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Abstract

Multispanning membrane proteins are synthesized by membrane-bound ribosomes and integrated into the endoplasmic reticu-
lum membrane cotranslationally. To uncover the topogenic process of membrane loop, of which both ends are in the same side of
the membrane, we examined topogenesis of a relatively hydrophobic lumenal loop segment (H10 segment) between TM9 and TM10
of human Na+/H+ exchanger isoform 1 using an in vitro expression system. The H10 segment was translocated through the mem-
brane. Any potential sites created within the H10 segment were not glycosylated. Just after TM9, there are potential glycosylation
and signal peptidase processing sites. When the reporter domain of prolactin was fused at the position preceding the H10 segment,
these sites were modified by the enzymes, while they were not modified in the original molecule. Thus, we concluded that the H10
segment was translocated through the membrane and directly inserted into the membrane and that its membrane insertion caused
sequestration of the preceding processing and glycosylation sites from the lumenal modifying enzymes. This topogenic process
shows clear contrast to that of pore loops of K+ channels, which are once exposed in the lumen and accessible to glycosylation
enzyme.
� 2004 Elsevier Inc. All rights reserved.
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Almost all of the integral membrane proteins on
membrane organelles of the exocytic and endocytic
pathway are synthesized on membrane-bound ribo-
somes and cotranslationally integrated into the endo-
plasmic reticulum (ER) membrane, where they acquire
their final topology [1]. Initially, a signal sequence on
the nascent polypeptide chain emerging from the ribo-
some is recognized by the signal recognition particle
(SRP) [2]. The ribosome–SRP–nascent chain complex
is targeted to the ER, where there is an SRP receptor
and protein translocation channel, the so-called ‘‘trans-
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locon’’ [3]. By the receptor, the signal sequence is
released from the SRP and is transferred to the translo-
con. The signal sequence is then recognized by the tran-
slocon and penetrates it. At this stage, either the
preceding N-terminal or the following C-terminal seg-
ment of the signal sequence is translocated through the
translocon pore [4]. The signal peptide and type II signal
anchor sequence (SA-II sequence) mediate the translo-
cation of the following C-terminal side, while the type
I signal anchor sequence (SA-I sequence) translocates
the preceding N-terminal side [5,6]. Once targeted to
the ER membrane, the ribosome remains on the translo-
con until translation is terminated, even while it is
synthesizing the cytoplasmic sequence.
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Three experimentally defined topogenic mechanisms
have been proposed for the membrane integration of
polypeptide segments from membrane-bound ribo-
somes. First, hydrophobic segments are inserted into
the translocon by sequential action of their start-trans-
fer and stop-transfer functions. This mechanism is
called autonomous membrane insertion [7]. For the
start-transfer and stop-transfer functions, sufficient
hydrophobicity is essential. Second, when the SA-I se-
quence acts in the multispanning membrane protein
molecule, the polypeptide segment, which possesses
no topogenic function and cannot be inserted into
the membrane by itself, can acquire transmembrane
disposition [8,9]. Such a non-hydrophobic transmem-
brane (TM) segment would not be fixed in the mem-
brane plane and can be expected to move up and
down within the membrane. This mechanism is called
heteronomous positioning of the TM segment [7].
Third, some hydrophilic segments are inserted into
the membrane domain via polar interactions among
TM segments, but not via hydrophobic interactions.
This mechanism has been elucidated in various trans-
port proteins; e.g., the membrane insertion of the
R10 segment between TM9 and TM10 of the band 3
molecule [10] and the voltage sensing segments (S3
and S4 segments) of KAT1 (Arabidopsis thaliana,
voltage dependent K+-channel) [11,12].

