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Assembly of y-secretase occurs through stable
dimers after exit from the endoplasmic reticulum

Rosanne Wouterst?*@®, Christine Michiels»?*@®, Ragna Sannerud>>*@®, Bertrand Kleizen?, Katleen Dillen?, Wendy Vermeire®?, Abril Escamilla Ayala*®,
David Demedts"?@®, Randy Schekman®®, and Wim Annaert"?@®

y-Secretase affects many physiological processes through targeting >100 substrates; malfunctioning links y-secretase to
cancer and Alzheimer’s disease. The spatiotemporal regulation of its stoichiometric assembly remains unresolved.
Fractionation, biochemical assays, and imaging support prior formation of stable dimers in the ER, which, after ER exit,
assemble into full complexes. In vitro ER budding shows that none of the subunits is required for the exit of others. However,
knockout of any subunit leads to the accumulation of incomplete subcomplexes in COPII vesicles. Mutating a DPE motif in
presenilin 1 (PSEN1) abrogates ER exit of PSEN1 and PEN-2 but not nicastrin. We explain this by the preferential sorting of
PSEN1 and nicastrin through Sec24A and Sec24C/D, respectively, arguing against full assembly before ER exit. Thus, dimeric
subcomplexes aided by Sec24 paralog selectivity support a stepwise assembly of y-secretase, controlling final levels in post-

Golgi compartments.

Introduction
y-Secretase constitutes a di-aspartyl protease that cleaves type I
transmembrane proteins within their membrane-spanning do-
main (De Strooper et al., 1998; Edbauer et al., 2003; Wolfe et al.,
1999). This action requires a preceding shedding of the ectodo-
main to generate C-terminal fragments. The result of this dual
processing is the release of a C-terminal intracellular domain
into the cytosol and remaining short hydrophobic peptides into
the extracellular milieu (De Strooper and Annaert, 2010; Escamilla-
Ayala et al., 2020a). Currently, >100 substrates are identified,
among which are the well-known amyloid precursor protein
(APP) and Notch (Haapasalo and Kovacs, 2011; Jurisch-Yaksi
et al., 2013). In the case of APP C-terminal fragment (CTF),
y-secretase processing releases short amyloid-B (AB) peptides
of various lengths, of which those >42 aa are increasingly
prone to aggregate (Jarrett et al., 1993). As such, they comprise
the major components of senile plaques that, together with neu-
rofibrillary tangles, are the chief neuropathological hallmarks of
Alzheimer’s disease (AD; Bancher et al., 1989; Iwatsubo et al.,
1994). Because of its key role in AB production, y-secretase remains
a therapeutic target, although clinical trials targeting y-secretase
inhibition have failed thus far (De Strooper, 2014).

y-Secretase is made up of four components: the catalytic
subunit presenilin (PSEN), nicastrin (NCT), anterior pharynx-

defective 1 (APHI), and presenilin enhancer 2 (PEN-2; Edbauer
et al., 2003; Kimberly et al., 2003; Takasugi et al., 2003). The
existence of two homologous PSENs (PSEN1 and PSEN2) and
several APHI isoforms generates separate complexes that have
distinct subcellular distributions, providing a basis for substrate
selectivity (Hébert et al., 2004; Sannerud et al., 2016; Shirotani
et al., 2004). Mutations in the PSEN and APP genes cause early-
onset familial AD (FAD) and increase total AB or the production of
longer, more toxic AP peptides (Selkoe and Hardy, 2016; Szaruga
et al,, 2017). All four y-secretase components are transmembrane
proteins that are cotranslationally inserted in the ER; however,
how assembly is regulated is still poorly understood.

The early biosynthetic pathway consists of three compart-
ments: the ER, ER-Golgi intermediate compartment (ERGIC),
and the Golgi apparatus. All three are critically involved in the
proper assembly of multimeric protein complexes as part of
secondary quality control mechanisms (Ellgaard and Helenius,
2003; Michelsen et al., 2005). Thus far, full y-secretase assembly
has been reported to take place in or during transport between
pre-Golgi compartments (Capell et al., 2005; Kim et al., 2005;
Kim et al., 2007; Kim et al., 2004), but the exact sequence of
events and the essential compartments remain elusive. More-
over, none of the y-secretase subunits bear confirmed ER exit or
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retrieval motifs, arguing that additional mechanisms are at stake
in directing assembly. For instance, retrieval of individual sub-
units, including NCT and PEN-2, is regulated through interac-
tion with the Golgi-to-ER cargo retrieval receptor RERIp at the
ERGIC/cis-Golgi (Kaether et al., 2007; Park et al., 2012; Spasic
et al., 2007). This interaction negatively controls assembly,
underscoring that affecting complex assembly in biosynthetic
compartments impacts cellular y-secretase activity. Other po-
tential regulatory components of y-secretase were identified,
such as CD147 and TMP21, but their direct link to assembly has
not been elucidated (Chen et al., 2006; Zhou et al., 2005).

ER exit is governed through cargo sorting into coat protein
complex IT (COPII)-coated vesicles (Lee et al., 2004). Herein, the
small GTPase Sarlp is recruited to its ER-localized GTP exchange
factor, Secl2p (Barlowe and Schekman, 1993; Sato et al., 1996).
This initiates the sequential recruitment of COPII coat proteins,
first the Sec23/24p complex and next the Secl3/31p complex,
deforming the ER membrane along with packaging cargo into
nascent vesicles (Barlowe et al., 1994; McCaughey and Stephens,
2019). Sec24p has four paralogs, and the presence of multiple
cargo binding sites makes it an important player in capturing a
broad range of cargo molecules exiting the ER (Mancias and
Goldberg, 2008; Zanetti et al., 2012). Thus far, PSEN1 has been
shown to largely depend on Sec24A for ER exit (Kim et al., 2007),
and its packaging into COPII vesicles appeared to be uncoupled
from APP (Kim et al., 2005), suggesting distinct carriers for
export of enzyme and substrate. To our knowledge, no other
transport motifs or mechanisms used by individual y-secretase
components to mediate ER-Golgi transport have been identified.

In this study, we combined cell fractionation and biochemical
ER exit/COPII budding assays with blue native PAGE (BN-PAGE)
and high-resolution imaging to uncover y-secretase assembly in
early biosynthetic compartments. Our data show that none of
the individual subunits is required for the recruitment of other
subunits in COPII vesicles but that individual subunits may
prefer distinct COPII coat compositions for exit. We provide
evidence that final assembly primarily occurs beyond the ER
through a prior assembly of PSEN1/PEN-2 and NCT/APHIA
dimers in the ER.

Results

Individual y-secretase subunits can exit the ER independently
from other subunits

Transport from the ER to the ERGIC/cis-Golgi is largely gov-
erned by the regulated sorting of cargo through COPII-coated
transport carriers. As the transient nature of COPII vesicles
complicates their analysis, we exploited an in vitro ER vesicle
budding assay using semi-intact cells (SICs) to inspect the ER
export regulation of individual y-secretase subunits (Kim et al.,
2007).

Following incubation of SICs with nucleotides and concen-
trated cytosol as a source of COPII proteins, newly formed COPII
vesicles were separated from SICs by low-speed centrifuga-
tion, after which the budded vesicles were sedimented by ul-
tracentrifugation. Omitting nucleotides or cytosol, or including
dominant-negative Sarlb-H79G, blocks ER budding and was
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used for background subtraction and to demonstrate COPII se-
lectivity, respectively (Fig. 1 A; Kim et al., 2007). Furthermore,
the ER-resident protein ribophorin and the ER exit marker
ERGIC53/p58 were included as negative and positive controls,
respectively (Fig. 1 A, top panels). We first asked whether any of
the y-secretase subunits were required for the export of others
by using WT and different knockout (KO) cell lines, including
PSEN double-KO (PSEN-dKO), NCT-KO, APHI triple-KO (APHI-
tKO), and PEN-2-KO mouse embryonic fibroblasts (MEFs). As
shown in Fig. 1 A and quantified in Fig. 1 B, p58 but not ribo-
phorin was recovered in COPII vesicle fractions (budding reac-
tion). Addition of recombinant Sarlb H79G fully blocked budding,
underscoring that we selectively monitored COPII-dependent ER
export. In WT SICs, all the individual y-secretase subunits exited
the ER in an Sarlp-dependent manner. Note that for PSEN1 and
NCT, only the full-length (FL) and immature forms, respectively,
were efficiently packaged in COPII vesicles, as shown previously
in PSENI-overexpressing cells (Kim et al., 2007). An important
step in assembly of functional y-secretase is the endoproteolysis of
FL PSENI into an N-terminal fragment (NTF) and CTF. As PSEN1
endoproteolysis is strongly impaired or absent when other subunits
are knocked out, FL PSEN1 accumulated and was increasingly re-
covered in COPII vesicles budding from NCT-KO, APH-tKO, and
PEN-2-KO SICs (Fig. 1 A).

Overall, these data demonstrated that none of the y-secretase
components required the presence of all other subunits to be-
come sorted into COPII vesicles, underscoring that full assembly
of the y-secretase complex is not a requirement for ER export.
We noted also that, compared with p58/ERGIC53, the overall
budding efficiency of y-secretase subunits remained low, irre-
spective of the genotype. Of note, SICs derived from primary
cortical neurons and glial cells gave similar results, underscoring
comparable in vitro ER exit regulation in these specialized cell
types (Fig. S1 A). Unfortunately, KO of each of the different
y-secretase subunits results in early embryonal lethality, pre-
venting the generation of primary neurons. Therefore, experi-
ments were performed on immortalized MEFs derived from
these KO genotypes.

Subcellular distribution of mature y-secretase complexes

We next explored the assembly state in the secretory pathway
using complementary ultracentrifugation strategies to obtain
enriched fractions of ER, ERGIC, early and late endosomes/
lysosomes (next called “endosomal fraction”), and plasma mem-
brane (PM; Figs. 2 A and S1). Subsequent extraction of or-
ganellar fractions using 0.5% n-dodecyl B-p-maltoside (DDM)
and analysis by BN-PAGE allowed us to compare the relative
enrichments for mature tetrameric complexes versus sub-
complexes, as shown in Fig. 2, A and B (Fraering et al., 2004a;
Kim et al., 2007; Spasic et al., 2007). In WT cells, NCT-APHIA
dimers were clearly detected in ER fractions, but, compared
with the full 440 kD complexes, they were strongly decreased
in ERGIC fractions and were essentially absent in endosomal
fractions (Fig. 2 A). Mature complexes, on the other hand, were
poorly detected in the ER but markedly increased in the ERGIC
and were the sole complexes observed in endosomal fractions
(Fig. 2 A) and purified PMs (Fig. 2 B). We noticed that endosomal
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Figure 1.

