et al., 2005) and biochemical anal-
yses (Mori et al., 2003; Schaletzky and Rapoport, 2006). Ac-
cording to site-specific fluorescent labeling experiments, the
translocon may form a large pore with a �40-Å diameter
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and may be regulated by BiP (binding immunoglobulin
protein; Hamman et al., 1997; 1998). Additionally, several
studies using site-specific cross-linking showed that multi-
ple TM segments or translocating hydrophilic sequences are
simultaneously associated with the Sec channel during the
integration of multispanning membrane proteins (Heinrich
and Rapoport, 2003; Sadlish et al., 2005; Kida et al., 2007).
Moreover, recent data analyzed with blue-native PAGE
shows that oligomeric states of the SecY channel may change
depending on the substrate (Boy and Koch, 2009). On the
basis of the findings of the present study, we propose the
formation of the hydrophilic pathway capable of at least two
translocating chains. How the translocon forms the pathway
is the next question.
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