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c-Secretase is involved in the production of amyloid b-peptide,
which is the principal component of amyloid plaques in the brains
of patients with Alzheimer disease. c-Secretase is a complex
composed of presenilin (PS), nicastrin, anterior pharynx-defective
phenotype 1 (Aph1) and PS enhancer 2 (Pen2). We previously
proposed a mechanism of complex assembly by which unas-
sembled subunits are retained in the endoplasmic reticulum (ER)
and only the fully assembled complex is exported from the ER.
We have now identified Retention in endoplasmic reticulum 1
(Rer1) as a protein that is involved in the retention/retrieval of
unassembled Pen2 to the ER. Direct binding of unassembled Pen2
to Rer1 is mediated by the first transmembrane domain of Pen2,
and a conserved asparagine in this domain is required. Down-
regulation of Rer1 leads to increased surface localization of Pen2,
whereas overexpression of Rer1 stabilizes unassembled Pen2. To
our knowledge, Rer1 is the first identified interaction partner of
mammalian transmembrane-based retention/retrieval signals.
Keywords: Alzheimer disease; g-secretase; ER retention;
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INTRODUCTION
g-Secretase is one of two proteases involved in the production of
amyloid b-peptide, which is the principal component of amyloid
plaques in the brains of patients with Alzheimer disease.
g-Secretase is a high-molecular-weight complex composed of
presenilin (PS) 1 or PS2, nicastrin (Nct), anterior pharynx-defective
phenotype 1 (Aph1) and PS enhancer 2 (Pen2; for a review, see
Haass, 2004).

g-Secretase assembles in the endoplasmic reticulum (ER; Kim
et al, 2004; Capell et al, 2005), but how the complex is assembled
and transported to the plasma membrane is not fully understood.
We recently proposed a model for g-secretase complex assembly
and transport (Kaether et al, 2004, 2006). According to this model,
the assembly of g-secretase is controlled by mechanisms similar to
those that mediate the assembly of ion channels and multimeric
cell-surface receptors. Here, control mechanisms ensure that only
fully assembled complexes leave the ER and travel to the plasma
membrane. Retention—we use the term retention for retention,
retrieval or a combination of both—of unassembled subunits is
achieved by exposing ER-retention signals that can be cytosolic
(Zerangue et al, 1999) or within transmembrane domains (TMDs;
Bonifacino et al, 1991). After complex assembly, these retention
signals are masked and ER export is permitted. As predicted from
this model, a new type of ER-retention signal was identified in
the carboxyl terminus of PS1 (Kaether et al, 2004). However,
at present, the cellular mechanism by which unassembled
g-secretase complex components are retained in or retrieved to
the ER is not known. Retention in endoplasmic reticulum 1 (Rer1p)
is a 22-kDa yeast protein involved in the retrieval of several ER-
localized proteins and in the retrieval of unassembled subunits
of multimeric complexes (Sato et al, 2003). Its mammalian
homologue might be a candidate for ER retention/retrieval of
unincorporated g-secretase complex components. Rer1p is pre-
dicted to have a W-shaped topology with four TMDs, and amino
and C termini located in the cytosol (Boehm et al, 1994), and
recognizes polar amino acids in TMDs (Sato et al, 2003). Such
TMD-based retention signals have also been described for
several subunits of mammalian multimeric complexes (Bonifacino
et al, 1991; Reth et al, 1991; Hennecke & Cosson, 1993), but no
interaction partners or molecular machinery have been described.
A human homologue of Rer1p was shown to rescue a yeast strain
defective in Rer1p (Füllekrug et al, 1997), but its function in
mammalian cells has not been described so far.

We have now investigated ER retention of Pen2 and shown that
human Rer1 is involved in this process by binding to a signal in the
first TMD (TM1) of Pen2.
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RESULTS AND DISCUSSION
The TM1 of Pen2 contains an ER-retention motif
First, we confirmed that unassembled Pen2 localized to the ER.
For this, we transiently overexpressed a green fluorescent protein
(GFP)–Pen2 fusion protein (Fig 1A) in human embryonic kidney
293 cells (HEK293). This showed prominent ER staining,
consistent with previous findings (Fig 1A; Bergman et al, 2004;
Crystal et al, 2004). Then, the domains in Pen2 that are
responsible for its ER retention were identified by using cluster
of differentiation 4 (CD4), a type I reporter protein previously used
to identify ER-retention signals (Zerangue et al, 1999; Kaether
et al, 2004). Consistent with previous results (Zerangue et al,
1999; Kaether et al, 2004), transient expression of CD4 in COS