ER exit of individual y-secretase subunits does not require expression of all subunits. SDS-PAGE of in vitro COPII vesicles from WT, PSEN-dKO,

NCT-KO, and APH1-tKO SICs: 4.2% of SICs (input) and 100% of COPII vesicles were analyzed. Reactions without nucleotides (ATP + GTP) or cytosol were used
for background subtraction. COPII budding was inhibited by mutant Sarlb H79G. (A) Scheme of assay and Western blot of COPII packaging using antibodies
against ERGIC53/p58 (positive control), ribophorin (negative control), and y-secretase subunits. Asterisks indicate an unrelated band as detected with anti-
PSEN1 antibodies in PSEN-dKO fractions. In the different SICs, except PSEN-dKO, only PSEN1 FL exited the ER in an Sarl-dependent manner (open ar-
rowheads). Except for their respective KO SICs, both APH1A and PEN-2 were recovered in COPII vesicles next to immature NCT (NCTimm; filled arrowheads).
(B) Quantification of COPII budding efficiencies as the ratio of signal intensity of the input fraction to the COPII vesicle fraction, corrected for the background
obtained in the absence of nucleotides. Graphs show mean budding efficiency + SEM of at least three or four independent assays.
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Figure 2. y-Secretase complexes enrich from ERGIC to endosomal fractions and PM (see also Fig. S1). (A) BN-PAGE of y-secretase complexes in PNS
compared with enriched compartments (ER, ERGIC, and early to late endosomes/lysosomes [endo]) from MEF WT and PSEN-dKO (see Fig. S1). Membranes
were extracted in 0.5% DDM to resolve complexes (Fraering et al,, 2004a; Spasic et al,, 2007), and equal protein amounts were loaded. Western blot for NCT,
APH1A,, PSEN1-CTF, and PEN-2 showed a gradual increase in the ratio of the 440 kD band (full complex; filled squares) versus ~220 kD NCT/APH1A sub-
complexes (asterisks), particularly between the ER and the ERGIC. Mature complexes were predominant in endosomal fractions. In PSEN-dKO, only NCT/
APH1A subcomplexes were found in the ER and were most strongly enriched in the ERGIC. APH1B-containing complexes dominated in endosomal fractions.
(B) BN-PAGE of DDM extracts of PNS and isolated PMs (Tharkeshwar et al., 2017). Only ~440 kD full complexes (filled squares) were found positive for all
subunits, including APH1A, being highly abundant at the cell surface. Open circles indicate the NCT/APH1A/PSEN1-CTF subcomplex. Representative Western

blots are shown.

fractions were devoid of APHIA; instead, APHIB was strongly
enriched, indicating that this differently composed complex was
more enriched in endosomes, whereas APHIA complexes were
more abundant at the cell surface (Fig. 2 B). In MEF PSEN-dKO
cells, immature NCT-APHIA subcomplexes accumulated in en-
riched ER and ERGIC fractions, whereas their presence sharply
declined in endosomal fractions (Fig. 2 A). This indicates that in
the absence of PSEN expression, the dimeric NCT-APH1 sub-
complex was retained in early biosynthetic compartments. Di-
meric subcomplex retention was further supported in studies
using confocal microscopy, wherein we analyzed the distribution
of GFP-PSEN1 stably rescued in PSEN-dKO MEFs (mimicking the
WT situation with GFP-PSEN1-containing full complexes) as
well as in PSEN-dKO/NCT-KO and PSEN-dKO/PEN-2-KO MEFs
(preventing full assembly and GFP-PSEN1 endoproteolysis). Of
note, the N-terminal GFP tag did not affect the functionality of
PSENI in y-secretase (Fig. S2 A) or its localization (Escamilla-
Ayala et al., 2020b; Sannerud et al., 2016). In the presence of all
four subunits, GFP-PSEN1 colocalized with markers for post-
Golgi compartments, including LAMPI1 and with transferrin
receptor (TfR; Fig. 3 A, top panel). In contrast, in an NCT-
or PEN-2-KO background, GFP-PSEN1 predominantly colo-
calized with mCherry-Sec61B, indicating ER retention (Fig. 3
A, middle and bottom panels). We could not colocalize GFP-
PSEN1 with p58 in ERGIC compartments (Fig. 3 B), in agreement
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with the low ER budding efficiencies observed in our in vitro
assay (Fig. 1 B).

We argued next that blocking ER exit would result in a more
marked entrapment of subunits in p58-positive ER exit sites
(ERESs). To test this, we treated cells with a mixture of noco-
dazole (Noco) and brefeldin A (BFA) because this has been
shown to confine secretory cargo in ERES through uncoupling
cargo sorting from later transport (Dukhovny et al., 2008). This
treatment results in a conversion of the tubulovesicular ERES
to more globular membranes that accumulate cargo while ex-
cluding ER-resident proteins. Quantitative confocal analysis
revealed a moderate but significant increase of GFP-PSENI in
p58-positive ERES in NCT-KO and PEN-2-KO cells compared
with WT, in accordance with our in vitro budding data (Fig. 3 C
and Fig. 1 B). Super-resolution visualization further confirmed
the presence of GFP-PSENI in or near enlarged ERES (Fig. 3 D). We
next blocked COPI-mediated retrograde transport using transiently
overexpressed HA-tagged Arfl-Q71L in GFP-PSENI1-rescued PSEN-
dKO, PSEN-dKO/NCT-KO, and PSEN-dKO/PEN-2-KO MEFs.
Whereas p58/ERGIC-53 immunoreactivity, as expected, strongly
accumulated in Arfl-Q71L-positive compartments, no concomi-
tant accumulation of GFP-PSENI in either NCT or PEN-2-KO
conditions was observed, arguing against active recycling of
unassembled subunits/subcomplexes (Fig. 3 E). Of note, in NCT-
KO and PEN-2-KO backgrounds, GFP-PSEN1 was confined in
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Figure 3. y-Secretase subunits are present in minute amounts in p58-positive structures. (A and B) GFP-PSEN1 was retained in the ER in the absence of

Arf1-Q71L

GFP-PSENT GFP-PSENT

NCT or PEN-2. MEFs expressing GFP-PSEN1/y-secretase (top, mimicking WT situation), lacking NCT (middle) or PEN-2 (bottom), were transfected with
mCherry-SEC61B to visualize the ER. After 24 h, fixed cells were stained for Lamp1 or TfR (A) or p58 (B). When y-secretase complex formation was restored,
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GFP-PSEN1 codistributed on Lampl-positive organelles and at the cell surface (marked by TfR in A). p58 and GFP-PSEN1 colocalized in none of the conditions
(B). Insets: Zooms of the squares on the merged panels. (C) Localization of GFP-PSENI in Noco/BFA-induced dilated ERES. PSEN1/PSEN2/NCT-tKO MEFs
stably rescued with GFP-PSEN1 treated with 1 jig/ml Noco on ice (20 min) followed by 1 ug/ml Noco + 5 ug/ml BFA (37°C, 3 h), were fixed and immunostained
for GFP (green) and p58 (red, identifying dilated ERES). Arrowheads: GFP-PSEN1 accumulation close to enlarged ERES. Right: Quantification of mean fluo-
rescence intensity (MFI) of GFP in p58-positive enlarged structures showed increased colocalization of GFP-PSEN1 with p58 in NCT-KO and PEN-2-KO. The box
and whisker graph shows all the data points. P values were determined by unpaired Student’s t-test. (D) Airyscan imaging of NCT-KO MEFs treated as in C.
Left: Merge of GFP (green) and p58 (red) with two regions of interest (ROIs 1 and 2). Middle and right: Zooms of ROls as Z-stack images (0.2-um steps),
correlating frame-by-frame GFP-PSEN1 presence in p58-positive dilated ERES (arrowheads). (E) GFP-PSEN1 does not accumulate upon ArflQ71L expression.
MEFs expressing GFP-PSEN1/y-secretase (top) or lacking PEN-2 (middle) or NCT (bottom) were transfected with HA-Arf1Q71L. After 24 h, cells were fixed and
stained for GFP, HA, and p58. p58, but not GFP-PSENL, is strongly enriched in Arfl-Q71L-positive compartments. Scale bar = 10 pm (A-C and E); 5 um (D).

clear patches, often in the neighborhood of enlarged ERES (Fig. 3
C, arrowhead), indicating that, aside from the small amounts
exiting the ER in a COPII-dependent manner, major amounts of
GFP-PSENI are retained in specific ER regions or domains. We
next explored whether, in a given y-secretase subunit KO back-
ground, remaining subunits exit the ER independently or associated
in subcomplexes.

y-Secretase subcomplexes preferentially exit the ER in de novo
COPII transport carriers

It is believed that y-secretase assembly starts with the formation
of an NCT-APHIA subcomplex with which PSEN1 and PEN-
2 then associate (Fraering et al., 2004a; LaVoie et al., 2003).
Alternatively, assembly might occur through the association of
two preformed dimeric subcomplexes of NCT/APHI and PSEN1/
PEN-2 (Spasic and Annaert, 2008). To determine the y-secretase
assembly status in relation to ER export, we inquired to what
extent subcomplexes are preferentially sorted in COPII vesicles,
using the in vitro ER budding/COPII reconstitution assay. For
this analysis, we extracted the input and COPII vesicle fractions
with 0.5% DDM to discriminate between mature complexes and
subcomplexes of y-secretase (see above and Fraering et al.,
2004a). To increase the detection limit for BN-PAGE, we scaled
up the budding reaction threefold.

For WT SICs, BN-PAGE analysis clearly revealed that only
endogenous monomeric NCT and minute levels of dimeric NCT/
APHIA exited the ER in an Sarl/COPII-dependent manner (Fig. 4
A, indicated by open diamonds and asterisks, respectively;
compare lanes 2 and 3). Larger complexes, such as the NCT/
APHIA/PSENI-CTF (Fig. 4 A, open circle) subcomplex and fully
assembled y-secretase (Fig. 4 A, filled square), were also present
in these fractions; however, for these species, in vitro budding
was not blocked by the dominant-negative Sarl H79G (Fig. 4 A;
compare lanes 2 and 3 of each blot). Thus, the larger complexes
were not packaged into COPII vesicles but were possibly derived
from other unrelated vesicular budding events. Note that the
trimeric NCT/APH1A/PSEN1-CTF subcomplexes might also
represent full complexes that have lost the PSEN1-NTF and PEN-
2 during extraction (Fraering et al., 2004a; Kim et al., 2007). Of
note, similar results were obtained in SICs derived from primary
rat glial cells (Fig. S3 A).

We next analyzed 0.5% DDM-extracted budding reactions
obtained from the different KO MEFs and compared the ER exit
of monomers and subcomplexes with WT MEFs, using herein
anti-NCT as a reference (left panels in Fig. 4, A-C). COPII vesi-
cles budding from NCT-KO SICs packaged a dimeric PSEN1/

Wouters et al.

y-Secretase assembles through dimers

PEN-2 complex (Fig. 4 B). Here, PSENI1 represented the FL
protein because this band was detected by both anti-PSEN1-NTF
and -CTF antibodies and migrated at a lower mobility than the
PSEN1-NTF/PEN-2 band (this latter band came from membranes
other than COPII vesicles because its detection was not Sarl
dependent). In APH1-tKO SICs, the same FL-PSEN1/PEN-2 dim-
ers were recovered in addition to a prominent band representing
monomeric NCT, suggesting that they too exited the ER inde-
pendently. To test this further, we analyzed PSEN-dKO SICs
(Fig. 4 C). Indeed, again, NCT and APH1A were packaged in COPII
vesicles predominantly as dimers, with only trace amounts of
monomeric NCT. Interestingly, COPII vesicles produced from
PEN-2-KO SICs accumulated mainly the trimeric NCT/APH1/
FL-PSENI1 complexes with much lower amounts of NCT/APH1
dimers and monomeric NCT. Whereas in the absence of PEN-
2 expression, PSEN1 does not become endoproteolysed (Prokop
et al.,, 2004), it now appeared not to require PEN-2 for binding
the NCT/APHIA, resulting in the formation of trimeric com-
plexes that exit the ER. Furthermore, from the results in both
PSEN-dKO and PEN-2-KO SICs, we concluded that FL. PSEN1
binds directly to NCT/APHIA and not via PEN-2. This was con-
firmed by coimmunoprecipitation using anti-NCT mAb 9C3,
demonstrating that in WT extracts, all four subunits were re-
covered in the bound fractions (Fig. S3 B). On the other hand, in
APHI-tKO, PSEN-dKO, and PEN-2-KO extracts, only the cognate
partner subunit identified by BN-PAGE was coimmunoprecipi-
tated with immature NCT, validating the use of BN-PAGE in
combination with DDM extraction for analyzing complex for-
mation during ER exit.

