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Intramembrane proteolysis of transmembrane substrates by the presenilin–γ-secretase complex is preceded and regulated 
by shedding of the substrate’s ectodomain by α- or β-secretase. We asked whether β- and γ-secretases interact to mediate 
efficient sequential processing of APP, generating the amyloid β (Aβ) peptides that initiate Alzheimer’s disease. We describe 
a hitherto unrecognized multiprotease complex containing active β- and γ-secretases. BACE1 coimmunoprecipitated and 
cofractionated with γ-secretase in cultured cells and in mouse and human brain. An endogenous high molecular weight 
(HMW) complex (∼5 MD) containing β- and γ-secretases and holo-APP was catalytically active in vitro and generated a full 
array of Aβ peptides, with physiological Aβ42/40 ratios. The isolated complex responded properly to γ-secretase modulators. 
Alzheimer’s-causing mutations in presenilin altered the Aβ42/40 peptide ratio generated by the HMW β/γ-secretase complex 
indistinguishably from that observed in whole cells. Thus, Aβ is generated from holo-APP by a BACE1–γ-secretase complex 
that provides sequential, efficient RIP processing of full-length substrates to final products.
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Introduction
The salutary convergence of fundamental biology and the study 
of human disease is exemplified by the discovery of regulated in-
tramembrane proteolysis (RIP) in the period leading up to 2000. 
Knowledge of this previously unrecognized biochemical process 
emerged simultaneously from the study of cholesterol biosyn-
thesis and the amyloidosis of Alzheimer’s disease (Brown et al., 
2000). Site 2 protease became the first known intramembrane 
metalloprotease when it was found to hydrolyze its principal 
substrate (sterol regulatory element binding protein) within the 
lipid bilayer (Rawson et al., 1997). In an analogous fashion, pre-
senilin (PS) was identified as the first intramembrane aspartyl 
protease based on its regulated cleavage of the amyloid β (Aβ) 
precursor protein (APP) to generate Aβ proteins (Wolfe et al., 
1999). “Regulated” in the term RIP refers to the requirement for 
the intramembrane scission to be preceded by shedding of the 
substrate’s ectodomain, by site-1-protease in the case of S2P and 
by an α-secretase (e.g., ADAM10) in the case of APP.

PS is the catalytic subunit of the γ-secretase complex (Wolfe 
et al., 1999), which also contains nicastrin (NCT), Aph-1, and 
Pen-2 (Edbauer et al., 2003; Kimberly et al., 2003; Takasugi et 
al., 2003). It has been found to have >100 single-transmembrane 
substrates, including Notch, Jagged, and ErbB4 (Haapasalo and 

Kovacs, 2011). As such, PS mediates a remarkably diverse array 
of signaling functions necessary for life in metazoans from worm 
to man. Besides having its ectodomain shed by α-secretases such 
as ADAM10 or ADAM17, APP can instead undergo shedding ∼16 
residues N-terminal to the α-secretase cut site by the β-secre-
tases. The latter comprise membrane-anchored aspartyl prote-
ases designated Aβ cleaving enzyme (BACE) 1 and BACE2. BACE1 
is highly expressed in neurons and is the protease making the 
first cut in holo-APP to shed its large N-terminal ectodomain 
(sAPP-β), followed by cleavage of the membrane-retained C-ter-
minal APP fragment (CTFβ or C99) by γ-secretase to release the 
Aβ peptides (Vassar et al., 2014). These N- and C-terminally het-
erogeneous peptides are secreted by neurons and many other 
cells throughout life (Haass et al., 1992). With age, a portion of 
the longer, more hydrophobic Aβ peptides (Aβ42, Aβ43) tends 
to aggregate into cytotoxic oligomers and amyloid fibrils, which 
form the hallmark neuritic (amyloid) plaques of Alzheimer’s dis-
ease (Selkoe and Hardy, 2016).

In the last few years, there has been substantial progress in 
deciphering the 20-transmembrane domain (TMD) structure 
of the PS–γ-secretase complex (e.g., Sato et al., 2006; Bai et al., 
2015a,b; Sun et al., 2015). Complementary to this structural 
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advance, biochemical studies have illuminated how APP (and 
presumably all other γ-substrates) undergoes stepwise (“pro-
cessive”) proteolysis at the ε, ζ, and γ cleavage sites, that is, every 
three to four residues within the transmembrane helix (Bolduc 
et al., 2016b). In addition, the role of NCT in sterically prevent-
ing entry of large, full-length substrates into the PS active site 
before their ectodomain shedding has been identified (Bolduc et 
al., 2016a). On the other hand, we still know very little about the 
cell biological mechanism of the two-step processing that defines 
RIP. It has been assumed that the post-sheddase CTFs are traf-
ficked to a membrane site where γ-secretase is active, but how 
such presumptive movement in the membrane occurs so that the 
CTF correctly finds and enters first the docking and then the ac-
tive site of γ-secretase remains a mystery. It is this central feature 
of RIP that we probe in the current study.

We based our experimental approach on our recent discovery 
that substrate processing by α- and γ-secretases can occur in a 
large, multiprotease fraction that allows for sequential cleavage of 
substrates within a high molecular weight (MW [HMW]) complex 
stabilized by members of the tetraspanin web (Chen et al., 2015). 
This unexpected finding of coordinated α/γ processing raised the 
question of whether a similar mechanism exists for the β- and 
γ-secretase cleavages that generate Aβ from APP and create analo-
gous protein fragments from many other β/γ substrates. Here, we 
used coimmunoprecipitation (coIP), nondenaturing fast protein 
liquid chromatography (FPLC), and novel Aβ ELI​SAs to identify an 
endogenous HMW complex (∼5 MD) in normal mouse and human 
brain that contains mature, proteolytically active β- and γ-secre-
tases. FPLC fractions containing this native complex generated a 
range of physiological Aβ peptides from endogenous holo-APP 
upon incubation at 37°C, which we refer to as de novo Aβ gener-
ation. Importantly, the majority of cellular BACE1 protein and the 
APP-CTFβ fragment was found in low MW (LMW) FPLC fractions 
that did not contribute to Aβ generation; Aβ peptides could not 
be generated from these LMW fractions despite their abundant 
BACE1. Instead, we found that the active β/γ complex could be 
pulled down from HMW FPLC fractions by antibodies to PS, NCT, 
or the APP holo-protein (holo-APP); the APP pull-down, in par-
ticular, generated readily detectable amounts of multiple Aβ pep-
tides from holo-APP, with an Aβ42/40 ratio of ∼0.1 that perfectly 
matches the physiological ratio in human biological fluids. Two 
classes of clinically relevant γ-secretase modulators (GSMs; E2012 
and JNJ-40418677) decreased new Aβ42 generation by the complex 
in vitro and shifted it to an increased Aβ37 generation. Familial 
AD mutations in PS1 caused the β/γ complex to generate patho-
logically elevated Aβ42/40 ratios like those found in patients. We 
conclude that Aβ generation in human brain occurs from an en-
dogenous BACE1–γ-secretase complex that also contains docked 
holo-APP, which undergoes sequential β- and γ-secretase cleav-
ages to generate diverse Aβ peptides throughout life.