Despite the knowledge of topogenic modes of TM
segments, membrane insertion of membrane embedded
loop segment has not been extensively analyzed. When
is relatively hydrophobic loop segment inserted into the
membrane? So far, we have examined the topogenesis
of the pore loops between two TM segments of K+
Fig. 1. Membrane topology of NHE1. (A,B) Topology model of human NHE
H10 segment. Positively charged residues (blue), negatively charged residu
Numbers indicate amino acid residues at which the constructs start or are fu
plot was generated by the method of Kyte and Doolittle [29]. Potential proc
channels, which are typical membrane loops, and
demonstrated that the loop is once exposed in the
ER lumen before the channel molecule achieves the
final membrane topology, despite high hydrophobicity,
and a high prediction score for their being transmem-
brane [13]. The major objective of this study was to
address the topogenic process of other membrane-em-
bedded loop segments in multispanning membrane pro-
teins. For the purpose, we selected a hydrophobic loop
segment of human Na+/H+ exchanger isoform 1
(NHE1) in this study. From comprehensive cysteine
scanning experiments with the NHE1 molecule, Waka-
bayashi et al. [14] proposed a revised model of mem-
brane topology (Fig. 1A); it has 12 TM segments and
the hydrophobic loop segment (called H10 in this pa-
per) between TM9 and TM10. The H10 segment was
initially predicted to be a TM segment based on
hydropathy prediction [15].

We examined the membrane topogenesis of H10 seg-
ment of NHE1 molecule using systematically designed
model constructs and a cell-free expression system
including rough ER membrane and demonstrated that
the H10 segment was translocated through the
membrane but was not exposed to the lumenal space.
We also uncover an unexpected glycosylation and pro-
cessing sites just after the TM9 segment, which are inac-
cessible to the effective enzymes during integration of the
H10 segment. In the absence of the H10 segment, these
modification sites were actually accessible to the en-
zymes. These data proposed the novel mode of the inte-
gration process in the membrane-embedded loop
segment. This mode is different from those of the pore
loops of the K+ channels.
1. Here, the hydrophobic region between TM9 and TM10 is termed the
es (red), and N-glycosylation acceptor sequence (gray) are indicated.
sed to reporter domain. (C) Hydrophobic profile of TM9–TM10. The
essing sites are indicated by arrowheads.
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Materials and methods

Materials. Enzymes for DNA manipulation and in vitro tran-
scription (Takara), proteinase K (ProK; Merck), and endoglycosidase
H (EndoH; New England Biolabs) were obtained from the sources
indicated. Preparation of rough microsomal membranes (RM) [16] and
rabbit reticulocyte lysate [17] was performed as previously described.
To remove endogenous RNA, RM was treated with EDTA and
Staphylococcus aureus nuclease as described. The plasmid DNA was
prepared using Wizard plus mini-preps (Promega) from 2 ml overnight
cultures of Escherichia coli.

Construction of expression plasmids. cDNA coding for human
NHE1 was amplified by PCR using cDNA reverse-transcribed from
liver total RNA and the following primers; 5 0-ATGCAAGCTTCC
ACCATGGCTCTGCGGTCT-3 0 (the HindIII sites for cloning, the
created Kozak sequence, and the initiation codon of NHE1 are
underlined) and 5 0-TACGTCTAGAGTTGAGCTTGTCCTTCCAG
TG-3 0 (the XbaI site is underlined). The obtained DNA fragments were
digested with HindIII and XbaI, and subcloned into pRcCMV (Hin-

dIII/XbaI). Site-directed mutagenesis was performed using the PCR-
directed overlap–extension method [18]. In the fusion constructs, the
DNA fragments were joined either by restriction enzyme sites, whose
six bases correspond to the two codons, or by the overlap–extension
procedure. Each DNA fragment (NdeI/XhoI) encoding various seg-
ments of human NHE1, which are initiated from R321, was amplified
and ligated with the DNA fragment (XhoI/XbaI) coding for the
reporter domain of prolactin (PL) with/without the glycosylation site
(T90N) [9] on pCITE-2a (Novagen) (NdeI/XbaI) [19]. For the glyco-
sylation-loop (g-loop) insertion, the DNA fragment containing N-
glycosylation sites derived from human band 3 (Q629–W662, EcoRI/
EcoRI) [9] was inserted between W409 and N410 of NHE1. The se-
quences of oligonucleotides used and details for construction are
available upon request from the author.

In vitro transcription, translation, EndoH, and ProK treatment.