Thus, our results are not in favor of full complexes being
formed before ER exit. Instead, the findings support the idea that
mainly two dimer subcomplexes, NCT/APH1 and PSEN1/PEN-2,
are formed in the ER and become independently packaged in
COPII transport vesicles. In this result, the PSEN1/PEN-2 com-
plexes comprise FL PSEN], in agreement with the idea that
PSENI endoproteolysis occurs beyond the ER (Kim et al., 2007).
Because our data underscored the preformation of dimers as a
step before full assembly, we wondered about the physiological
relevance of this particular sequence of events. We considered
the possibility that dimerization might promote subunit sta-
bility and thereby reduce premature degradation by the ER-
associated degradation pathway. To test this, we explored the
stability of all subunits in the different KO backgrounds using
cycloheximide (CHX) treatment over 6- and 24-h periods (Fig. 5 A).
Immature NCT steady-state levels were lowered in the absence
of APHI, whereas this was not the case in PSEN- or PEN-2-KO
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Figure 4. Deficiency of a given y-secretase component allows ER exit of remaining subunits in subcomplexes. (A) BN-PAGE of y-secretase in 0.5%
DDM-extracted COPII vesicles of WT, (B) NCT-KO and APH1-tKO, and (C) PSEN-dKO and PEN-2-KO SICs. Budding reactions without cytosol or nucleotides or
with Sarl-H79G were for background subtraction and specificity, respectively. Antibodies against y-secretase subunits identified monomers and subcomplexes
(Fraering et al., 2004b). Full complexes did not exit the ER Sarl dependently (compare lanes 2 and 3), whereas KO SICs efficiently packaged preceding
monomers/subcomplexes (dimeric NCT/APH1 [asterisks] in PSEN-dKO, FL PSEN1/PEN-2 [filled circles] in NCT-KO and APH1-tKO; NCT/APH1A/FL-PSEN1
[open triangles] in PEN-2-KO; lane 2 in all blots) in an Sarl-dependent manner. Lane 1, without ATP/GTP = negative control.

backgrounds (Fig. 5 A, bar graphs). Likewise, APHIA levels
were clearly decreased in the case of NCT-KO but maintained in
the other KO backgrounds, consistent with a mutual stabilizing
effect on NCT-APHI dimers. Similarly, PSEN deficiency sub-
stantially affected PEN-2 stability (Fig. 5 A, bar graphs). The
stabilizing features of dimers appear to be limited in time as
well. In NCT-KO and APHI-tKO MEFs, FL PSEN1 and PEN-
2 ultimately were degraded after extended CHX treatment
(Fig. 5 A, line graphs), as observed as well for NCT and APHIA
in the case of PSEN deficiency. The outlier appeared to be PEN-
2-KO MEFs: here, FL PSEN1 was dramatically increased and

Wouters et al.

y-Secretase assembles through dimers

remained stable even after 24-h CHX treatment (Fig. 5 A), likely
due to its incorporation into stable NCT/APH1A/FL-PSENI trim-
ers, the predominant subcomplex seen in the ER budding assays
as well (Fig. 4 C). Notably, the formation of dimers before full
assembly remains visible in the molecular structure of y-secretase,
where the NCT/APHIA dimer is clearly distinguishable from
the PSEN1/PEN-2 dimer (Fig. 5 B and Video 1; Yang et al., 2021).
Whereas each dimer features intimate stacking between the
respective transmembrane domains (TMDs), both dimers ap-
pear to align next to each other, leaving a noticeable gap and
supporting an assembly from dimers (dashed lines in Fig. 5 B).
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Figure 5. Dimer formation stabilizes monomeric subunits, maintaining a steady ER resource for assembly of y-secretase complexes. (A) SDS-PAGE of
subunit steady-state levels and degradation after CHX treatment in MEF WT, NCT-KO, APH1-tKO, PSEN-dKO, and PEN-2-KO. Representative blots after 0-h
(steady state), 6-h, or 24-h CHX treatment (filled arrowheads: immature NCT; open arrowheads: FL PSENI; open arrows: PSEN1-NTF). (B) Quantification for
degradation normalized to O h and for steady-state levels to WT levels (0 h). Immature NCT degraded fastest and had the lowest steady-state levels in the
absence of APH1 and vice versa. Likewise, PEN-2 degraded fastest and had the lowest steady-state levels in the absence of PSEN. FL PSEN1 degraded slowest
and was most stable in the absence of PEN-2 (i.e., when NCT/APH1A/PSENL trimer formation was observed). Graphs show mean normalized protein levels +
SEM (n = 3) (C) Lateral (top) and bottom (bottom) views of the y-secretase structure (Protein Data Bank accession no. 6LR4, prepared using UCSF Chimera;
Pettersen et al., 2004) with NCT (green), APH1A (blue), PSEN1 (orange), and PEN-2 (pink). Asterisks indicate the connection between the PSEN1 C-terminus
and APH1A; arrowheads indicate PSEN1-PEN-2 interaction; dotted lines indicate the space between dimers (Video 1).
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PSEN1/PEN-2 is essentially connected to APHIA through the
C-terminus of PSENI (asterisk in Fig. 5 B). The dimer pairing
may be further stabilized or strengthened through the large
NCT ectodomain that bends over the PSEN1/PEN-2 dimer.

y-Secretase subunits may use distinct COPII coat compositions
to exit the ER

Except in the case of PEN-2-KO MEFs, mostly dimeric sub-
complexes exit the ER. A potential mechanism to keep dimers
separated during ER exit could be through Sec24 isoform spec-
ificity. To test this, we adapted our budding assay by reducing
cytosol concentrations to levels that do not support COPII vesicle
budding and adding recombinant COPII coat proteins.

The COPII coat is formed on the ER membrane from three
subunits: Sarl-GTP and the dimeric Sec23/24 and Sec13/31 coat
proteins (Fig. 6 A; Bickford et al., 2004; Fath et al., 2007; Zanetti
et al., 2012). Sec24 is the major cargo selection subunit of the
COPII coat that binds ER exit motifs (Adolf et al., 2016; Miller
et al., 2002; Miller et al., 2003; Miller et al., 2005). In humans,
there are four Sec24 isoforms (A-D) and two Sec23 isoforms (A
and B), creating versatility of ER cargo selection. To explore the
COPII coat preference for the different y-secretase subunits, we
expressed and purified the different Sec24 isoforms, each in a
complex with Sec23A (Kim et al., 2007; Mancias and Goldberg,
2008), and combined these with recombinant Sarl and Sec13/31
to reconstitute COPII vesicle budding. Of note, because the
Sec23A/Sec24B subcomplex is highly proteolytically sensitive,
this isoform was excluded. Besides ERGIC53/p58, we included a
second control, RERIp, a Golgi-to-ER cargo receptor (Annaert
and Kaether, 2020). Assay conditions including nucleotides
and cytosol were used to normalize ER export efficiencies by
the different Sec24 isoforms. Lowering cytosol concentration
reduced COPII packaging activity to basal levels (Fig. 6 A;
quantified in Fig. 6 B), which could be marginally restored by
adding recombinant Sec13/31 or Sarl (Fig. 6). When Sec23A/24
isoforms were additionally included, efficient isoform-specific
packaging was observed (Fig. 6). Whereas all isoforms sup-
ported COPII-dependent exit of the control cargo proteins ER-
GIC53/p58 and RERIp, the packaging efficiencies for Sec24C
and Sec24D were significantly higher. The preference of RERIp
for Sec24C/D is in accordance with a recent proteome analysis
of COPII vesicles (Adolf et al., 2019). In MEF WT cells, Sec24C/D
isoforms mainly supported COPII sorting of immature NCT,
similar to that seen for RER1p, whereas FL PSEN1 preferred the
Sec24A isoform for packaging (Fig. 6, A and B, top panel; and as
reported in Kim et al., 2007). In APH-tKO, the same preference
of NCT for Sec24C/D and PSEN1 for Sec24A was found (Fig. 6, A
and B, middle panels). Surprisingly, in the absence of PEN-2,
this specificity was lost because both NCT and PSEN1 were re-
covered in vesicles with all three Sec24 isoforms in PEN-2-KO
cells (Fig. 6, A and B, bottom panels). This agreed with the sorting
of the trimeric NCT/APH1A/PSENI1 subcomplex in COPII vesicles
of PEN-2-KO cells we detected earlier (Fig. 4 C, bottom). This
trimer now may combine the cargo sorting information in one
complex, resulting in a loss of Sec24A isoform specificity.

To further determine the source of this apparent Sec24 iso-
form preference, we took advantage of a FAD-associated PSEN1
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mutation, PSENIAEY, that is largely deficient in incorporation
into COPII-coated vesicles (Kim et al., 2007). Exon 9 skipping in
these FAD patients causes a 29-aa deletion in the PSENI1 se-
quence, removing the endoproteolytic cleavage site and a con-
served diacidic DXE motif (Fig. 7 A), that is reported to sort ER
cargo into COPII vesicles (Mancias and Goldberg, 2008; Nishimura
etal., 1999). To determine if the DXE motif in PSEN1 is involved in
ER export, we translated PSEN1-DXE mutants in vitro in SICs
followed by the COPII-dependent ER export assay. The advantage
of this approach is that we followed the ER export of only newly
synthesized and radiolabeled FL. PSEN1 (Kim et al., 2007). Re-
moving the charged residues of the DXE motif, or even reversing
the sequence of two negative charges (EXD), showed identical
reduction in ER export compared with the PSENIAE9 mutant
(Fig. S3, C-E). Clearly, loss of exon 9 removes not only the en-
doproteolytic cleavage site but also a conserved ER export motif
(Fig. S3, C-E; and Fig. 7 A), explaining the strong reduction in ER
exit of this FAD mutation.

Mutating the DXE motif provided an opportunity to inves-
tigate COPII-dependent export of PSENI1 in relation to the
ER exit of the dimeric PSEN1/PEN-2 and NCT/APH]I subcomplexes.
We therefore stably reintroduced WT-PSENI and mutant
PSENI1-APA [mutating Asp (D) and Glu (E) residues in the DPE
motif to Ala (A)] into PSEN-dKO using retroviral transduction
(Fig. S3 F; Sannerud et al., 2016). ERGIC53/p58 sorting into
COPII vesicles was not different between both cell lines, indi-
cating comparable ER exit efficiencies (Fig. 7, B and C). Sarl-
dependent ER export of PSEN1-APA was almost reduced to
background levels when compared with the presence of Sarlb
H79G, mimicking the effect of the PSENIAE9 FAD mutant (Kim
etal., 2007) and our results shown in Fig. S3, C-E. Importantly,
the reduced ER export of PSEN1 was paralleled by an almost
equal decline in ER export of endogenous PEN-2, underscoring
that PSENI and PEN-2 jointly exit the ER. These data are con-
sistent with the formation of a PSEN1/PEN-2 subcomplex be-
fore or during ER exit. However, because PEN-2 can still be
detected in COPII vesicles in the absence of PSEN1 (Fig. 1), the
association of PEN-2 with PSEN1 is not an absolute requirement
for PEN-2 to become sorted in COPII vesicles. In contrast, ER exit
of immature NCT was unaffected in the presence of the PSEN1-
APA export mutant (Fig. 7, B and C). This could be explained by
different COPII coat preferences for ER exit of the NCT/APH1
dimer versus the PSEN1/PEN-2 dimer. Because no obvious ER
export motif could be found in NCT, we wondered whether a
specific domain in NCT is responsible for the Sec24C/D prefer-
ence. We generated NCT-KO MEFs stably rescued with different
deletion mutants wherein either the ectodomain or the intra-
cellular domain was deleted or wherein the TMDs of NCT and of
the neuronal cell adhesion protein Telencephalin (TLN; also
called ICAM-5) were swapped (Fig. S4, A and B). All of these NCT
variants were capable of exiting the ER in de novo COPII vesicles,
demonstrating that the nature of the preference is unlikely to be
caused through a direct interaction of NCT with Sec24C/D (Fig.
S4 C). In conclusion, our data are consistent with a spatial sep-
aration of the NCT/APHIA and PSEN1/PEN-2 dimers during ER
exit, to which differential Sec24 isoform specificity may partially
contribute.
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Figure 6. PSEN1/PEN-2 and NCT/APHI1A dimers preferentially exit the ER through distinct Sec24 paralog requirements. (A) Scheme of COPII budding.
Representative Western blot of COPII vesicles with different efficiencies of Sec24 isoforms A, C, and D in packaging NCT and FL PSEN1 in MEF WT, APH-tKO,
and PEN-2-KO SICs. Ribophorin was a negative control, and ERGIC-53/p58 and RER1p were positive controls (filled arrowheads: immature NCT; white ar-
rowheads: FL PSEN1; asterisks: aspecific band). (B) Quantification of A. NCT was preferentially sorted through Sec24C/D isoforms, whereas FL PSEN1 favored

the Sec24A isoform. Data are presented as mean + SEM (n

Discussion

In this study, we combined cell fractionation and in vitro re-
constitution of COPII carrier formation in distinct y-secretase
subunit KO backgrounds to conclude that, in WT cells, hetero-
dimeric NCT/APHIA and PSEN1/PEN-2 subcomplexes prefer-
entially exit the ER in a COPII-dependent manner to become
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= 3 or 4). NCTimm, immature NCT.