cells or stable expression in HEK293 Swe cells led to the
accumulation of the protein in the plasma membrane (Fig 1B).
Addition of the Pen2 intracellular loop to the C-terminus of CD4
had no effect on localization, as the protein was efficiently
transported to the plasma membrane (data not shown). Swapping
the second TMD of Pen2 in tumour necrosis factor (TNF)a, a type
II reporter, did not prevent the protein from leaving the ER
(supplementary Fig 1 online). By contrast, when the CD4 TMD
was replaced by the TM1 of Pen2, the resulting construct CD4–
TM1 showed prominent ER staining in transiently transfected COS
and stably transfected Swe cells, suggesting that TM1 mediates ER
retention (Fig 1B). ER localization of CD4–TM1 was not due to
misfolding, destruction of an ER-export motif or other motif
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Fig 1 | The first transmembrane domain of Pen2 contained an endoplasmic reticulum-retention signal. (A) GFP–Pen2 topology (left) and confocal

image of living cells transiently expressing GFP–Pen2 (right). (B) CD4 constructs were used to determine ER-retention signals. The two N-glycosylation
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important for cell surface localization of CD4, as insertion of the
TMD of Nct or amyloid precursor protein (APP) did not lead to ER
retention of CD4 (Fig 1B, for CD4–TMNct; see also Capell et al,
2005). Further evidence of ER retention of CD4–TM1 was
obtained by deglycosylation experiments (Fig 1C). Similarly to
CD4, CD4–TMNct and CD4–TMAPP were endoglycosidase H
(endoH) resistant, indicating transport to the late Golgi and
beyond. By contrast, CD4–TM1 remained endoH sensitive,
confirming that it did not reach late Golgi compartments
(Fig 1C). Fluorescence-activated cell sorting (FACS) of HEK cells
stably expressing CD4 variants was used as an additional method
for demonstrating selective retention of CD4–TM1. Cells were
labelled with CD4 antibodies with or without permeabilization,
sorted with FACS and then the fraction of plasma membrane-
localized antigen against total CD4 antigen was determined. In
the case of CD4, CD4–TMNct and CD4–TMAPP, 7172%, 6773%
and 73% of total CD4 antigen were at the plasma membrane,
respectively, showing efficient plasma membrane transport. By
contrast, CD4–TM1-expressing cells had only 1471% of total
CD4 antigen at the plasma membrane, showing efficient
intracellular retention and fully corroborating the results from
the immunofluorescence and deglycosylation experiments.
Together, these data show that the TM1 of Pen2 is sufficient
to mediate ER retention of a reporter protein.

The distal part of TM1 mediates ER retention
To specify further the domain important for the retention of CD4–
TM1, we replaced parts of the CD4 TMD with corresponding parts
of the Pen2 TM1 (schematized in supplementary Fig 1 online).
CD4 variants were transfected in COS cells and the subcellular
distribution of the fusion proteins was analysed by immunofluor-
escence. Only the C-terminal part of TM1 retained the corre-
sponding CD4 construct in the ER (supplementary Fig 1 online).

An asparagine in TM1 is part of an ER-retention signal
Charged or polar amino acids in TMDs have been shown to be
crucially involved in ER retention (Bonifacino et al, 1991; Sato
et al, 2003). The TM1 of Pen2 contains an asparagine (N) in the
domain responsible for ER retention, which is highly conserved
across species. To test the involvement of this polar amino acid in
ER retention, we mutated it to leucine (L) in CD4–TM1 and
analysed the subcellular distribution of the mutant by immuno-
fluorescence and deglycosylation experiments. Mutation of N to L
partly destroyed the ER-retention motif, as shown by immuno-
fluorescence (Fig 2A). This was confirmed by deglycosylation
experiments showing equal amounts of endoH-resistant and
nonresistant CD4–TM1N/L, in contrast to the fully endoH-sensitive
CD4–TM1 (Fig 2A). This indicates that the conserved N residue is
important but not fully sufficient for ER retention.