Plasmids were linearized using ScaI and then transcribed using T7
RNA polymerase. The obtained mRNAs were translated in the retic-
ulocyte lysate cell-free system as previously described [5]. The trans-
lation reaction mixture contained 100 mM KCl, 1.5 mM Mg(OAc)2,
32% reticulocyte lysate, and 15.5 kBq/ll EXPRESS protein-labeling
mix (Perkin–Elmer). Aliquots (10 ll) of translation mixture were
treated with EndoH at 37 �C for 60 min under denaturing conditions.
Other aliquots were treated with 400 lg/ml ProK on ice for 40 min.
After ProK treatment, the reaction was terminated with 10% trichlo-
roacetic acid and the protein precipitates were analyzed by SDS–
PAGE and subsequent image analysis.
Results

Topogenic properties of H10 and TM10 segments

In this study, TM segments of human NHE1 were
termed according to the nomenclature of Wakabayashi
et al. [14]. The hydrophobic segment between TM9
and TM10 was called the H10 segment (Fig. 1). The
H10 segment was predicted to be a TM segment based
only on the hydrophobicity analysis [15]. To examine
the topogenic process of the H10 segment, we evaluated
the topogenic functions of the polypeptide segments
around H10 and TM10. A reporter domain of PL with
an N-glycosylation site (gPL) was fused at various posi-
tions from TM9 to TM10 (Fig. 2A). Modification of the
N-glycosylation site would be a decisive indication of
the membrane topology. The constructs were initiated
from the TM9 segment but not from the N-terminus, be-
cause the full-length protein possesses so many hydro-
phobic segments that such a full-length construct
causes a very diffuse band on the SDS–PAGE. The top-
ogenic function of the TM9 segment is strong SA-II, so
that local topogenic functions (e.g., start- and stop-
transfer functions) around the TM9, H10, and TM10
segments should not be affected by the absence of the
former TM segments.

The constructed model proteins were expressed in
the reticulocyte lysate cell-free system. When translated
in the absence of RM, the synthesized molecules gave
single major bands with the expected molecular mass
(Fig. 2A, lanes 1, 5, 9, 13, 17, 21, and 25). In the pres-
ence of RM, the V367-construct gave an additional lar-
ger product (a black dot in lane 2), which was shifted
down by EndoH treatment (lane 3), indicating that it
was core glycosylated and that the reporter domain
of prolactin was translocated into the ER lumen. When
the translation mixtures were treated with ProK, both
of the products observed in lane 2 were completely
resistant to ProK (white dots in lane 4). Because the
external segment of the molecule is sensitive to ProK,
it is clear that a gPL domain of the V367-construct
was translocated through the ER membrane and be-
came resistant.

Significant amounts of glycosylated and ProK resis-
tant bands were observed with other fusion constructs
up to the H408-construct, although constructs gave het-
erogeneous bands (Fig. 2A, lanes 6–8, 10–12, 14–16,
and 18–20, details of these bands are described in the
next section). The relative amounts of the glycosylated
form and ProK resistant form decreased as the fusion
sites shifted to the latter positions (A424 and L432 in
lanes 22, 24, 26, and 28). These findings indicated that
the PL-reporter domains that had been fused up to the
H408-construct were fully translocated through the ER
membrane, glycosylated, and protected by the ER
membrane. The translocation of A424-construct was
partially stopped by the former part of TM10 (lanes
22–24). Thus, we concluded that the H10 segment did
not have a stop-transfer function and that the translo-
cation initiated by the TM9 segment was stopped only
by the TM10 segment.

To confirm the orientation of the H10 segment, the
g-loop from human band 3 was inserted between the
H10 and TM10 segments (Fig. 2B). This loop pos-
sesses little inhibitory effect on the polypeptide chain
translocation and thus has often been used for prob-
ing membrane topology of multispanning membrane
proteins; e.g., band 3, K+-channel, and various ion
transporters [10,12,20,21]. The construct with the g-
loop was efficiently glycosylated (a black dot in lane
4), whereas glycosylation was not observed with the
original construct (lane 1). After ProK treatment,