fully assembled shortly thereafter, likely in the transition of

uncoated transport vesicles to the ERGIC (Fig. 7 C). This is cor-
roborated by our findings that (1) KO of a given subunit results
in the increased appearance of monomers and dimers in COPII
vesicles; (2) PSEN1 and NCT prefer different Sec24 isoforms in
COPII vesicle packaging; and (3) inhibiting PSEN1 packaging in
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PEN-2 preferring Sec24C/D and Sec24A, respectively. In WT cells, NCT/APH1A and PSEN1/PEN-2 dimers are preformed in the ER and buckle up in a full
complex after ER exit, likely during ERES-to-ERGIC transition. Prior dimer formation may prevent premature degradation of monomeric subunits, but the exact
mechanisms of how they are sorted into COPII vesicles versus retained in the ER remain to be investigated. Assembly to a full complex may hide known/
unknown interaction motifs, allowing the complex to exit the early biosynthetic compartments to post-Golgi compartments. In KO backgrounds, and due to a
failed assembly, preceding dimers (in NCT, APH1, PSEN1-KO) and trimers (PEN-2-KO) are increasingly recovered in COPII vesicles. Assembled monomers may
be routed to degradation (generated by Somersault 18:24; https://www.somersault1824.com/).
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COPII carriers, through mutation of a DPE sorting motif, blocks
ER exit of PEN-2 but not that of NCT. Prior dimer formation may
be a way to protect unassembled subunits from premature deg-
radation. Monomeric subunits appeared to be more rapidly
degraded overall (Fig. 5 B).

Interestingly, the dimer assembly signature remains visible
in the high-resolution structure of y-secretase, suggesting a
“buckle-up model” for dimer assembly (Fig. 5 B). We propose
that, upon arrival in the COPII-devoid ERES or ERGIC, both
dimers partner. Herein the large ectodomain of NCT (the “belt”)
associates with PSENI and PEN-2 through mostly van der Waals
contacts between an a-helix with surrounding loops in NCT and
the first hydrophilic loop domain of PSENI and the C-terminal
end of PEN-2 (Bai et al., 2015; Petit et al., 2019). At the center of
the horseshoe shape of y-secretase, PSENI binds to APHI through
a “buckle” shaped by three C-terminal residues of PSENI that click
into a hydrophobic pocket formed by TMD2/3/4/6/7 of APHIA,
providing a firmer connection (Bai et al., 2015).

In the absence of full complex assembly (i.e., when any of the
four subunits is knocked out), subcomplexes accumulate in
nascent COPII transport carriers. This might suggest that, when
not incorporated in full complexes, subcomplexes are actively
recycled from the Golgi to the ER. However, we could not find
experimental support for this. First, only very small amounts of
escaped subunits/subcomplexes were recovered in COPII vesi-
cles. Second, in an NCT-KO background, microscopy showed
abundant ER localization of GFP-PSENI and virtually no de-
tectable levels in p58-positive ERGIC. Minute amounts of GFP-
PSENI could be found in or near p58-positive ERES only when
ER exit was blocked. Likewise, ARF1-Q71L-mediated blockade of
retrograde Golgi-to-ER transport did not result in an accu-
mulation of GFP-PSEN1 in cis-Golgi. Thus, active recycling of
immature subunits is likely not part of the quality control
mechanism regulating complex assembly, as suggested previ-
ously (Spasic et al., 2007; Sannerud and Annaert, 2009). The
longer residence of major pools of immature subunits or sub-
complexes in the ER underscores the existence of additional, yet
unknown, mechanisms, preventing premature assembly as well
as efficiently sorting subunits or dimers toward COPII-coated exit
sites. Such retention or crowding seems to occur in ER domains
proximal to ERES locations (Fig. 3, C and D). The accumulation of
subcomplexes in nascent COPII transport carriers in each KO
background, at the expense of their monomeric status (most ob-
vious for NCT), indicates that full assembly on its own is not rate
limiting for ER exit; rather, it underscores that separate sub-
complexes first exit the ER before assembly occurs.

Previous reports provided evidence for ER-localized y-secretase
assembly (Capell et al., 2005; Holmes et al., 2014; Kim et al.,
2004). Yet, in most of these reports, NCT was modified with
an ER retrieval motif. This may activate the retrieval of com-
plexes assembled in the ERGIC/cis-Golgi, explaining the ob-
served pool of active y-secretase in the ER. Kim et al. (2007) also
used the cell-free COPII vesicle formation reaction and con-
cluded that full complexes, though inactive, can exit the ER.
However, these authors used digitonin instead of DDM for BN-
PAGE analysis. Digitonin extraction results in a major band of
~440 kD, as shown previously (Fraering et al., 2004a). Although
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Kim et al. (2007) showed that the release of vesicles containing
this species was nucleotide dependent, we found it not to be
Sarlp dependent and thus not a COPII-mediated process (Fig.
S5). The 440 kD band is more prominent in digitonin than in
DDM extraction, pointing to a higher instability of the complex
in the latter case. This instability might be related to the PSEN1-
NTF-CTF interaction because, for WT SICS, a similar Sarlp
independency was observed for the trimeric NCT/APH1/PSEN1-
CTF and PSENI-NTF/PEN-2 subcomplexes (Fig. 4).

We further show that NCT and FL PSENI (i.e., a component of
each respective dimer) have a different Sec24 isoform prefer-
ence. Although this suggests dimer-specific cargo sorting, it does
not imply that the dimers are sorted via distinct COPII-mediated
ERES and thus transport carriers. Instead, Sec24 paralogs
may form combinatorial COPII coats, expanding the range of
cargo being packaged in COPII carriers (Shimoni et al., 2000).
Whereas we find a Sec24A/B binding motif in PSEN1 but not in
the other dimer, other mechanisms besides the Sec24 iso-
form preference must be involved to keep the NCT/APHIA and
PSEN1/PEN-2 heterodimers spatially separated during cargo
sorting and ER exit (Fig. 7 C). Notably, this Sec24 preference is
lost in PEN-2-KO cells, where PSEN1 is joined by NCT and
APHIA in one trimeric subcomplex. Thus, PEN-2 might prevent
premature y-secretase assembly in the ER, providing the cell
with an elegant mechanism that avoids premature processing
of (immature) substrates. However, additional experiments are
needed to scrutinize this. How dimers finally assemble is not
yet known, but a possible scenario could be that this occurs
from the moment the COPII coats dissociate from the nascent
transport carrier and thus very shortly after ER exit. This
agrees with a strong increase in mature y-secretase complexes
in enriched ERGIC fractions (Fig. 2 A).

The DXE motif identified in the cytosolic loop domain of
PSENI is a recognition site for Sec24A/B (Mancias and Goldberg,
2008; Miller et al., 2002; Miller et al., 2003; Mossessova et al.,
2003; Nishimura et al., 1999), explaining its preference for
Sec24A in ER exit (Kim et al., 2007). However, this defect in ER
exit is kinetic in nature because the PSEN1-APA mutant even-
tually reaches post-Golgi compartments, such as the cell surface
(Fig. S3 G), reminiscent of what was observed for the PSENIAE9
mutant (Kim et al., 2007). How may PSEN1 overcome this delay
in ER export when no (known) export motifs are found in PEN-
2? One possibility is through other proteins that associate in the
ER with PSENI. For instance, the SNARE protein Sec22b was
identified as a PSENI-interacting protein (Wakabayashi et al.,
2009). Sec22b selectively binds Sec24A/B as well, and this
binding is conserved from yeast to humans (Mancias and Goldberg,
2007; Miller et al., 2003). It is thus conceivable that in the absence
of a functional DPE motif, PSEN1 benefits from the interaction with
Sec22b to exit the ER.

Sec24C/D selectivity in COPII packaging is mediated through
IxM motifs in cargo proteins (Mancias and Goldberg, 2008);
however, no such motif was found in NCT or APHI1. A deletion
strategy did not identify a domain in the topology of NCT re-
quired for ER exit (Fig. S4 C). As described above, an interaction
with other cargo molecules, such as RER1p, may provide sorting
information (Spasic et al., 2007). A recent proteomics profiling

Journal of Cell Biology
https://doi.org/10.1083/jcb.201911104

620z Jequeda( G| U0 3sanb Aq 4pdy0L L L610Z A0l/00GSL9L/0L L L610Z8/6/02Z/Pd-8lomie/qol/Bio-ssaidni//:dny woy pepeojumoq

12 of 20


https://doi.org/10.1083/jcb.201911104

of purified COPII transport carriers also revealed a preference of
RERIp, though not fully penetrant, for Sec24C/D isoforms (Adolf
et al,, 2019), suggesting it might coexit the ER with NCT as well,
instead of playing a role only in Golgi-to-ER retrieval. An
alternative explanation could be the recently reported cargo
crowding as a novel mechanism to regulate bulk flow of proteins
out of the ER (Gomez-Navarro et al., 2020).

A possible consequence of the stepwise assembly through
dimers after ER exit could be a quality control mechanism that
prevents premature formation of this protease complex in an
early biosynthetic compartment. Because all y-secretase sub-
strate precursors are translocated in the ER and undergo folding
before COPII-mediated exit, such a mechanism could prevent
the untimely processing of substrates (i.e., before they actually
execute their function in mostly post-Golgi compartments). In
addition, differences in translation, translocation, and/or folding
as part of the ER primary quality control may generate non-
stoichiometric levels of the different subunits: dimer formation
before ER exit may restore such imbalance and safeguard stoi-
chiometric exit of the four subunits while simultaneously pre-
venting full complex assembly in the ER. If the subcomplexes are
separated by Sec24 paralogs within the same COPII vesicle,
following ER exit, the disassembly of the COPII coat may facil-
itate the encountering of the heterodimers, leading to full
assembly. Alternatively, if the subcomplexes are sorted into
distinct COPII vesicles, coat disassembly combined with ho-
motypic fusion events would lead to the same outcome. This
event may sterically mask hitherto exposed retention/retrieval
motifs in the ERGIC/cis-Golgi, allowing the full complex to
progress through the Golgi for further maturation. The as-
sembly status is thus coupled to forward transport in a quality
control process resembling “hide and run” (Michelsen et al.,
2005). This process referred originally to Arg-based ER mo-
tifs in polytopic membrane proteins that are part of functional
heteromultimeric complexes, including, for instance, the ATP-
sensitive K* channel (Zerangue et al., 1999), y-aminobutyric acid B
receptor (Margeta-Mitrovic et al., 2000), and glutamate receptors
(Scott et al., 2003; Xia et al., 2001). Given the broad range of
substrates and associated pathways controlled by y-secretase,
tuning and regulating its assembly after ER exit but before
entrance into the Golgi provides a spatiotemporal mechanism
to regulate overall intramembrane proteolysis by y-secretase.
Consequently, aberrant complex assembly may have a signif-
icant impact on many physiological and pathological processes
(Jurisch-Yaksi et al., 2013).