Results
BACE1 physically associates with the γ-secretase complex in 
mouse brain lysates
We recently reported preliminary evidence that BACE1 can be co-
immunoprecipitated with γ-secretase in unfractionated normal 

mouse brain (see Fig. 10, A and B, in Chen et al., 2015). We have 
now conducted several more controls to confirm the specificity 
of this apparent β/γ association in microsomes prepared from 
1% CHA​PSO homogenates of WT mouse brain. Antibodies to 
BACE1 consistently coimmunoprecipitated mature PS1 and NCT, 
whereas antibodies against three other type I transmembrane 
proteins, ITGα1, ITGα2, and ITGβ1, yielded no such association 
(Fig. 1 A), even though the latter antibodies coimmunoprecipi-
tated their respective target proteins successfully (Fig. S1 D). Be-
cause the critical micelle concentration of CHA​PSO is ∼0.5%, we 
proceeded to confirm the β/γ-secretase association at submicel-
lar concentrations (i.e., in 0.25% CHA​PSO lysates of WT mouse 
brain) and obtained the same results using two distinct BACE1 
antibodies, while ITGα1 IP was again negative (Fig. S1 A). To fur-
ther test the specificity of our BACE1–γ-secretase pull-down, we 
performed an additional wash step of the BACE1 IP in 2% NP-40, 
which is known to disrupt any coprecipitated γ-secretase com-
plex (Chen et al., 2010). This removed the PS1-CTF and PS1-NTF 
from the BACE1 immunoprecipitate (Fig. S1 B, lanes 3 and 5). 
Analysis of the protein complexes using 2D Blue Native (BN)/
SDS gel electrophoresis of mouse brain microsomes solubilized 
in 1% CHA​PSO revealed that just the HMW portion of BACE1 
(>500 kD) comigrated with the mature γ-secretase subunits 
PS1-NTF and PS1-CTF in the native first dimension (Fig.  1  B). 
In contrast, the distribution of mature ADAM10 (A10) largely 
overlapped with the mature γ-secretase components (PS1-NTF, 
PS1-CTF, and NCT), as previously reported (Chen et al., 2015). 
Next, we applied the same 2D BN/SDS system but using 0.5% 
n-dodecyl-B-d-maltoside (DDM) detergent instead of CHA​PSO 
to prepare the brain lysates. As expected from prior studies of 
γ-secretase with DDM (Fraering et al., 2004a), the integrity of 
the β/γ complex was disrupted and shifted to smaller MW (<500 
kD) positions (compare Fig. S1 C with Fig. 1 B). Collectively, these 
data suggest an interaction between BACE1 and the γ-secretase 
complex in normal brain tissue and the existence of a macro-
molecular complex that remains intact in 1% CHA​PSO but not in 
stronger detergents.

BACE1 and γ-secretase coexist in a HMW complex
Next, we prepared microsomes from WT mouse brain in 1% 
CHA​PSO buffer and size fractionated their proteins on a Superose 
6 Increase size exclusive chromatography (SEC) column using an 
FPLC system. (CHA​PSO is among the few detergents that allow 
the five obligatory protein subunits of γ-secretase [PS1-NTF, 
PS1-CTF, NCT, Aph-1, and Pen-2] to remain together in a func-
tional complex.) Each of the 24 FPLC fractions was lyophilized 
and probed by immunoblotting (Fig. 2 A). Mature A10, Meprin-β, 
and a portion of BACE1 cofractionated with the mature γ-secre-
tase complex, represented by mature NCT, PS1-CTF, PS1-NTF, 
and Aph-1 (the PS2-CTF was also present in this HMW region, as 
expected for this endogenous PS1 homologue). These HMW FPLC 
fractions are estimated to be >5,000 kD (5 MD; see Fig. S3 A for 
column sizing standards). Immature NCT and immature PS1 (i.e., 
PS1 holoprotein) eluted in LMW fractions estimated to be <160 
kD (Fig. 2 A). In contrast to α-secretase (mature A10), there was 
an appreciable amount of β-secretase (BACE1) visible in the LMW 
column fractions by Western blot (WB), which is consistent with 
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our 2D BN/SDS blots (Fig. 1 B). We next analyzed concentrated 
pools of the HMW fractions (#6–9) versus the LMW fractions 
(#21–24) by 2D electrophoresis. In the HMW pool, 2D BN/SDS 
revealed that PS1-CTF and BACE1 comigrated at >1,000 kD, while 
in the LMW pool, BACE1 migrated at ∼200 kD in the absence of 
mature PS1 NTF/CTF (Fig. S2 A). We immunoprecipitated BACE1 
from both the HMW and LMW FPLC pools and found that BACE1 
coimmunoprecipitated with mature PS1-CTF and mature NCT 
only from the HMW pool, although the LMW pool has abundant 
BACE1 (Fig. 2 B). We blotted analogous fractions from another 
FPLC run with an APP antibody that recognizes both FL-APP 
(holoprotein) and its CTFα fragment that arises from α-secretase 
cleavage (Fig. 2 C). FL-APP cofractionated in substantial part with 
the mature γ-secretase complex, whereas the CTFα product accu-
mulated mostly in the LMW fractions (Fig. 2, compare C with A). 
Also, we observed a ∼30-kD APP-immunoreactive band specifi-
cally in LMW fractions #21–24 (Fig. 2 C, bottom panel), which we 
found to be consistent with the recently reported APP-CTFη (eta 
cleavage product; Willem et al., 2015) by using an antibody (1G6) 
to the “pre-β” region of APP just N-terminal to the BACE1 cleav-
age site (see Fig. S2 D). APP-CTFη was reported to be a product 
of proteolysis of FL-APP by MT5-MMP (the η-secretase; Willem 
et al., 2015). We probed the FPLC fractions with an MT5-MMP 
antibody and saw bands of the correct MW in the LMW fractions 
(#21 and #22; Fig. 2 A). This η-secretase thus served as a nega-
tive-control sheddase that does not form natural complexes with 
γ-secretase, consistent with the previous work detecting Aη-α 
and Aη-β APP fragments but no Aη-γ fragment, which would 
require γ-secretase to generate (Willem et al., 2015). To extend 
our findings, we probed for two more known β/γ substrates in 
our FPLC fractions, LRP-1 and APLP-1, and these had similar size 
distributions as FL-APP (Fig. S2 B).