Fig. 2. H10 possesses neither stop nor signal functions. (A) Amino acid sequences, starting at TM9 (R321), were fused to the gPL reporter domain at
various sites. The fusion proteins were expressed in vitro in the absence (�) or presence (+) of RM. The aliquots were treated with EndoH (H) or
ProK (K). The proteins were subjected to SDS–PAGE (13%) followed by image analysis. The glycosylated and ProK resistant bands are indicated by
black and white dots, respectively. A black arrowhead points out PL-reporter domain processed between G405 and S406 (see text). Topologies
deduced from the results are illustrated. The glycosylation and processing sites are shown as circles and white arrowheads, respectively. (B) A 42-
residue loop segment containing a glycosylation site was inserted next to W409. (C) Assessment of signal-anchor function with the H10 segment. The
H10 segment (R364–H408) was inserted between the N-terminal g-loop and the following PL domain. The PL domain used here does not have a
glycosylation site. Membrane topologies expected by the SA-I and SA-II functions are illustrated. The model protein was expressed in vitro and
subjected to EndoH and ProK treatment.
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there were no resistant bands (lane 6), indicating that
the following reporter domain was on the cytoplasmic
side. These results are a clear indication that the loop
between H10 and TM10 was exposed to the ER lume-
nal side.

Topogenic functions of the H10 segment were also
examined using the constructs shown in Fig. 2C.
Translocations of the N- and C-terminal side of the
H10 segment can be monitored by N-terminal glyco-
sylation (circle) and C-terminal protease resistance,
respectively [9]. The PL domain used here does not
have a glycosylation site. The H10 model protein gave
neither a glycosylated nor a ProK-resistant fragment
(lanes 2 and 4), indicating that the H10 segment pos-
sesses no signal-anchor functions. Taken together, the
H10 segment does not possess any signal-anchor func-
tions, and TM10 alone was sufficient to stop the
translocation that was initiated by TM9.
Potential glycosylation and processing sites between TM9

and TM10

In Fig. 2A, heterogeneous bands, which were one
band larger than the mono-glycosylated form and
several bands smaller than the unglycosylated form
(black and white dots in lanes 6, 8, 10, 12, 18, and 20),
were observed when the T377-, K384-, and H408-con-
structs were translated in the presence of RM. All of
the bands were resistant to ProK (e.g., compare lanes
6 and 8) and many bands were shifted by EndoH treat-
ment to generate two major bands (compare lanes 6 and
7), indicating that unexpected glycosylation caused the
heterogeneity. The clear two bands after the EndoH
treatment strongly suggested that unexpected processing
also occurred within the lumenal side.

To address the possibility of glycosylation
just after the TM9, we destroyed the potential site
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(N370–I371–S372) by point mutation, S372A, using the
T377-construct (Fig. 3A). When translated in the pres-
ence of RM, it gave only a mono-glycosylated band,
although the heterogeneous bands within the smaller
forms were still observed (lane 6), indicating that the lar-
ger band was due to glycosylation at N370 in addition to
the glycosylation in the reporter domain. The di-glyco-
ig. 3. Assessment of potential glycosylation and processing sites. (A) Potential sites for glycosylation and processing were disrupted by point
utations. The constructs were expressed in vitro and analyzed as described in Fig. 2. Black arrowheads indicate processed from. The processed form
fficiencies were calculated using the equation (processed form) · 100/[(non-processed form) + (processed form)]. (B) A signal peptide prediction by
ignalP-NN for H10. The values of the C-score (output from cleavage site networks), S-score (output from signal peptide networks), and Y-score
combined cleavage site score) are shown for each position in the sequence. (Inset) Comparison of Y-score derived from with/without mutation. (C)
lycosylation sites were created at various positions in the H10 sequence by point mutations and then expressed in vitro. The PL domain used here
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does not have a glycosylation site.