Materials and methods

Cell culture

Studies were performed in WT MEFs, MEFs deficient for PSEN1
and PSEN2 (PSEN-dKO; Nyabi et al., 2003), for all three rodent
APH]1 variants (APHI1-tKO; Serneels et al., 2005), for NCT (NCT-
KO; provided by P. Wong, The Johns Hopkins University School
of Medicine, Baltimore, MD; Li et al., 2003), and for PEN-2 (PEN-
2-KO; Bammens et al., 2011). Pulse-chase experiments (related
to Fig. S3, C-E) were performed in Neuro2a cells. All cell lines
were routinely maintained in DMEM/F-12 (Life Technologies)
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supplemented with 10% FCS (Gibco) and in a humidified chamber
with 5% CO, at 37°C.

Cortical neuron cultures were prepared from embryonic day
17-18 fetal mice according to (Banker and Goslin, 1998). Single-
cell suspensions obtained from the cortex of individual embryos
were plated on poly-L-lysine-coated plastic dishes (Nunc) in
MEM supplemented with 10% horse serum. After 3-4 h, culture
medium was replaced by serum-free neurobasal medium
with B27 supplement (Gibco BRL). Cytosine arabinoside (5 mM)
was added 24 h after plating to prevent nonneuronal (glial) cell
proliferation. Cortical neurons on plastic dishes were used at
day 7 after plating. Glial cultures were prepared from postnatal
day 1 rat pups according to Goslin and Banker (1991). Single-cell
suspensions obtained from the cortex of individual embryos
were plated in a T75 flask in MEM (Life Technologies) sup-
plemented with 10% FCS (Gibco). The next day, cells were
shaken vigorously and washed with HBSS-Hepes (Gibco) to
remove contaminating cells; this was repeated after 3 d. Glial
cells were used after 7 d.

Antibodies

The following pAbs were purchased: rabbit anti-Rabll (Life
Technologies), rabbit anti-PSEN1 (ab24748; Abcam), rabbit
anti-PEN-2 (ab18189; Abcam), rabbit anti-early endosome an-
tigen 1 (sc-33585; Santa Cruz Biotechnology), chicken anti-GFP
(GFP-1010; Aves), and rabbit anti-NCT (5665; Cell Signaling
Technology). The following mAbs were commercially obtained:
rat anti-LAMPI (sc-19992; Santa Cruz Biotechnology), mouse
anti-LAMP1 (BD Biosciences), mouse anti-TfR (clone H68.4;
Life Technologies), mouse anti-Ap against aa 4-10 (WO2;
Sigma-Aldrich), and mouse anti-coat protein D subunit (sc-
514104; Santa Cruz Biotechnology). Other antibodies were
generously provided: mAb to Rab5 (R. Jahn, Max Planck
Institute for Biophysical Chemistry, Géttingen, Germany),
pAb against Rab7 (P. Chavrier, Centre National de la Recherche
Scientifique, Paris, France), pAbs against ribophorin and ER-
GIC53/p58 (Schekman laboratory), and pAb against cathepsin
D (P. Saftig, Institut of Biochemistry, Kiel, Germany). Rabbit
pAb against APP C-terminus (B63.3), PSEN1-NTF (B19.3), PEN-
2 (B126.1), APHIA (B80.3), and telencephalin (TLN; B36.1) and
mAbs against NCT (9C3) and PEN-2 (mAb 7D3) were generated
in-house (Annaert et al., 1999; Esselens et al., 2004). The fol-
lowing secondary antibodies were used: goat anti-rabbit HRP
(1706515; Bio-Rad Laboratories), goat anti-mouse HRP (1706516;
Bio-Rad Laboratories), rabbit anti-goat HRP (P044901; Agilent),
goat anti-chicken Alexa Fluor 488 (A32931; Thermo Fisher Sci-
entific), goat anti-mouse Alexa Fluor 568 (A11031; Thermo Fisher
Scientific), and goat anti-rabbit Alexa Fluor 555 (A21429; Thermo
Fisher Scientific).

Expression vectors and generation of stable rescue cell lines

cDNAs encoding FL PSEN1 were cloned into plasmid murine
stem cell virus (pMSCV) for retrovirus production. The DPE
motif in PSEN1 was mutated to APA using the QuikChange II
Site-Directed Mutagenesis Kit (Agilent Technologies) according
to the manufacturer’s instructions, with the forward and reverse
primers being 5'-ATGGCAGAAGGAGCCCCGGCAGCTCAAAGG
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AG-3' and 5'-CTCCTTTGAGCTGCCGGGGCTCCTTCTGCCAT-3’,
respectively. Virus was produced in HEK293T cells by cotransfect-
ing pMSCV expressing the gene of interest with the helper plasmid
plk (Ecopac) using FuGENE6 (Promega) according to the manu-
facturers’ instructions. For transduction, viral particles were diluted
in medium containing polybrene (8 ng/pl; Sigma-Aldrich). Medium
was refreshed after 24 h. To establish stable cell lines, we selected
transduced cells using 5 pg/ml puromycin (Sigma-Aldrich).

Retroviral vectors encoding WT NCT and the different dele-
tion mutants as well as mutants with swapped TMD domains
and their respective stable rescue in NCT-KO MEFs have been
generated and characterized previously (Spasic et al., 2007).

PSEN-dKO and PSEN1/PSEN2/NCT-tKO MEFs stably rescued
with GFP-PSENI using the retroviral pMSCV vector were gen-
erated and validated previously (Escamilla-Ayala et al., 2020b;
Sannerud et al., 2016). PEN-2 was knocked out in PSEN-dKO
MEFs using CRISPR/Cas9 gene editing as described (Escamilla-
Ayala et al., 2020b). Briefly, a target sequence was designed
using the web-based CRISPR Design Tool (http://crispor.tefor.
net/) to select the genomic sequence target in mouse PEN2 (5'-
CACCGAAGATAGTACTTCCGGCAC-3’). The selection marker
puromycin of the pX459 vector (Addgene) was swapped to hy-
gromycin. Oligo pairs (Integrated DNA Technologies) encoding
guide sequences were annealed and ligated into the plasmid
pX459hygro following the Zhang laboratory protocol (https://
www.addgene.org/crispr/zhang/). PSEN-dKO MEFs rescued
with GFP-PSENI were transfected with pX459hygro-PEN2 using
FuGENES6 (Promega) or with pX459hygro (control). The follow-
ing day, cells were selected with hygromycin (400 pg/ml) for
72 h. Surviving cells were grown to full confluency and passaged,
and aliquots were frozen in liquid N, until use. KO of PEN-2 was
confirmed by Western blotting.

Noco/BFA induced dilated ERES membranes (Dukhovny

et al.,, 2008)

MEFs grown on coverslips were incubated on ice with 1 pg/ml
Noco (SMLI1665; Sigma-Aldrich) for 20 min. To accumulate se-
cretory cargo in ERESs, we shifted cells to 37°C for 3 h in the
presence of 1 ug/ml and 5 pug/ml BFA (B5936; Sigma-Aldrich),
after which they were fixed in 4% PFA and processed for im-
munofluorescence as described in Sannerud et al. (2016).

In vitro ER budding assay

Preparation of SICs

SICs were prepared as described (Wilson et al., 1995), starting
from MEF cells grown to 80% confluency in three 10-cm-di-
ameter dishes (~16.5 x 10° cells). After washing with PBS~/-,
cells were trypsinized by incubation at RT for 1-2 min with 1 ml
warm (37°C) trypsin-EDTA (Invitrogen) per dish. Trypsinization
was stopped by adding 100 pl 1 mg/ml Soybean Trypsin Inhib-
itor (Fluka) per dish. Cells were resuspended in 6 ml ice-cold
KHM buffer (110 mM KOAc; 20 mM Hepes-NaOH, pH 7.2; 2 mM
MgOAc) per dish and pooled in two 15-ml falcon tubes. All
further steps were performed at 4°C. Cells were centrifuged (3
min, 1,000 g,,) and resuspended in 6 ml KHM buffer per tube.
To permeabilize cells, we added 6 pl digitonin (40 mg/ml; Cal-
biochem) per Falcon tube, which was gently mixed, followed by
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incubation on ice for exactly 5 min. Permeabilization was stopped by
adding 8 ml KHM buffer per Falcon tube followed by centrifugation (3
min, 1,000 g,, [average of minimal and maximal centrifugal force]).
The pellets were resuspended in 1 ml KHM buffer, transferred to 1.7-
ml low-retention tubes, and centrifuged for 15 s at 10,000 g,, in an
Eppendorf centrifuge. SICs were resuspended in 400 pl KHM buffer
per tube and pooled. The concentration of SICs was determined by
mixing 20 ul SIC suspension with 980 ul KHM buffer and measuring
ODgoonm- The volume of SICs needed for one budding reaction was
calculated using the following formula: x = 0.96/ODeoonm-

In vitro ER budding assay

Each reaction was performed in a total volume of 300 pl in 1.7-
ml low-retention tubes as described (Kim et al., 2005; Kim et al.,
2007) with some modifications. First, appropriate amounts of
SICs were added to the reaction mixture, containing (when in-
dicated): (1) 30 ul 10x ATP regeneration mix (rATP; 10 mM ATP;
Amersham), 500 pM GDP-mannose (Sigma-Aldrich), 400 mM
phosphocreatine (Sigma-Aldrich), 2 mg/ml creatine phospho-
kinase (Sigma-Aldrich), pH 6.8, in buffer B88 containing 5 mM
MgOAc or 30 pl buffer B88 (20 mM Hepes-NaOH, pH 7.2;
250 mM sorbitol; 150 mM KOAc; protease inhibitor [PI; EDTA-
free]) containing 5 mM MgOAc; (2) 9 1 10 mM GTP (Roche); (3)
1-1.5 mg rat liver cytosol or an equal volume of buffer E; or (4)
0.3-3 pg purified hamster Sarlb H79G. Reaction mixtures were
adjusted to 300 pl with buffer B88. All reagents were mixed on
ice. COPII vesicle formation was initiated by incubating the re-
action mixture at 30°C for 45 min and terminated by transfer to
4°C. After centrifugation (25 min at 14,000 g,,) to separate COPII
vesicles (supernatant S1) from SICs (input P1), SI was ultra-
centrifuged (TLA-100/TLA-100.4 rotor; 30 min at 122,000 g,,) to
sediment COPII vesicles (P2). Pellet P1 (input) and P2 were
solubilized in NuPAGE sample buffer, and, respectively, 4.2% of
the input fraction (P1) and 100% of the vesicle fraction (P2) were
analyzed by SDS-PAGE and Western blotting.