In light of this apparent evidence for a potentially common 
phenomenon of a sheddase (A10 or BACE1) complexing with an 
intramembrane protease (PS–γ-secretase), we proceeded to test 
the FPLC migration of three other intramembrane proteases: 
SPP, SPPL2b, and RHB​DL2 (Fig. S2 B). Endogenous SPPL2b eluted 
in the HMW fractions with the γ-secretase complex, whereas 
endogenous SPP and RHB​DL2 each eluted in the LMW fractions 
(Fig. S2 B). In this regard, SPPL2b is reported to cleave its Bri-2 

substrate intramembranously after Bri-2’s ectodomain is shed 
by A10 (Martin et al., 2008). 2D BN/SDS-PAGE results for SPP 
and RHB​DL2 confirmed the FPLC results (Fig. S2 C). Collectively, 
the findings so far suggest the existence of an endogenous HMW 
complex containing BACE1 and PS–γ-secretase.

The β/γ-secretase complex is proteolytically active
Using a well-characterized fluorogenic peptide substrate to assay 
β-secretase activity (Ermolieff et al., 2000), we observed much 
higher BACE1 cleavage activity in the LMW than in the HMW 
FPLC fractions (Fig.  2  D), closely paralleling the distribution 
of the protease across the fractions (Fig.  2 A). We then asked 
whether the immunoprecipitable β/γ complexes found selec-
tively in the HMW fractions (Fig. 2 B) contain BACE1 proteolytic 
activity. Using antibodies to NCT (or TfR as a negative control) to 
pull down the β/γ complex from 1% CHA​PSO-solubilized micro-
somes of WT mouse brain, the coimmunoprecipitated complex 
was eluted and then incubated at 37°C for 2 h with the fluorogenic 
peptide substrate. AZD3293 or Inhibitor IV was used to specifi-
cally confirm the BACE1 reaction. Anti-NCT (but not anti-TfR) 
precipitated protein complexes from the microsomes having 
β-secretase activity, which could be inhibited by pretreating the 
samples with either BACE1 inhibitor, showing the specificity of 
this assay (Fig. 2 E). We then used the same approach to try to 
pull down active β/γ complexes from the HMW and LMW pools 
of FPLC fractions. Consistent with the IP-WBs of these two pools 
(Fig. 2 B), the NCT-IP from the HMW pool yielded β-secretase 
activity while that from the LMW pool (which lacks NCT) did 
not, as expected (Fig. 2 F). After calibrating these activity signals 
using recombinant human BACE1 as a standard (Fig. S2 E, left 
graph), the BACE1 activities of the β/γ complexes from both the 
unfractionated mouse brain lysate (Fig. S2 E, middle graph) and 
from the HMW pool (Fig. S2 E, right graph) were significantly 
greater than that of the control samples (the TfR IP or the NCT 
IP pretreated with a BACE1 inhibitor; Fig. S2 E). Together, our 
findings demonstrate that an endogenous HMW β/γ-secretase 
complex has BACE1 catalytic activity. Next, we asked whether 
this novel secretase complex could mediate sequential APP sub-
strate cleavages to release the final products (Aβ peptides) in 
cultured cells.

Figure 1. The β-secretase BACE1 interacts with γ-secretase at 
endogenous levels in WT mouse brain microsomal lysate. (A) 1% 
CHA​PSO-solubilized lysates of WT mouse brain microsomes were 
immunoprecipitated for BACE1 or ITGα1, ITGα2, and ITGβ1 as con-
trols. IPs were blotted to probe for coIP of the γ-components NCT 
and PS1-NTF. (B) 1% CHA​PSO-solubilized lysates of WT mouse brain 
microsomes were loaded onto BN-PAGE followed by second-dimen-
sion SDS-PAGE and blotted with antibodies to the indicated pro-
teins. *, nonspecific signal; m and im, mature and immature forms.
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Figure 2. BACE1 exists with γ-secretase in an HMW complex isolated from mouse brain by FPLC and has proteolytic activity. (A) 1% CHA​PSO-solu-
bilized WT mouse brain microsomes were fractionated on a Superose 6 Increase SEC column by FPLC and blotted with antibodies to the indicated proteins.  
(B) FPLC fractions were pooled into HMW (6–9) or LMW (21–24) fractions and immunoprecipitated for BACE1 and then blotted with antibodies to the indicated 
proteins. Note that the amount of BACE1 that was immunoprecipitated varies and may not necessarily reflect the amount in the input. (C) FPLC fractions 
were blotted with certain antibodies to APP (top two panels, C7; bottom panel, 1G6). (D) FPLC fractions were incubated with a fluorogenic BACE1 peptide 
substrate. After incubation for 2 h at 37°C, fluorescence was read as BACE1 activity (n = 3; error bars are SD). (E) 0.25% CHA​PSO-solubilized WT mouse brain 
microsomes were immunoprecipitated for γ-secretase (anti-NCT) in the absence or presence of two different β-secretase inhibitors (AZD3293 and inhibitor IV, 
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The HMW β/γ-secretase complex is responsible for the 
majority of Aβ production
We showed above that in native FPLC fractions of WT mouse 
brain homogenates, the major portions of both BACE1 protein 
and BACE1 peptide cleavage activity are found in the LMW pool 
(Fig. 2, A and D). We next used FPLC fractions of HEK293 cells 
stably expressing human swAPP to probe for the functional con-
tribution of the HMW β/γ-secretase complexes to Aβ production. 
We examined FPLC fractions by immunoblots (Fig. 3 A). Of note, 
the size distribution of the γ-secretase complex across the FPLC 
fractions is somewhat different in these human cells (Fig. 3 A, top 
four panels) than in mouse brain (Fig. 2 A, bottom five panels); 
this different distribution is also apparent on our 2D BN/SDS-
PAGE blots for PS1-NTF in 1% CHA​PSO microsomes (compare 
size migration of PS1-NTF in Figs. 3 B and 1 B), consistent with a 
prior report (Gu et al., 2004). When we examined FPLC fractions 
from HEK293 cells by immunoblots (Fig. 3 A) and ELI​SA (Fig. S3 
C), we found that the unprocessed APP-CTFβ is present in both 
the HMW and LMW fractions. By performing immunoblotting 
and the BACE1 ELI​SA on the same FPLC fractions, we observed a 
closely similar distribution of the BACE1 protein across the frac-
tions of the HEK293 cells (Figs. 3 A and S3 B) as we had observed 
by WB in mouse brain (Fig. 2 A).