Retention of CD4–TM1 is mediated by Rer1
The yeast protein Rer1p was shown to mediate ER retention of
proteins by binding to polar amino acids within TMDs (Sato et al,
2003). To test whether its human homologue Rer1 is involved in
the retention of CD4–TM1, we stably expressed V5-tagged human
RER1 together with CD4 variants and carried out co-immuno-
precipitation experiments (Fig 2B). CD4–TM1 co-precipitated with
Rer1, whereas CD4 alone or CD4–TM1N/L did not co-precipitate
with Rer1. This suggests that Rer1 binds to CD4–TM1 and that this

is dependent on the crucial asparagine in TM1. To test directly
whether endogenous Rer1 is involved in ER retention of CD4–
TM1, we used short interfering RNA (siRNA) and FACS analysis to
investigate the plasma membrane localization of CD4 variants.
Cells stably expressing CD4, CD4–TM1 or CD4–TMNct were
transfected with Rer1 or control siRNA and collected at different
time points. We verified that Rer1 was efficiently downregulated
on Rer1 siRNA treatment, but not by using control siRNA (Fig 3A).
CD4 surface labelling was determined with FACS, and the relative
changes in surface labelling between Rer1 and control transfected
cells were determined at each time point for each cell line
(Fig 3B). Downregulation of Rer1 did not affect the secretory
pathway, as transport of CD4 and CD4–TMNct to the plasma
membrane was not significantly affected (Fig 3B). By contrast, in
cells transfected with Rer1 siRNA, an 80% increase in CD4–TM1
plasma membrane staining was observed after 24 h. This increased
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Fig 2 | Rer1 retained CD4–TM1 in the endoplasmic reticulum.

(A) Retention of CD4–TM1 was dependent on a crucial asparagine in

TM1. COS cells were transiently transfected with CD4–TM1N/L or
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to 137% after 48 h and 141% after 72 h (Fig 3B). These data
strongly indicate that Rer1 is involved in ER retention of CD4–TM1.

Rer1 selectively binds to unassembled Pen2
Next, we wanted to test whether Rer1 would also bind to
Pen2 itself. Rer1–V5 was stably expressed together with the
N-terminally Myc-tagged Pen2 or Pen2N/L. Both variants assembled
into a functional g-secretase complex, indicating correct folding
and function (supplementary Fig 2D online and data not shown).
Co-immunoprecipitation experiments indicated that Rer1 bound
to Pen2 dependent on the crucial asparagine in TM1 (Fig 4A),
validating the data obtained with the CD4 reporter protein. To
analyse whether Rer1 binds to g-secretase complex-assembled or
unassembled Pen2, co-immunoprecipitations were carried out in
cells stably expressing Rer1–V5 and Myc–Pen2 variants (Fig 4B).
Immunoprecipitation with a V5 antibody precipitated Pen2, but
not Nct, Aph1a or PS1, the other g-secretase complex compo-
nents, indicating that Rer1V5 binds to only unassembled Pen2
(Fig 4B). By contrast, immunoprecipitation with a Myc antibody
co-precipitated Myc–Pen2 together with mature Nct, Aph1 and

PS1 (Fig 4B). These data showed that there was a fraction of
Myc–Pen2 in the cell assembled into a g-secretase complex and
not binding to Rer1, and another fraction that was unassembled
and bound Rer1. Unassembled Pen2N/L, which is not able to
bind to Rer1 (Fig 4A), is expected to escape the ER-retention
mechanism and to accumulate at the plasma membrane. Indeed,
stably expressed GFP-tagged Pen2 accumulated 1.6 times more at
the plasma membrane when the crucial asparagine in TM1 was
mutated, supporting the data obtained with the CD4 variants
(supplementary Fig 2A,C online).

In cells stably overexpressing Rer1, endogenous levels of Pen2
were increased (Fig 4C), whereas levels of Pen2 messenger RNA
were unchanged (Fig 4D), indicating stabilization of unassembled
Pen2 by binding to Rer1 and confirming an interaction of the two
proteins. The levels of mature Nct, PS1 fragments and Aph1a,
indicative of the total amount of mature g-secretase complex,
were unchanged, further supporting the data that Rer1 selectively
interacts with unassembled Pen2 (Fig 4C). We noted that, on
overexpression of Rer1, the immature/mature Nct ratio consis-
tently changed towards mature Nct, the complex assembled form
(Fig 4C). This might be a consequence of the increased Pen2
levels, which might increase g-secretase assembly and export
out of the ER. Indeed, Pen2 was shown to be rate limiting for
g-secretase complex assembly (Kimberly et al, 2003; Takasugi
et al, 2003).

Together, these data indicate that unassembled Pen2 is
retained/retrieved in the ER by Rer1, a process that requires a
crucial asparagine in the TM1 of Pen2. Rer1 specifically binds to
and retains unassembled Pen2, supporting our hypothesis that
a quality control system ensures that only fully assembled
g-secretase complex—but not unassembled subunits—can leave
the ER. Furthermore, we identify Pen2 as the first substrate of
mammalian Rer1, opening the possibility to study previously
uncharacterized ER-retention mechanisms governed by TM-based
retention signals.