Preparation of rat liver cytosol

Rat liver cytosol was prepared as described (Nohturfft et al.,
2000). Following 24-h starvation, two young male rats (Spra-
gue-Dawley or Wistar) were anesthetized, and their livers were
perfused with 0.9% NaCl through the portal vein. Dissected
livers were minced and weighed. All the next steps were per-
formed at 4°C. Per gram of liver, 2 ml ice-cold buffer E (50 mM
Hepes-NaOH, pH 7.2; 250 mM sorbitol; 70 mM KOAc; 5 mM
K-EGTA; 0.5 mM MgOAc; PI) supplemented with 1 mM DTT was
added, followed by homogenization by 10 strokes in a Potter-
Elvehjem Teflon glass homogenizer. The total homogenate (TH)
was centrifuged (1,000 g for 10 min); the supernatant was se-
quentially centrifuged at 26,900 g,, for 30 min using a JA-20 rotor
and three times at 118,000 g,, for 1 h using a 70Ti rotor. The final
supernatant was collected (omitting the fat layer on top), aliquoted,
snap frozen in liquid nitrogen, and stored at —-80°C until use.

Purification of human Sarla and hamster Sarlb H79G (Kim

et al., 2005)

Escherichia coli BL21 cells carrying the Sarla or Sarlb H79G se-
quence fused to GST were grown at 37°C in 1 liter 2x YT (1.6%
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Bacto tryptone, 1.0% Bacto yeast extract, 0.5% NaCl) sup-
plemented with ampicillin (40 pg/ml) to an ODgoonm of 0.5,
transferred to 30°C, and further grown to an ODgoonm 0f 1.0.
Protein expression was induced with 0.1 mM IPTG (2 h,
30°C), and cells were harvested (25 min, 1,250 g,,). All the
next steps were performed at 4°C. The pellet was resuspended
in 25 ml of TBST (50 mM Tris-HCl, pH 7.4; 150 mM NaCl;
0.1% Tween-20; 10 uM GDP), then incubated with lysozyme
(0.8 mg/ml, 20 min), after which Triton X-100 was added (1%
final). Next, cells were sonicated (Branson; four pulses of 30 s,
output control 6-7, duty cycle 50%) and successively centri-
fuged, first at 17,640 g,, (25 min) and next at 117,750 g, (1 h),
to remove cell debris. The supernatant was mixed with 2 ml
TBST-washed glutathione Sepharose 4B beads (GE Healthcare;
1h), after which they were centrifuged (1,500 g,,, 5 min), then
washed four times with ice-cold TBST, once with TBS (50 mM
Tris-HCl, pH 7.4; 150 mM NaCl; 10 uM GDP), and once with
TCB (50 mM Tris-HCl, pH 8,0; 250 mM KOAc; 5 mM CaCly;
5 mM MgCl,; 10 uM GDP). Beads were transferred to a column
and incubated with 4 U thrombin (Roche Applied Science) in a
final volume of 8 ml TCB (90 min at RT). The eluate containing
human Sarla or hamster Sarlb H79G cleaved off the GST fu-
sion protein was collected and dialyzed against dialysis buffer
(160 mM KOAc; 20 mM Hepes-NaOH, pH 6.8; 5 mM MgClz;
10 pM GDP; 5% glycerol; 5 mM B-mercaptoethanol) three times
for 3 h each time. Finally, proteins were concentrated (Viva-
spin, 100 kD cutoff; Sartorius), aliquoted, snap frozen in liquid
N,, and stored at -80°C.

Recombinant COPII coat proteins

Sf9 cells infected with either Sec23A/His6-Sec24 (isoforms A to
D) or Secl3/His6-Sec31A viruses were harvested and sonicated in
lysis buffer (20 mM Hepes, pH 8.0; 500 mM KOAc; 250 mM
sorbitol; 10% glycerol; 10 mM imidazole; 0.1 mM EGTA; and
5 mM B-mercaptoethanol; supplemented with PI). Next, the ly-
sate was centrifuged twice (as above). The cleared lysate was
incubated with prewashed Ni-agarose resin (1 h, 4°C under slow
rotation) and transferred to a column. After the column was first
washed with lysis buffer and washing buffer (lysis buffer +
50 mM imidazole), recombinant protein complexes were eluted
with elution buffer (lysis buffer + 250 mM imidazole). All the
next steps were as for Sarlb purification (see above).

Cell fractionation

ER fractionation

The method of Hammond and Helenius (1994) was used with
minor modifications. MEFs grown to 80-90% confluency (~150
x 10 cells/experiment) were washed, harvested in ice-cold
Dulbecco’s PBS, and centrifuged for 5 min at 4°C at 650 gay.
The pellet was resuspended in 1 ml homogenization buffer
(10 mM triethanolamine; 10 mM acetic acid; 250 mM sucrose;
1 mM EDTA; 1 mM DTT, pH 7.4) and homogenized by 10 passages
through a ball bearing cell cracker (clearance 10 pm; Isobiotex).
PIs were added to the TH, followed by centrifugation for 10 min
at 650 g,y at 4°C in an Eppendorf centrifuge. Postnuclear su-
pernatant (PNS) was collected and loaded on top of a 10-24%
Nycodenz gradient preformed on a cushion of 400 pl 27.6%
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Nycodenz stock (Axis-Shield) in 10 mM Tris (pH 7.4), 3 mM KCl,
and 1 mM EDTA. The gradient was ultracentrifuged at 169,000 g,
for 1.45 h at 4°C in an SW41 rotor. 12 1-ml fractions were collected
from the top of the gradient, and equal volumes of each fraction
were analyzed by Western blotting.

Isolation of ERGIC compartments

Fractions enriched in ERGIC were obtained from MEFs as de-
scribed (Annaert et al., 1999; Schweizer et al., 1991). MEFs were
grown to 80-90% confluency (~450 x 10° cells/experiment),
washed once with 0.9% NaCl and once with buffer A (250 mM
sucrose; 10 mM triethanolamine HCl; pH 7.4), harvested in
buffer B (250 mM sucrose; 1 mM Na, EDTA; 10 mM trietha-
nolamine HCJ; pH 7.4), and centrifuged for 5 min at 800 g,,. The
cell pellet was resuspended in 5 ml buffer B and homogenized
by 10 passages through a ball bearing cell cracker (clearance
10 pm). PIs were added to the TH, followed by centrifugation for
10 min at 800 g, at 4°C in an Eppendorf centrifuge. PNS was
collected and diluted to 30 ml with buffer B. After addition of
3.96 ml iso-osmotic Percoll, the mixture was centrifuged at
31,360 g,y for 41 min at 4°C in a JA-20 rotor, forming a self-
generating Percoll gradient. After centrifugation, three opaque
layers are visible: at the top, at approximately two-thirds of the
gradient (starting from the bottom), and at the bottom of the
gradient. Fractions (23) of 1.5 ml were collected from the top of
the gradient. The fractions corresponding to the clear layer be-
tween the middle and bottom opaque layers (FI0—F18) were
pooled (pool) and adjusted to 30% Nycodenz by addition of 75%
Nycodenz stock solution in buffer C (1 mM Na,EDTA; 10 mM
triethanolamine HCl; pH 6.5). Starting from three ultracentri-
fugation tubes, 6 ml of the mixture was loaded at the bottom of
each tube. Three identical step gradients were formed by se-
quentially layering 3 ml each of 27% and 18.5% Nycodenz in
buffer C, followed by buffer B up to the top. After ultracentri-
fugation (87,000 g,, for 19 h at 4°C in an SW4l rotor), the en-
riched ERGIC fraction was visible as an opaque band at the
18.5-27% interface, and a thinner opaque band was seen in
the uppermost portion of the 18.5% Nycodenz cushion (I1).
Both bands were collected separately and pooled for the three
gradients, diluted with buffer C and centrifuged at 265,000 g,
for 1 h at 4°C in a 70Ti rotor. The pellets were resuspended in
PBS, and equal amounts of protein were analyzed by Western
blotting.

Enrichment of early and late endosomal fractions

The method of Gorvel et al. (1991) as modified by Sannerud
et al. (2016) was used. MEFs were grown to 80-90% confluency
(~250 x 10¢ cells/experiment), washed, and harvested in ice-cold
Dulbecco’s PBS. After centrifugation (5 min at 4°C at 650 g,,), the
cell pellet was resuspended in homogenization buffer (250 mM
sucrose; 3 mM imidazole; pH 7.4) and homogenized by four
passages through a ball bearing cell cracker (clearance 10 pm).
PIs were added to the homogenate, followed by centrifugation
(10 min at 800 g,, and 4°C in an Eppendorf centrifuge). PNS
was collected and adjusted to 40.6% sucrose using a stock
solution of 62% sucrose, 3 mM imidazole (pH 7.4), and 1 mM
EDTA, and 4 ml was loaded on the bottom of an ultracentrifugation
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tube. A step gradient was formed by sequentially layering
3.7 ml 16% sucrose in D,0 (Sigma-Aldrich), 3 mM imidazole
(pH 7.4), 0.5 mM EDTA, and 3.0 ml 10% sucrose in D;0, 3 mM
imidazole (pH 7.4), 0.5 mM EDTA, and 1.5 ml homogenization
buffer on top of it. After ultracentrifugation (151,000 g,, for
1.40 h at 4°C in an SW4l1 rotor), 12 fractions were collected
from the top of the gradient, and equal amounts of protein
were analyzed by Western blotting. Late and early endosomal
fractions were strongly enriched in fractions 2-5 (Sannerud
et al., 2016).

Magnetic isolation of PMs

For the chemical synthesis and manufacturing of amino lipid-
coated superparamagnetic iron oxide nanoparticles (SPIONs),
we refer to Tharkeshwar et al. (2017) and Thimiri Govinda Raj
et al. (2011).

Starting from four to six 10-cm dishes, WT and PSEN-dKO
MEFs were grown to near confluency (90%). After placing on
ice and washing with ice-cold DMEM (once) and PBS (three
times), MEFs were incubated (20 min at 4°C) with amino lipid
SPIONs diluted in PBS (2 mg/ml). Next, unbound amino lipid
SPIONs were removed by washing, and MEFs were harvested
by scraping in PBS. After centrifugation (200 g, 10 min), cell
pellets were resuspended in 250 mM sucrose (supplemented
with 10 mM Hepes; 1 mM EDTA, pH 7.4; and PIs; Roche) and
homogenized using a ball bearing cell cracker (20 passages,
clearance 10 mm; Isobiotec) to obtain a total cell lysate. After
low-speed centrifugation (200 g, 10 min), the PNS was loaded
on a LS column (equilibrated with PBS) placed inside a strong
magnetic field (SuperMACSII; Miltenyi Biotec). Liquid sepa-
ration columns are packed with a hydrophilically coated ma-
trix that strongly enhances the magnetic field and thereby
ensures a more efficient retention of amino lipid SPIONs (and
adhering PMs) on the column. Within the magnetic field, the
nonmagnetic fraction is first removed, followed by extensive
and sequential washes with ice-cold homogenization buffer,
high-salt 1 M KCl, and high-pH 0.1 M Na,CO; buffers to maxi-
mally remove any unbound material. The PM fraction was eluted
from the column by removal of the magnetic field. Next, the
magnet was removed, and the bound fraction was eluted. Fol-
lowing high-speed ultracentrifugation (126,000 g, 1 h), the re-
sulting pellet was resuspended in 200 pl homogenization buffer
and subjected to further analysis. Equal amounts of total cell
lysate and bound fractions were analyzed by SDS-PAGE and
BN-PAGE, followed by Western blotting.

Cell surface biotinylation

Subconfluent cells were washed three times with Dulbecco’s
PBS (pH 8.0-8.5), followed by incubation (30 min, 4°C) in PBS
containing 0.5 mg/ml Sulfo-NHS-SS-Biotin (Pierce). After
washing with PBS, unbound biotin was quenched (15 min,
4°C) with PBS containing 100 mM glycine and 0.5% BSA and
next washed with PBS containing 100 mM glycine. Cells were
extracted in a salt buffer containing 1% Triton X-100 (100 mM
NaCl; 50 mM Hepes, pH 7.2; 1% Triton X-100; PI) and extracts
cleared (21,000 Gavg, 15 min). The protein concentration was
determined, and equal amounts of extract (500 j1g) were incubated
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overnight (4°C) with streptavidin Sepharose beads (GE Health-
care). Input and bound biotinylated proteins were processed for
Western blotting.