Next, we designed a novel experimental paradigm to exam 
the enzymatic activity and related physiological properties of the 
HMW β/γ-secretase complexes. As diagrammed in Fig. S3 D, we 
used 1% CHA​PSO lysates of the HEK293/swAPP cell microsomes 
as the input material. After fractionation by FPLC (Superose 6 In-
crease) in 0.25% CHA​PSO, we incubated the resultant FPLC frac-
tions at 37°C with nutation for 12 h (Fig. S3 D, left). We sought to 
detect substrate (holo-APP) within the HMW β/γ-secretase com-
plexes to search for its sequential cleavages into final products 
(Aβ peptides), an in vitro process we term de novo Aβ generation. 
After the 37°C incubation, each sample was lyophilized, and the 
powder was reconstituted in 0.05% Triton X-100. Aβx-40 and 
Aβx-42 were measured by ELI​SA and their ratio was established 
(Fig. 3 C). Most newly generated Aβx-40 and Aβx-42 occurred in 
the HMW fractions, and the 42/40 ratio was 0.1–0.2 in the active 
fractions (#5–7) that generated most Aβ; this is the physiolog-
ical ratio found in normal human biological fluids. These data 
suggested that only the HMW complex (>5 MD) containing both 
BACE1 and γ-secretase has physiological Aβ-generating activity. 
Next, we added 5 µM L685,458 (a potent transition-state analog 
[TSA] inhibitor of γ-secretase which binds at the active site) into 
the FPLC fractions before the 37°C incubation (DMSO vehicle was 
the control). Surprisingly, L685,458 failed to inhibit the de novo 
Aβ generation (Fig.  3  D). We speculated that this result could 
be explained if the holo-APP substrate was already docked into 
the catalytic site of γ-secretase so that L685,458 could not effi-
ciently bind there and inhibit (addressed below). We next asked 
whether de novo Aβ generation from the HMW fractions could 

instead be modulated allosterically by GSMs. We added 10 µM 
JNJ-40418677, an NSA​ID-derived GSM, to the FPLC fractions 
(versus just DMSO) before the 37°C incubation. This compound 
decreased Aβx-42 and Aβx-40 production and increased Aβx-37 
production (Fig. 3 E), indicating that de novo Aβ generation by 
the HMW complexes can be allosterically modulated by a GSM.

To confirm that the de novo Aβ generation we observed de-
rived from holo-APP, we pretreated intact HEK293-swAPP cells 
for 24 h with the BACE1 inhibitor AZD3293 (2.5 µM), which pre-
vents APP-CTFβ generation (Fig. 7 D). Then, FPLC fractions of the 
pretreated cells were used for the de novo Aβ generation reaction. 
As shown in Fig. 3 F, there were 1.5- to 4-fold increases in Aβx-
40 de novo production in FPLC fractions #5–8 despite the prior 
treatment with the BACE1 inhibitor, which had been washed out 
during the FPLC. We hypothesized that this increased de novo 
Aβ generation was derived from holo-APP that had accumu-
lated in the HMW fractions during the AZD3293 pretreatment. 
To support this interpretation, we blotted for holo-APP in FPLC 
fractions of cells that had been treated with DMSO or AZD3293 
before the de novo Aβ generation (Fig. 3 G). We observed an in-
crease in holo-APP protein in the HMW fractions (#5–9) that 
generate Aβ, and this was specifically in the mature, N+O-gly-
cosylated APP known to be the preferred substrate for BACE1 
cleavage (e.g., Tomita et al., 1998). We quantified the amount of 
mature APP in fractions #5–10 of cells treated with AZD3293 or 
just DMSO before the de novo Aβ generation and observed a sta-
tistically significant increase of mature APP in fractions #6–10 
after AZD3293 treatment (Fig. S3 E). There was no significant 
change of PS1-NTF in the same fractions following the BACE1 
inhibition (Fig. 3 G). Collectively, these data provide direct ev-
idence that BACE1 inhibition leads to the accumulation of ma-
ture (N+O-glycosylated) holo-APP in HMW fractions, which can 
subsequently undergo sequential cleavages by the β/γ complex to 
generate Aβ once the BACE1 inhibitor is washed out.

We further characterized the HMW complex to confirm that 
Aβ generation from holo-APP represents sequential processing 
by the β/γ secretase complex. A preparative SEC column, Sep-
hacryl S-300 HR, was used instead of the analytical Superose 6 
Increase SEC column to enable bulk preparation of β/γ HMW 
complexes from HEK293-swAPP microsome lysates. (The perfor-
mances of Superose 6 Increase and S-300 HR FPLC columns were 
compared by running MW calibration standards [Figs. S3 A and 
S4 A, top] and the 1% CHA​PSO microsome samples [Figs. S3 A and 
S4 A, bottom].) We used the first eight HMW fractions after the 
void volume of the S-300 HR column to probe for de novo Aβ gen-
eration at 37°C (Fig. 4 A). Fractions #1–4 collectively generated 
the vast majority of de novo Aβ (including Aβx-37, Aβx-40, and 
Aβx-42). We also quantified basal Aβx-40 levels in the FPLC frac-
tions present before the 37°C incubation to assess how much ex-
isting Aβ was carried over from the microsome preparations; this 
comprised only ∼20% of the Aβx-40 amount present after the de 