Fig. 4. Two different modes of integration of embedded membrane loop seg
polypeptide chain. The following H10 (blue) is translocated through but kep
glycosylation sites in front of the H10 segment are not accessible to the enz
segment. (B) The pore loop (P) of the K+-channel between two transmembra
channel achieves the final membrane topology, even though they are embed
sylation efficiency decreased as the fusion site was
shifted into the latter position; the K384-construct also
gave a small but significant di-glycosylated band (Fig.
2A, lane 10), while di-glycosylation was not observed
with the L398-, H408-, A424-, and L432-constructs (lanes
14, 18, 22, and 26). The site was sequestrated from the
enzyme due to the H10 segment.
ments. (A) TM9 (magenta) initiates the translocation of the following
t in the membrane as an intervening loop, so that the processing and
ymes. TM10 (green) interrupts the translocation and becomes the TM
ne segments (M1 and M2) is once exposed in the ER lumen before the
ded in the membrane in the final structure.
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Next, we addressed the possibility of signal peptidase
processing. According to the prediction by SignalP-NN
[22], there were two candidate processing sites of A369–
N370 and G405–S406 (Fig. 3B). The former potential site
in the T377-construct was destroyed by point mutation
from A369 of the processing site to Pro or Phe (Fig.
3A). Both Pro and Phe should be unfavorable signal
processing [23]; the prediction of the mutated sequence
also had a low processing score (Fig. 3B). When the mu-
tants were synthesized in the presence of RM and trea-
ted with the EndoH, the lower molecular weight bands
were remarkably decremented in comparison to the ori-
ginal T377-construct, as expected (Fig. 3A, compare
arrowheads in lanes 3, 11, and 15). In the case of the
H408-construct, a processed band with similar molecular
weight to that of the T377-construct was also observed
(Fig. 2A, an arrowhead in lane 19). It is highly likely
that the second potential processing site (G405–S406)
was processed in this case. The results indicated that
the heterogeneity was due to the partial modifications
of the glycosylation and processing sites within the con-
structs. The modifications do not occur when the full
H10 segment is present in the constructs.

To exploit the insulation of H10 from glycosylation
enzymes in the lumen, we created glycosylation sites
within the H10 segment using amino acid replacements
(Fig. 3C). The PL domain used here does not have a gly-
cosylation site. None of the created glycosylation sites
were glycosylated (lanes 2, 4, 6, 8, and 10). This result
indicates that the H10 segment was not exposed on the
ER lumenal side during biosynthesis.
Discussion

The findings demonstrate that the H10 segment of
NHE1 is translocated through the ER membrane, posi-
tioned in the lumen as a membrane loop between TM9
and TM10, but never exposed in the lumenal space.
The direct insertion of the H10 segment into the mem-
brane accompanies sequestration of the preceding seg-
ment from the lumenal space (Fig. 4A).

The impressive finding of this work is that there are po-
tential glycosylation and signal peptidase processing sites
after TM9, which become accessible to the enzymes only
when the lumen reporter domain is fused at the former
positions of the H10 segment (Figs. 2 and 3). The active
sites of the signal peptidase and oligosaccharyltransferase
are more than 10 residues away from the membrane sur-
face [24,25]. The modification sites should never reach
these active sites and are directly sequestrated in themem-
brane domain during topogenesis, as indicated in the
model (Fig. 4A). This conclusion shows a clear contrast
to the topogenic process of other lumenal loops of chan-
nels and transporters; e.g., P-loops of K+ channels, such
as Kir 2.1, KcsA, KAT1, water channel, and the R10
segment of band 3molecule [10,26].When artificial glyco-
sylation sites were introduced at various points within the
loops, they were modified by the glycosylation enzyme.
Incorporation of such loops into the membrane depends
on interactions between polypeptide segments and the
overall folding of the molecule [10,13]. In these cases,
the loop segments are exposed in the lumenal space until
the other segments assume the correct confirmation (Fig.
4B). After complete translation, the pore loops are incor-
porated into the membrane domain [13]. In contrast, it is
likely that H10 can be integrated properly without TM10
and that H10 possesses the capacity to form the mem-
brane loop structure alone, although it does not interrupt
translocation.

Akiyama et al. [27] demonstrated that there is a cryp-
tic processing site for leader peptidase just after the TM5
segment of the SecY molecule. In this case, the process-
ing site is sequestrated from the enzyme by the following
TM segment. The findings of the H10 segment suggest
that the lumenal loop can also mediate sequestration
of potential processing sites and N-glycosylation sites
from the modification enzymes.

In Na+/H+ exchanger isoform 1 of A. thaliana

(AtNHX1), TM9 of AtNHX1, which is an orthologous
region of H10 segment of human NHE1, was reported
to be a complete TM with Nexo/Ccyt orientation. The
C-terminal side from TM10 in AtNHX1 is assumed to
be the inverse to that of human NHE1 [28]. Further
studies are required to examine whether or not such dif-
ferent results are due to the topological heterogeneity
within the NHE/NHX gene family.
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