In vitro translation

The procedure to translate and translocate newly synthesized
proteins, in this case PSENI], in the ER membrane of SICs
(Kleizen et al., 2005; Wilson et al., 1995), followed by in vitro
COPII-dependent budding, has been described previously (Kim
etal., 2007). In brief, SICs were made from mouse Neuro2a cells
to translate and translocate 35S-labeled PSENI into the ER
membranes for 45 min at 30°C. To stop translation, we added
750 pl ice-cold KHM buffer (110 mM KOAc; 20 mM Hepes, pH
7.2; 2 mM MgOAc), and the SICs were harvested at 3,000 g for
3 min at 4°C, resuspended in ice-cold KHM, and used for bud-
ding reactions as described above. After incubating the budding
reaction for 45 min at 30°C, differential centrifugation frac-
tionated the SIC pellet at 12,000 g (input) and the vesicles from
the supernatant at 100,000 g. To calculate the percentage of
budding, we correlated the radiolabeled signal in the vesicle
fractions (both -rATP and +rATP) to the radiolabeled signal in
the ER pellet fractions of each translated protein. Nonspecific
leakage found in the vesicle fractions from budding reactions
-rATP were subtracted from radiolabeled signal found in vesicle
fractions from budding reactions +rATP.

Coimmunoprecipitation

MEFs (from different genotypes) were grown to confluency,
washed with ice-cold PBS (three times), and collected by
scraping and centrifugation (2,000 gavg, 5 min, 4°C). Cell pellets
were resuspended in lysis buffer (50 mM Hepes, pH 7.4, 150 mM
NaCl, 0.5% DDM, PI) and lysed for 1 h on ice. After centrifugation
(20,000 g,y, 15 min, 4°C), the supernatant was collected, and the
concentration was measured. For each sample, 200 pg protein
was precleared by incubating with washed protein G Sepharose
beads for 1 h at 4°C. Cleared lysate was incubated overnight at
4°C with 1 pl anti-NCT mAb (9C3; 1.33 pg/pl) under constant
rotation. As negative controls, both protein extract without an-
tibody and antibody without protein extract were used. After
addition of 20 ul washed protein G Sepharose beads, the samples
were incubated for 2 h at 4°C. Finally, the unbound fraction was
collected, and beads were washed three times with ice-cold lysis
buffer and once with TBS (5 mM Tris, 75 mM NaCl, pH 7.4). The
proteins were denatured in 20 pl sample buffer and analyzed
with SDS-PAGE. Total cell lysate (15 pg) was used as input, and
unbound fraction (15 pg) from beads incubated with protein
sample and antibody was used as unbound. Blots were probed
with the following antibodies: mouse anti-NCT (9C3), rabbit
anti-APHIA (B80.3), rabbit anti-PSEN1 NTF (B19.3), and rab-
bit anti-PEN-2 (ab18189; Abcam).

Gel electrophoresis and Western blotting

Western blotting

Protein concentrations were determined by Bio-Rad DC protein
assay (Bio-Rad Laboratories). Samples were solubilized in Nu-
PAGE sample buffer, separated by SDS-PAGE (4-12% Bis-Tris
NuPAGE gels in MES running buffer; Life Technologies), and
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transferred onto nitrocellulose membranes (Life Technologies).
After blocking in 5% nonfat milk, membranes were incubated with
primary antibody (4°C overnight) followed by washing and incu-
bation with HRP-conjugated secondary antibodies (1 h, RT). After
final washing, immunodetection was done using ECL (Western
Lightning-Plus ECL; PerkinElmer), and immunoreactive protein
bands were digitally captured and quantified on a Fuji Minil.AS
3000 imager (Fujifilm) using Aida Image Analyzer software (Rayt-
est). Data are represented as mean + SEM of at least three inde-
pendent experiments. All statistical analyses were performed using
Student’s t test with significance levels as indicated on the figures.

BN-PAGE

Input membranes and COPII vesicles were resuspended (using a
syringe and a 26-gauge needle) in fresh 25BTH20G buffer (20%
glycerol; 25 mM Bis-Tris HCl; pH 7.0; 4°C) containing 0.5% DDM
(Sigma-Aldrich) and PIs and solubilized for 1 h at 4°C. The ex-
tract was cleared by two ultracentrifugation steps for 30 min
and 15 min at 126,200 g,, (4°C). Equal amounts of protein extract
were mixed with 5x blue native sample buffer (2.5% Coomassie
Brilliant Blue G-250 [Pierce]; 50 mM Bis-Tris HCl; 250 mM 6-
aminocaproic acid, pH 7.0; 15% sucrose). BN-PAGE was per-
formed at 4°C on 4-16% precast NativePAGE Novex Bis-Tris gel
(Invitrogen). Molecular mass markers were prepared by re-
suspending a vial of HMW native marker kit (Amersham) in
75 ul 25BTH20G, 5 pl 10% DDM, and 20 pl 5x blue native sample
buffer. Before transfer on Immobilon-P polyvinylidene fluoride
membrane (EMD Millipore), gels were preincubated in NuPAGE
transfer buffer (Invitrogen; 10 min, RT) containing 0.1% SDS and
20% methanol. Blots were destained for 1 h in destaining buffer
(30% methanol, 10% acetic acid, 60% distilled H,0) and further
processed for Western blotting.

Cell-free y-secretase assay

Membranes of subcellular fractions were obtained by ultracen-
trifugation, and the equivalent of 15 ug of membrane proteins
was resuspended in 15 pl TE buffer (5 mM Tris-HCl, 1 mM EDTA, pH
7.0) containing 0.5% CHAPS and incubated for 1 h at 4°C. Extracts
were incubated overnight at 37°C with 1 pl recombinant APP-C100-
FLAG (Li et al, 2000), 1 ul DMSO, and 1 pl 1 M Tris-HCl, pH 7.0. De
novo formed AP was analyzed by SDS-PAGE on a NuPAGE Novex 10%
Bis-Tris gel (Life Technologies) in NuPAGE MES SDS running buffer,
followed by Western blotting using mAb WO-2 and ECL detection.

CHX treatment

WT, NCT-KO, APH1-tKO, PSEN-dKO, and PEN-2-KO MEFs were
grown in 6-cm dishes in DMEM/F-12 supplemented with 10%
FBS until 90-100% confluency was reached and treated without
and with 30 pg/ml CHX (Sigma-Aldrich). After 6 h and 24 h,
cells were washed with ice-cold PBS*/* cells, harvested, and
lysed in sucrose-Tris-EDTA buffer containing 1% Triton X-100.
Equal amounts (20 ug) of cleared protein extract were analyzed
by SDS-PAGE and Western blotting, as described.

Endoglycosidase H (endoH)/endoF treatment
Cells were grown in 6-cm dishes in DMEM/F-12 supplemented
with 10% FBS until 90-100% confluency was reached. Cells were
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scraped and lysed in 1% Triton X-100 lysis buffer (150 mM Nacl,
50 mM Hepes, pH 7.4, 1% Triton X-100, PI). Protein concen-
trations were determined by Bio-Rad DC protein assay (Bio-Rad
Laboratories), and 20 ug protein was treated with endoH or
PNGaseF (all from New England Biolabs) or was left untreated
according to the manufacturer’s guidelines. Samples were pro-
cessed for Western blotting as described previously.

Light microscopy and image analysis

Cells were fixed for 20 min at RT in 4% formaldehyde (Sigma-
Aldrich) supplemented with 4% sucrose in 120 mM sodium
phosphate buffer, pH 7.3, permeabilized for 5 min at RT with
0.1% Triton X-100, and blocked for 1 h at RT in blocking buffer
(2% wt/vol BSA, 2% vol/vol FBS, 1% gelatin vol/vol, and 2% vol/
vol goat serum in PBS). After 2-h incubation at RT with primary
antibody diluted in blocking buffer, cells were incubated for
30 min at RT with secondary antibody diluted in blocking buffer
and mounted using Mowiol (Sigma-Aldrich). Confocal imaging
was performed on a Leica TCS SP5 II microscope (Leica Micro-
systems) connected to an upright microscope, using an oil-
immersion plan apochromat 60x/1.40 NA objective lens. Image
acquisition was performed with LAS software (Leica Micro-
systems). Super-resolution imaging was performed on an in-
verted Zeiss LSM880 microscope equipped with a fast Airyscan
module (Carl Zeiss Microscopy), using an oil-immersion plan
apochromat 60x/1.4 NA objective lens and controlled by ZEN
black software (Carl Zeiss Microscopy). Images were further
processed with Fiji (https://imagej.net/Fiji) and Photoshop CS6
(Adobe).

Online supplemental material

Fig. S1 A shows SDS-PAGE of in vitro COPII budding reactions
from primary cortical mouse neurons and rat glia. Fig. S1, B-F,
shows quality control of the different subcellular fractionation
protocols. Fig. S2 contains Western blots as part of the quality
control for stable expression of GFP-PSEN1 in PSEN-dKO MEFs.
Fig. S3 A displays BN-PAGE of in vitro COPII budding reactions
in primary rat glia. Fig. S3 B shows SDS-PAGE of NCT coim-
munoprecipitation. Fig. S3, C-E, shows in vitro COPII budding
reactions after in vitro translation of WT and mutant PSENI. Fig.
S3, Fand G, presents quality control of cell lines expressing GFP-
PSEN1-WT and GFP-PSENI1-APA stably transduced in PSEN-dKO
MEFs. Fig. S4 shows characterization and in vitro COPII budding
reactions of cell lines expressing NCT deletion mutants. Fig. S5
exhibits the effect of different detergents on the migration of
y-secretase (sub)complexes in BN-PAGE gels. Video 1 shows a
rotating structural model of y-secretase.
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Figure S1. In vitro ER budding in SICs derived from murine primary neurons and rat primary glial cells and isolation of secretory pathway com-
partments. (A) SDS-PAGE and Western blot analysis of in vitro generated COPII vesicles from murine primary cortical neurons (7 d in vitro) and rat glial SICs:
4.2% of SICs (input) and 100% of COPII-coated vesicles were analyzed with the indicated antibodies. Reactions without nucleotides were used as a negative
control. COPII budding was specifically inhibited by the GTP-restricted mutant Sarlb H79G. A representative Western blot shows COPII-dependent budding of
immature NCT, FL PSENL, and APH1A in both murine cortical neurons and rat glia (filled arrowheads: immature NCT; open arrowheads: FL PSENL; asterisk:
aspecific band). (B-D) Enrichment of the ER. Fractionation of MEF WT and MEF PSEN-dKO using a continuous 10-24% Nycodenz gradient followed by
Western blotting (equal fraction volume per lane) for (B) ribophorin, calnexin, KDEL: ER; ERGIC53/p58: ERGIC; GM130: cis-Golgi; syntaxin 6: trans-Golgi
Network (TGN); TfR: PM and recycling endosomes; EEAL, Rab5, Hrs: early endosomes (EE); Rab7: late endosomes (LE); (C) y-secretase components; and (D)
y-secretase activity (after a cell-free y-secretase assay). ER proteins are most strongly enriched in fractions 10 and 11, which were pooled as “enriched ER” for
BN-PAGE. In WT cells, mature y-secretase complex members (indicated by mature glycosylated NCT and PSEN1-NTF and ~CTF) and de novo AB production,
representing y-secretase activity, comigrate only in fractions enriched for endosomal markers. In PSEN-deficient cells, immature NCT and PEN-2 are largely
located to ER fractions. (E) y-Secretase complex members are enriched in the ERGIC. Purification of the ERGIC combining Percoll gradient and discontinuous
Nycodenz gradient centrifugation (see Materials and methods for details). The second step was needed to further separate the ERGIC from the trans-Golgi
network (TGN), as shown by the comparative Western blot analysis of TH and PNS with the 18.5-27% interface of the Percoll gradient (I1) and final enriched
ERGIC (equal amount of protein per lane). The ERGIC fraction is also devoid of the cis-Golgi marker GM130 but still contaminated with ER (calnexin).
y-Secretase complex members NCT, APH1, and PEN-2 coenrich with ERGIC-53/p58 with a stronger relative enrichment of immature NCT as expected from
early biosynthetic compartments. (F) Magnetic isolation of PM from WT and PSEN-dKO MEFs using SPIONs. A representative Western blot showing PNS
(postnuclear supernatant), UB (unbound fraction), and B (bound fraction) with quantification (n = 4 independent isolations) show strong enrichment for the PM
marker, Na*K*-ATPase, along with PSEN1 and mature NCT, whereas the ER marker, ribophorin, does not enrich and the late endosomal Rab7 enriches only
moderately, as described (Thimiri Govinda Raj et al., 2011).
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Figure S2. Western blot of cell lines stably expressing GFP-PSEN1.