each at 10 µM), or else anti-TfR as a control. β-Secretase activity assays were performed on the eluates extracted from the IP resin. n = 5 for the NCT IP, n = 2 
for the TfR IP; error bars are SD. Unpaired Student’s t test: **, P < 0.01; ***, P < 0.001. (F) Pooled HMW and LMW FPLC fractions from WT mouse brains were 
immunoprecipitated for γ-secretase (anti-NCT). β-Secretase activity assays were performed on the eluates extracted from the IP resin (unpaired Student’s t 
test: **, P < 0.01, n = 3; error bars are SD).
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Figure 3. De novo Aβ generation in HMW FPLC fractions of microsomes from HEK293-swAPP cells. (A) FPLC fractions (Superose 6 Increase column) of 1% 
CHA​PSO-solubilized microsomes of HEK293/swAPP cells were blotted with antibodies to the indicated proteins. (B) Unfractionated microsomes were loaded 
onto 2D BN/SDS-PAGE and blotted for PS1-NTF. (C) FPLC fractions were incubated at 37°C for 12 h. Aβx-40 and x-42 de novo generation was quantified by 
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novo incubation (Fig. 4 A, fractions #1 and 2). Protein levels of 
holo-APP, BACE1, and γ-secretase (NCT, PS1-NTF, and PS1-CTF) 
across the eight FPLC fractions were measured by immunoblot-
ting (Fig. S4 C). We next tested two types of GSMs, E2012 (IC50 
for Aβx-42 = 53 nM) and JNJ-40418677 (IC50 for Aβx-42 = 190 
nM; Jumpertz et al., 2012) to attempt to modulate the de novo Aβ 
generation by FPLC fraction #1. Pretreatment with either GSM 
decreased new Aβx-42 generation significantly (Fig. 4 B, top), but 
JNJ-40418677 performed more efficiently and in a dose-depen-
dent manner to decrease Aβx-40 (Fig. 4 B, middle) and increase 
Aβx-37 generation (Fig. 4 B, bottom), compared with E2012.

Importantly, we next performed coIPs on FPLC fractions #2–5 
to directly immunoisolate β/γ secretase complexes, using anti-
bodies to either the N terminus of holo-APP (22C11), the PS1-NTF 
(Poly18111), the C terminus of NCT (N1660), or the C terminus of 
BACE1 (cocktail of Poly8401 and 8402; Fig. S4 B). The IP beads 
were washed three times and incubated at 37°C in 0.25% CHA​PSO 
reaction buffer for 12 h. De novo Aβ generation was measured 
in the 0.25% CHA​PSO reaction supernatant (Fig. 4 C). Among 
the HMW complexes immunoprecipitated from the major Aβ- 
generating FPLC fractions #2–4, generation of both de novo Aβx-
40 and Aβx-42 was detectable in the IP of holo-APP, while just 
Aβx-40 generation was sufficient to be detectable in the IPs of 
NCT, PS1, and BACE1. Immunoblots of the respective immuno-
precipitated complexes confirmed the pull-down of PS-1 and 
NCT from fractions #2–4 (Fig. S4 D). Of note, the HMW complex 
pulled down by the holo-APP IP yielded an Aβx-40/42 ratio (∼0.1) 
that was physiological. These key findings confirm sequential 
cleavage of holo-APP by an immunoisolated HMW secretase 
complex containing both β and γ proteolytic activities.

Collectively, the above results show that a substrate (in our 
case holo-APP) that localizes in the >5 MD HMW complex can be 
coimmunoprecipitated and then processed by endogenous β- and 
γ-secretases into its final product (in our case physiological Aβ 
peptides). Thus, a population of HMW β/γ-secretase complexes 
in cells mediates the serial cleavage of the distal ectodomain and 
the intramembrane domain of single-transmembrane substrates 
in a coordinated manner.

Similar HMW β/γ-secretase complexes are 
observed in human brain
We asked whether the de novo generation of Aβ from the >5 MD  
HMW complex containing the β- and γ-secretases could be 
observed in human brain tissue. Fig. 5 A shows our modified 
protocol to prepare such HMW complexes from human brain. 
We confirmed the presence of ADAM-10, BACE1, PS-1 (NTF and 
CTF), Aph-1, FL-APP, and NCT in the FPLC fractions by immu-
noblot. The distribution of the components of the γ-complex 

was similar to that of HEK293 cells (Fig. 5 B). We also detected 
BACE1 proteolytic activity by incubating the BACE1 fluorogenic 
substrate in the individual FPLC fractions of human brain, re-
vealing a similar distribution pattern to that of mouse brain 
(Fig.  5  C). Moreover, using microsome lysates from a fresh 
human brain, we observed similar de novo Aβ generation from 
the >5 MD HMW complex, particularly in FPLC fractions #5–7 
(Fig. 5 D). Next, we added three γ-secretase inhibitors (2 µM 
Compound E, 5 µM DAPT, or 5 µM L685,458) to the FPLC frac-
tions of human fresh brain microsomes (Fig. 5 E). Each could 
inhibit only a small portion of de novo Aβ generation, again 
suggesting that the HMW β/γ-secretase complex is mature and 
docked with substrate in the catalytic site: both a TSA and a 
non-TSA γ-inhibitor could not compete with the docked sub-
strate, as the TSA is known to occupy the catalytic site and 
the non-TSA is known to allosterically change the substrate’s 
binding (Kornilova et al., 2005; Li et al., 2014). Next, we used 
the GSM JNJ-40418677 (10 µM) on FPLC fractions from a frozen 
human brain and observed a significantly increased Aβx-37 de 
novo generation versus vehicle alone (Fig. 5 F). Together, these 
findings suggest the existence of proteolytically active HMW 
β/γ-secretase complexes that produce a majority of cellular Aβ 
in both a human cell line and human brain tissue.

Next, we investigated the nature of the physical association 
between β and γ secretase in the HMW complexes. As suggested 
in Fig. 2 A, we reasoned that MT5-MMP could serve as a negative 
control sheddase which does not form a complex with γ-secre-
tase since it does not generate APP fragments that end at the 
γ-secretase cleavage site (Fig. S2 D). As RIP proteases are intram-
embrane cleaving enzymes, we suspected the TMD to be a critical 
functional domain for HMW complex formation. After aligning 
the TMDs of BACE1 and MT5-MMP (the identified η-secretase; 
Willem et al., 2015; Baranger et al., 2016), we generated a chi-
meric BACE1 molecule by swapping in the TMD of MT5-MMP 
(Fig. S5 A). We also generated a HEK293/swAPP cell line having 
a knockout (KO) of endogenous BACE1 and documented a >90% 
decrease in Aβ secretion compared with its parental line (Fig. 
S5 B). We then tested whether transfection of WT BACE1 or the 
MT5-BACE1 TMD chimera could rescue Aβ production in the 
BACE1 KO cells, compared with either empty vector or GFP as 
the negative control. WT BACE1 and MT5-BACE1 equally restored 
Aβ production, whereas the negative controls did not (Fig. S5 C). 
Moreover, both WT BACE1 and MT5-BACE1 equally coimmuno-
precipitated PS1-NTF and NCT from 0.25% CHA​PSO-solubilized 
microsomes of BACE1 KO cells expressing these constructs (Fig. 
S5 D). Thus, a specific TMD sequence is not crucial for the for-
mation of the proteolytically active HMW complex of β- and 
γ-secretase, as expected.