METHODS
Antibodies and cell lines. Nct, Aph1a, PS1 N- and C-terminal
fragment, GFP and CD4 were detected as described previously
(Kaether et al, 2004). For FACS sorting, CD4–APC (Miltenyi
Biotec, Bergisch Gladbach, Germany) was used. For the detection
of Myc-tagged Pen2 and haemagglutinin (HA)-tagged TNFa,
monoclonal 9E10 (Santa Cruz Biotechnology, Santa Cruz, CA,
USA) and anti-HA (Sigma) were used, respectively. Rer1 was
detected using a custom-made affinity-purified polyclonal anti-
serum against the C terminus of human Rer1 (Eurogentec, Seraing,
Belgium). HEK293 cells stably expressing Swedish mutant APP
(Swe) were described previously (Citron et al, 1992).
Complementary DNA constructs and transfections. Human
RER1 was amplified from a brain cDNA library, by using standard
PCR and appropriate primers that allowed subcloning into
pcDNA6/V5-His (Invitrogen, Karlsruhe, Germany). TNFa–HA
was obtained from S. Lichtenthaler and CD4–TMNct from
A. Capell (Capell et al, 2005). For siRNA approaches, a mixture
of four siRNA duplexes against Rer1 and control siRNA (both from
Dharmacon, Lafayette, CO, USA) were transfected by using
Amaxa nucleofector technology. CD4 and TNFa fusion constructs
were cloned by using standard molecular cloning techniques and
pcDNA3.1/Hygro (Invitrogen). Amino-acid sequences of TMDs
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and adjacent domains are shown in supplementary Fig 1A online.
Mutations were introduced using the QuikChange site-directed
Mutagenesis Kit (Stratagene, La Jolla, CA, USA). N-terminally
tagged Myc–Pen2 and GFP–Pen2 were cloned using PCR
and pCMV-Myc and pEGFP-C1, respectively (both Clontech,
Mountain View, CA, USA). Cells were transfected with Lipofecta-
mine 2000 (Invitrogen). Pen2 variants were stably expressed in
HEK293 cells stably expressing Pen2 siRNA (Prokop et al, 2004).
Primer sequences and cloning details are available on request.
Co-immunoprecipitation. Co-immunoprecipitation was carried
out from cell lysates extracted in 2% CHAPSO/citrate (pH 6.4)
and protease inhibitor mix with antibodies as indicated. Immuno-
precipitated proteins were separated on 8% or 10% SDS–
polyacrylamide gel electrophoresis gels, 11% urea gels or
10–20% Tris-tricine gels (Invitrogen), and then transferred to
polyvinylidene difluoride membranes. Membranes were cut at
appropriate positions and blotted with antibodies as indicated.
Deglycosylation and cell surface biotinylation. Deglycosylation
and cell surface biotinylation experiments were carried out as
described previously (Kaether et al, 2002). Total GFP–Pen2 (from
direct lysate) and cell surface levels (from streptavidin precipita-
tion) on western blots were quantified using a Fluorchem 4800
system (Alpha Innotech, San Leandro, CA, USA).
Fluorescence-activated cell sorting analysis. FACS analysis was
carried out by using a BD FACSCalibur and standard protocols.
The fractions of CD4 antigen at the plasma membrane against
total were determined using a Cytofix/Cytoperm kit from BD

(Heidelberg, Germany) in three independent experiments. The
relative increase in surface fluorescence after siRNA transfection
was measured as follows. The amount of CD4 antigen at the plasma
membrane was determined using FACS after control siRNA
transfection (CD4ctrl) and Rer1 siRNA transfection (CD4Rer1). The
relative increase was then calculated by CD4Rer1/CD4ctrl-1.
Microscopy. Immunofluorescence was carried out using standard
protocols and Alexa 555- or 586-labelled secondary antibodies
(Molecular Probes, Breda, The Netherlands). Microscopy and
image acquisition was carried out as described previously
(Kaether et al, 2004), with the modification that for some images
a Zeiss Apotome was used (Carl Zeiss, Jena, Germany).
Reverse transcription–PCR. Total RNA was isolated using Nucleo-
Spins RNAII (Macherey-Nagel, Düren, Germany). RT–PCR was
carried out using the ThermoScriptTM RT–PCR system (Invitrogen)
and primers specific for human Rer1, Pen2 and b-actin.
Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
Note added in proof. During the revision of this paper, a study
suggesting a binding of Rer1 to Nct, but not to Pen2, was
presented, a finding not supported by our data (Spasic et al, 2007).
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