Wouters et al.

y-Secretase assembles through dimers

« [
5.

Journal of Cell Biology
https://doi.org/10.1083/jcb.201911104

S3

620z Jequeda( G| U0 3sanb Aq 4pdy0L L L610Z A0l/00GSL9L/0L L L610Z8/6/02Z/Pd-8lomie/qol/Bio-ssaidni//:dny woy pepeojumoq


https://doi.org/10.1083/jcb.201911104

« [
5.

A rat glia rat glia B

MEFWT _ _MEF APHtKO MEF PSENdKO MEF PEN-2KO
5|+ + + S+++RtPO/SGO'II'P B =+ & w|B~++ u|B -+ + |2 -+ 4 Lysate
a . a 4 & 515 515 5|5 515
c = 2|8 + + B8+ -+ 2|8+ -+ 2|3+ - +9Ca3
= + Sl- -+ SarlH79G '_§+ _§+++ _-§+++ "§+++beads
_— q_~ K

il NCT

o 7 ™ FL-PSEN1
| | = *
e o PSEN1-NTF
B : N - APHTA
-— ] e _ PEN-2

NCT APHTA

B NCT/APH1A/PSEN1/PEN-2
ONCT/APH1A/PSEN1-CTF

*NCT/APH1A
O NCT
x x x *
Na Na ~a Na
C & & & ¢
N o o o
SIFEPY FPFSPE kp
|56
L LEE 43
input [vesicles| input vesicles
+ rATP - rATP
X Q
D s
S
QQ«Q\ \Q',’) \”)
K& SR TS s
SRS S
_ R SFSES kD
Ribophorin [HEEE BEE Woi|=49  PSENI-NTF
o= =62
BEE —
= B =38
- - 143 S S ' =49
g e =28 pSEN1-CTF
=2 =%
=] o -62
T.—._." .. 43| 2] =17
E : PEN-2 5
-— e -
- 38
=3 .
25 98 - - -2
§ Y B-actin
2, APP-CTF ’---—H ‘
-38
0 6
RO SR SR S Y] -actin
&Q o8 \Q’Q \‘&Q >
o

Q' Q
P

Figure S3. Subcomplexes identified by BN-PAGE are confirmed in rat glia and by coimmunoprecipitation; the DXE motif in exon 9 is crucial for COPII-
dependent export of PSEN1 from ER. (A) BN-PAGE and Western blot analysis of y-secretase in COPII vesicles generated from rat glial SICs. Monomeric NCT
and dimeric NCT/APH1A show COPIl-dependent budding. (B) A representative Western blot is shown comparing total cell extracts of WT, APH1-tKO, PSEN-
dKO, and PEN-2-KO MEFs with the respective unbound and coimmunoprecipitated (using anti-NCT mAb 9C3, bound) fractions. For each cell line, omission of
either 9C3 or extract was used as a negative control. Whereas 9C3 coimmunoprecipitates all subunits in WT extracts, only immature NCT was pulled down in
APH1A-tKO extracts, and both immature NCT and APH1A were pulled down in PSEN-dKO extracts. In PEN-2-KO extracts, immature NCT, APH1A, and FL PSEN1
coimmunoprecipitated. These interactions are reminiscent of the subcomplexes identified by BN-PAGE. Note that APH1A is increasingly more present in the
immunoprecipitates of PSEN-dKO and PEN-2-KO, respectively, and compared with WT extracts, confirming the accumulation of corresponding subcomplexes.
Asterisk indicates an unrelated band also present in control lanes. (C) WT human PSEN1, the DPE mutant (D302A/D304A), and PSENIAES were in vitro
translated in SICs followed by the in vitro budding assay in the absence or presence of ATP. Radiolabeled PSEN1 variants from the pellet (SIC input) and vesicle
fractions were compared on 10% SDS-PAGE gel. (D) WT human PSEN1 and PSEN1 mutants (DPE and AE9) were stably transfected, and next, SICs were made
to determine the ER export efficiency of these PSEN1 variants at steady state. To better understand the DPE consensus site molecularly, we made subtler
mutations, including the reversal of the two acidic amino acids followed by the analysis in C. Any manipulation of the DPE motifs dramatically impaired the ER
export. WB, Western blot. (E) Quantification of the radiolabeled PSEN1 retrieved from the vesicle fractions that budded from the SICs (mean + SD, n = 3).
(F) PSEN-dKO were stably transduced with lentiviral vectors expressing either eGFP-tagged hPSEN1 or a mutant variant wherein the DPE motif in the cytosolic
loop domain is altered to APA (eGFP-hPSEN1 APA) using site-directed mutagenesis. Western blot analysis shows that eGFP-hPSEN1 and -PSEN1 APA are
equally expressed and accessible to endoproteolysis. In addition, mature glycosylation of NCT and PEN-2 stability are restored, whereas APP-CTF levels, the
direct substrate for PSEN1, are not different, indicating that the APA mutation does not affect y-secretase complex formation and activity. (G) Cell surface
biotinylation of eGFP-hPSEN1 and ~hPSEN1 APA compared with WT and NCT-KO MEFs shows no defect in the trafficking of the APA mutant to the cell surface.
Input lanes represent 10 pg of protein; bound fractions are recovered from 500 pg total cell lysate using streptavidin pull-down assays. Equal amounts of
PSEN1-NTF (using an anti-hPSEN1-specific antibody) as well as mature NCT are recovered in the bound fraction. A murine specific antibody was used to detect
endogenous mPSEN1-CTF in WT and NCT-KO cells. Note that in NCT-KO MEFs, endoproteolysis of mPSEN1 is inhibited and some FL mPSEN1 (asterisk)
reaches the cell surface. TfR and actin are used as positive and negative controls, respectively.

Wouters et al. Journal of Cell Biology
y-Secretase assembles through dimers https://doi.org/10.1083/jcb.201911104

S4

620z Jequeda( G| U0 3sanb Aq 4pdy0L L L610Z A0l/00GSL9L/0L L L610Z8/6/02Z/Pd-8lomie/qol/Bio-ssaidni//:dny woy pepeojumoq


https://doi.org/10.1083/jcb.201911104

« [
5.

~

MEF NCTKO

MEF NCTKO
() 9 MEFWT +FL NCT+NCTTMD_, +NCT AIC
/§ ))& § § 9 & +FLTLN +TLNTMD, .
3 /iL /ik /\v /i\ é\ /\V endoH - + - - + - - + - - 4+ - -+ - - -
§ %(J éJ éJ é/ I é’ endoF . . . . . 4+ . . 4 —’ - 4+ kD P R &

<r

M

Total lysate '*" - -~ o =07 | -—
CT(9C3 v - i
- == —_— =98 > — (5} e
NCT (9C3) NCT TLN

-— -
- 6
TLN
e =98
NCT (5665) C MEF WT NCT KO FL NCT
= —_— - -‘—98 cytosol 5[ - + + + B[- + + + 5] - + + +
SEN1 NTF ATP/GTP 2|+ - + + &+ - + + ao|l+ - + +
3 on B B o wr oo b SartH79¢ £[ - - - + E£]- - - + E£|- - - + kD
=38 ribophorin [w= v ol — - =1 Iy
. .. - 28ERGIC53/p58 — - - [—y =y =
— e -
‘APH1A ‘ NCT | st - S o Fos
WD o B . . ——| (52 — -
PEN-2 " PSEN1 — - a —-__EH 38
—p ~—— DG - -~ - —
- APH1A [w=e — : B —
PP CTE e
NCT deltaic_ _NCTTMD.,, NCT
cytosol = + 4+ + = + o+ + =T -

ATP/GTP |+ - + + 2|+ - + + ol +

SarTH79¢ £| - - - + £]1- - - + kD £ -

ribophorin e -— p— =62 ’.-

ERGIC53/p58 |~ " — — -

NCTls =" HaHEN 98_

La.

. )| 1 R e N ST
— l—6 o > 6 —-— o e 6

Figure S4. NCT does not harbor a region/motif required for cargo sorting into COPII vesicles. (A) NCT-KO cells were stably transduced with retroviral
particles expressing FL NCT, deletion forms of NCT (Aecto: missing the ectodomain; AIC: missing the intracellular domain), NCT with a swapped TMD from TLN
(NCT TMD+y), or TLN with the TMD of NCT (TLN TMDycr). Western blot analysis shows expression of all constructs, but only FL NCT and NCTAIC rescue
y-secretase function, as monitored by a drop in APP CTF accumulation. (B) All cell lines described in A, except for NCT Aecto, were tested for glycosylation of
NCT or TLN by endoH and endoF treatment (arrow: untreated; black arrowhead: endoH resistent; open arrowhead: endoH/F sensitive). For TLN TMDycr, FL
TLN was expressed as a control for glycosylation. Although FL NCT and NCTAIC expressed in NCT-KO cells are similarly glycosylated as NCT in WT cells, NCT
TMDry glycosylation failed to mature. TLN TMDycr glycosylation was similar to WT TLN. (C) SDS-PAGE and Western blot analysis of in vitro generated COPII
vesicles from SICs of cell lines described in A: 4.2% of SICs (input) and 100% of COPII-coated vesicles were analyzed with the indicated antibodies. Reactions
without nucleotides (ATP + GTP) or cytosol were used for background subtraction. COPII budding is specifically inhibited by the GTP-restricted mutant Sarlb
H79G. Representative Western blot analysis of the COPII packaging using antibodies detecting ERGIC53/p58 as a positive control compared with antibodies
against the different y-secretase members. Antibodies to ribophorin were used as a negative control. In all cell lines, the different immature NCT variants or
TLN and PSEN1 FL exited the ER in an Sarl-dependent manner.
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Figure S5. Comparison of DDM and digitonin extraction for BN-PAGE analysis of COPII vesicles. ER budding in WT SICs and analysis of y-secretase
complexes extracted by either 0.5% DDM or 1% digitonin using BN-PAGE followed by Western blotting for anti-NCT, -APH1A, and -PSEN1 fragments. In the
case of DDM-extracted samples, both full complexes and subcomplexes and dimeric complexes were distinguished. Only monomeric NCT and dimeric NCT/
APHIA subcomplexes exit the ER in an Sarl-dependent manner. In the case of 1% digitonin, essentially only full complexes were detected, but they lack Sarl
dependency in ER budding.

Video 1. Rotating molecular structure.Rotating 360° lateral view of the 3D structure of y-secretase generated using Chimera; with NCT (green),

APH1A (blue), PSEN1 (orange), and PEN-2 (pink). Playback speed is 25 frames per second.
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