ELI​SA from each fraction after concentration; left y-axis, Aβx-40; right y-axis, Aβx-42 (n = 3; mean ± SD). Below: A relative ratio of Aβx-42/x-40 was calculated; 
the purple line represents 0.2. (D) FPLC fractions were incubated at 37°C for 12 h with L685,458 (5 µM) and with DMSO as the control. Aβx-40/x-42 de novo 
generation was measured by ELI​SA on each fraction after concentration (n = 2; means ± SD). (E) As in D, fractions #1–24 were incubated at 37°C for 12 h with 
10 µM JNJ-40418677 or DMSO as the control. Aβx-37/x-40/x-42 de novo generation were measured by ELI​SA from each fraction (n = 2; means ± SD; unpaired 
Student’s t test: *, P < 0.05; **, P < 0.01; ***, P < 0.001). (F) 1% CHA​PSO-solubilized microsomes from HEK293/swAPP pretreated with 2.5 µM AZD3293 for 24 h 
(DMSO as the control) were fractionated on a Superose 6 Increase column, and fractions were incubated at 37°C for 12 h. Aβx-40 de novo generation was mea-
sured by ELI​SA from each fraction (n = 3; means ± SD); unpaired Student’s t test: **, P < 0.01; ****, P < 0.0001. (G) Holo-APP and PS1-NTF immunoblots of FPLC 
fractions before their 37°C de novo incubation from cells treated with 2.5 µM AZD3293 or DMSO for 24 h (m, mature; im, immature; DARK, longer exposure).
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Roburic acid (RA) reduces Aβ production by interfering with 
HMW β/γ-secretase complexes and modulating γ-secretase
Recently, the natural plant product 3-α-akebonoic acid, a pen-
tacyclic triterpenoid acid, was reported to interrupt a putative 
interaction of β- and γ-secretases by binding to PS1 and thereby 
reducing Aβ generation without altering BACE1 or γ-secretase 
catalytic activities per se (Cui et al., 2015). In the context of our 
findings here, this report suggested the potential feasibility of 
pharmacologically interfering with the HMW β/γ-secretase 
complex to reduce Aβ generation. However, purification of 
3-α-akebonoic acid from Akebia quinata is difficult, with very 
low yields of the pure product (Cui et al., 2015). We therefore 
searched for more abundant natural triterpenoid acids to test as 
potential Aβ-lowering compounds. We identified a seco deriva-
tive of pentacyclic triterpenoid acid—namely, RA (see Fig. 6 A). 
First, we measured total Aβ (Aβ1-x) levels in conditioned me-
dium from HEK293/swAPP cells treated with a wide dose range 
of RA (50 µM down to 390 nM) for 24 h. We observed a dose- 
dependent decrease in Aβ secretion (Fig. 6 B). Several different 
mechanisms could explain reduced Aβ1-x extracellular levels 
from this compound: (1) decreased Aβ secretion and increased 

intracellular Aβ accumulation; (2) shift of cleavage from the β 
site (Asp1) to the β′ site (Glu11), leading to a relative increase in 
Aβx-40 and x-42; (3) inhibition of BACE1 leading to decreased 
sAPPβ and CTFβ; and (4) inhibition of γ-secretase leading to 
accumulated APP-CTFs. We assessed each of these possibilities. 
First, treatment with RA (50 µM) decreased both intracellular 
Aβ1-x and secretion of Aβ1-x from HEK293/swAPP cells by as 
much as 60% compared with DMSO alone, with LY2811376 used 
as a positive control for β-secretase inhibition (Fig. 6 C). This 
result excluded the possibility of a reduction of Aβ release into 
the extracellular space. Second, RA decreased both Aβx-40 and 
x-42 (Fig. 7 A), ruling out that the lowering of Aβ1-x represented 
a shift from β toward β′ cleavage or other N-terminally trun-
cated Aβ species. Treatment with RA diminished Aβx-42 rel-
atively more than Aβx-40 (Fig. 7 A), suggesting that RA might 
act in part as a GSM (see below). Purified recombinant human 
BACE1 was also tested to exclude the possibility that RA was a 
BACE1 inhibitor (Fig. 7 B). In accord, only a very high dose of 
RA (50 µM) decreased sAPPβ-sw production by cells (Fig. 6 D), 
whereas all doses of  AZD3293 tested markedly lowered 
sAPPβ-sw secretion (Fig. 7 C), indicating no appreciable BACE1 

Figure 4. De novo Aβ generation from holo-APP in 
immunoisolated HMW complexes. (A) 1% CHA​PSO- 
solubilized HEK293-swAPP microsomes were fractionated 
on a Sephacryl S-300 HR SEC column, and fractions #1–8 
were incubated at 37°C for 12 h. Aβx-37, x-40, and x-42 de 
novo generation was measured by ELI​SA from each FPLC 
fraction (n = 1). Aβx-40 was also measured in each fraction 
before incubation (n = 1). Left y-axis, Aβx-40; right y-axis, 
Aβx-42 and Aβx-37. (B) FPLC fraction #1 was incubated at 
37°C for 12 h with 2.5, 7.5, or 25 µM E2012 or JNJ-40418677. 
De novo Aβx-42/x-40/x-37 generation was measured by 
ELI​SA from each fraction (n = 2; means ± SD). Unpaired 
Student’s t test: *, P < 0.05; **, P < 0.01; ***, P < 0.001. 
(C) IP from FPLC fractions #2–5 using four different anti-
bodies, as indicated, was followed by incubating the immu-
noprecipitated beads in 500 µl reaction buffer at 37°C for 
12 h. De novo Aβx-40 and x-42 generation was measured 
in the reaction buffer (n = 2; means ± SD). IPs from #5 did 
not generate any measurable Aβ and thus it is not shown.
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inhibition by RA. Next, WBs and ELI​SA showed that RA could 
dose-dependently lower both APP-CTFs (Fig.  6, E and F), the 
opposite of what γ-secretase inhibitors did (Figs. 6 E and 7 D). 

Having ruled out these four possible mechanisms for Aβ-low-
ering by RA, we asked whether RA instead altered the newly 
identified HMW β/γ-secretase complex.

Figure 5. De novo Aβ generation from HMW FPLC fractions of human brain lysate. (A) Schematic of the protocol for de novo Aβ generation from human 
brain using fractions from the Superose 6 Increase column. (B) 1% CHA​PSO-solubilized human brain microsomes were fractionated on the column and blotted 
with antibodies to the indicated proteins. (C) Microsomes as in B were fractionated, and each fraction was incubated at 37°C for 2 h with fluorogenic BACE1 
peptide substrate IV (n = 3, means ± SD). (D) FPLC fractions were incubated at 37°C for 12 h. De novo Aβx-40 generation was measured by ELI​SA from each 
fraction (n = 2, means ± SD). (E) FPLC fractions incubated at 37°C for 12 h with indicated inhibitors and DMSO as the control. De novo Aβx-40 generation was 
measured by ELI​SA from each fraction after concentration (n = 2, means ± SD). Unpaired Student’s t test: *, P < 0.05. (F) FPLC fractions were incubated at 37°C 
for 12 h with 10 µM JNJ-40418677 or just DMSO. De novo Aβx-40/x-37 generation was measured by ELI​SA from each fraction after concentration (n = 3, means 
± SD). Unpaired Student’s t test: *, P < 0.05; ***, P < 0.001; ****, P < 0.0001.
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Figure 6. RA destabilizes the HMW β/γ complex and modulates γ-secretase activity to reduce Aβ production. (A) The structure of RA. (B) Aβ1-x in 
medium measured by ELI​SA after 24-h treatment of HEK293-swAPP cells with RA (dosages from 390 nM to 50 µM; n = 2, means ± SD; some error bars too 
small to be visible). Black line, Aβ1-x level with plain DMSO treatment. (C) Extracellular and intracellular Aβ1-x were measured by ELI​SA after 24-h treat-
ment of HEK293-swAPP cells with 50 µM RA, with DMSO and 10 µM LY2811376 (LY) as controls (n = 6, means ± SD). Unpaired Student’s t test: **, P < 0.01;  
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FPLC fractions (Superose 6 Increase column) from HEK293-
swAPP cells that had been treated with RA (25 µM) were assayed 
for de novo Aβ generation. RA significantly reduced Aβx-40 gen-
eration by HMW fractions #6 and 7 and Aβx-42 generation by 
HMW fractions #5–7 (Fig. 6 G). Notably, the Aβx-42/40 ratio was 
also decreased significantly in HMW fractions #5–7 (Fig. 6 G). 
Immunoblots of all FPLC fractions before the de novo Aβ gener-
ation showed that RA had decreased PS1-NTF, PS1-CTF, and NCT 
levels in HMW fractions #6 and 7, with a parallel increase in LMW 
fractions #13–16 (Fig. 6 H). Thus, RA appeared to decrease Aβ pro-
duction by redistributing the γ-secretase catalytic components 
from the Aβ-competent HMW complex to an LMW fraction that 
generates little or no Aβ (Fig. 6, G and H). We assayed microsomes 
from total (unfractionated) cell lysates for BACE1 activity with 
the fluorogenic substrate: there was no difference in BACE1 ac-
tivity between RA- and DMSO-treated cells (Fig. 7 E). However, 
when we assayed BACE1 activity across all FPLC fractions, RA 
significantly reduced fluorogenic peptide cleavage in fractions 
#5, 6, and 8–13 (Fig. 7 F), among which fractions #5 and 6 had 
been shown to have the most HMW β/γ-secretase complexes 
contributing to Aβ production (Fig. 3 C). In contrast, RA treat-
ment caused no change in BACE1 peptide cleavage activity in the 
BACE1-rich LMW fractions (Fig. 7 F). We conclude that RA lowers 
Aβ production by decreasing both the levels of γ-secretase com-
ponents (PS1-NTF/PS1-CTF/NCT) and BACE1 proteolytic activity 
present in the HMW complexes.

RA reduced Aβx-42 more than Aβx-40 (Fig. 7 A), which is dif-
ferent than that reported for the related pentacyclic triterpenoid 
acid, 3-α-akebonoic acid (Cui et al., 2015). This suggested that RA 
might also be able to modulate γ-cleavage. We therefore treated 
HEK293-swAPP cells with RA (versus DMSO) in serial doses from 
50 µM down to 390 nM for 24 h and measured four distinct Aβ 
species in the conditioned medium (Fig. 7 G). (Aβx-43 was only 
detectable in the DMSO-treated medium [not shown].) We mea-
sured an IC50 of <3 µM for Aβx-42, ∼20 µM for Aβx-40, and ∼6 µM 
for Aβx-37, whereas most doses increased Aβx-38 (Fig. 7 G). Next, 
we applied the same RA treatment to iPSC-derived, neurogen-
in-induced human neurons (iN cells) and obtained closely simi-
lar findings (Fig. 7 H). RA decreased Aβx-42 by 50% at 3.125 µM 
and increased Aβx-38 by 50% at this dose. Aβx-40 was barely 
changed, and Aβx-37 was decreased as RA dosage increased. 
After normalizing the Aβx-42/x-40 and the Aβx-38/x-42 ratios 
(Fig. 6 I), we observed a clear, dose-dependent decrease in Aβx-
42/x-40 ratio and increase in Aβx-38/x-42 ratio, suggesting that 
RA modulates γ-activity. However, RA is unique compared with 
several other GSMs we tested: acidic GSMs (such as sulindac 
sulfide) would increase the Aβx-38/x-42 ratio without changing 
x-40; nonacidic GSMs (such as E2012) would increase both Aβx-

38 and x-37 with reduced x-42 and x-40 (Crump et al., 2013). Our 
above comparison of RA to β-secretase inhibitors (BSIs), γ-secre-
tase inhibitors (GSIs), and GSMs suggests that the mechanism of 
RA does not fall cleanly into any of these categories.

β/γ-Secretase complexes isolated from cells expressing 
familial Alzheimer’s disease (FAD) mutant PS1 generate an Aβ 
pathogenic profile indistinguishable from that of whole cells
We explored the proteolytic activities of β/γ-secretase HMW 
complexes harboring FAD PS1 mutations. Using two sets of 
HEK293 cell lines overexpressing either WT-APP or swAPP as 
substrates, we quantified the effects on Aβ generation of two FAD 
PS1 mutations Y115H (Alzheimer’s disease onset at 35–47 yr) and 
L286V (Alzheimer’s disease onset at 47–50 yr; Citron et al., 1997, 
1998). Cell lines expressing swAPP have much more Aβ secretion 
than cells expressing WT-APP: the secreted Aβx-40 level from a 
WT-APP/WT-PS1 cell line was 246.2 ± 18 pg/ml and from a swAPP/
WT-PS1 line was 2318 ± 49.2 pg/ml (means ± SD; n = 3 each). We 
used FPLC fractions (Superose 6 Increase column) from HEK293 
cells stably overexpressing WT or FAD mutant PS1 with WT or 
swAPP to measure de novo Aβ generation at 37°C (Fig. 8, A and B). 
The HMW β/γ-secretase complexes having mutant PS1 generated 
a different profile of Aβ peptides than those having WT PS1, as re-
flected by the Aβx-42/x-40 ratio. We measured the cell-secreted 
Aβx-42/x-40 ratio in 24-h conditioned medium from these cells 
and averaged the de novo Aβx-42/x-40 ratios from FPLC fractions 
#5–17 to make a comparison (Fig. 8, C and D). The Aβx-42/x-40 
ratios derived from secreted Aβ in whole-cell medium (Fig. 8 D) 
and that from de novo Aβ production from the FPLC fractions 
(Fig.  8  C) were closely similar. These results suggest that the 
HMW β/γ-secretase complexes serve as the major source of Aβ 
secretion, and they also demonstrate the clear clinical relevance 
of the HMW β/γ complexes, as they produce a FAD-PS1 patho-
genic profile of Aβ peptides that is indistinguishable from that 
of the respective whole cells.

Colocalization of BACE1 and γ-secretase shown by proximity 
ligation assay (PLA) and stimulated emission depletion 
(STED) nanoscopy
To support our biochemical findings, we first performed confocal 
immunofluorescence microscopy on HEK293 cells that express 
only endogenous β- and γ-secretases. Confocal imaging showed 
fine punctate staining for BACE1 and PS1 throughout the cell 
(Fig. 9 A), with the strongest colocalization in the perinuclear re-
gion. To confirm this apparent colocalization between BACE1 and 
PS1, we employed a highly sensitive and quantitative in situ PLA 
to visualize the endogenous BACE1–PS1 complexes, with TfR/
PS1 as a negative control. Superior to most other colocalization 

****, P < 0.0001. (D) sAPPβ-sw secretion from the same cell line, measured by ELI​SA after 24-h treatment with increasing doses of RA with DMSO (black line) 
as the control (n = 3, means ± SD; some error bars are too small to be visible). (E) Immunoblots of lysates from the same cell line treated for 24 h with 50 µM 
RA, with DMSO or 10 µM LY2811376 or 10 µM DPAT as the control. (F) Intracellular APP-CTFβ was quantified by ELI​SA after 24-h treatment with RA or DMSO 
(black line; n = 4; means ± SD; some error bars are too small to be visible). (G) Microsomes from same cell line pretreated with 25 µM RA for 24 h (DMSO as 
the control) and fractionated on the Superose 6 Increase column. Fractions were incubated at 37°C for 12 h. De novo Aβx-40/x-42 generation was measured 
by ELI​SA, and an Aβx-42/x-40 ratio was plotted (n = 3, means ± SD). Unpaired Student’s t test: **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. (H) FPLC fractions 
before de novo incubation were blotted with antibodies to the indicated proteins. (I) Normalized Aβx-42/40 and Aβx-38/42 ratios in iN cells treated with 
increasing doses of RA, with DMSO set at 1 (n = 6, means ± SD; some bars are too small to be visible).
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Figure 7. RA does not inhibit BACE1 or γ-secretase. (A) Aβx-40 and Aβx-42 were measured in 24-h conditioned medium after treating with 50 µM RA or 
DMSO (n = 6, means ± SD). Unpaired Student’s t test: ****, P < 0.0001. (B) 500 ng recombinant BACE1 with 50 µM RA or 10 µM LY2811376 and DMSO as the 
control were tested using a fluorogenic BACE1 activity assay (n = 3, means ± SD; unpaired Student’s t test: ****, P < 0.0001). Fluorogenic substrate alone was 
used as a blank control. (C) sAPPβ-sw were measured by ELI​SA after 24-h treatment of increasing doses of AZD3293, with DMSO as the control (black line;  
n = 1). (D) Intracellular APP-CTFβ quantified by ELI​SA after 24-h treatment with increasing doses of AZD3293 or L685,458, with DMSO as the control (black 
line; n = 1). (E) 1% CHA​PSO-solubilized microsomes from the same cell line treated with DMSO or 50 µM RA were diluted 20–640 times and incubated with 
fluorogenic BACE1 substrate IV, and activity was measured (n = 1). (F) 1% CHA​PSO-solubilized microsomes from same cell line treated with DMSO or 50 µM 
RA and then fractionated on a Superose 6 Increase column. BACE1 activity was measured as in E (n = 3, means ± SD; unpaired Student’s t test: *, P < 0.05; 
***, P < 0.001). (G) Aβx-37, x-38, x-40, and x-42 were measured by ELI​SA after 24-h treatment with increasing doses of RA, with DMSO as the control (black 
line) on HEK293-swAPP cells (n = 4, means ± SD; some error bars are too small to be visible). (H) Aβ1-x, x-37, x-38, x-40, and x-42 in medium measured by 
ELI​SA after 24-h treatment with RA on D23 iN cells with serial of doses from 50 µM to 390 nM (n = 6, means ± SD; some error bars are too small to be visible; 
black line, DMSO).
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methods, PLA requires a maximum distance of 40 nm between 
two labeled proteins to produce a signal (Fig. 9, B and C). Quanti-
fication of PLA signals showed that BACE1–PS1 association (<40 
nm) is significantly more prevalent than TfR/PS1 association 
(Fig. 9 D). Finally, we used a superresolution STED nanoscope to 
visualize endogenous BACE1–PS1 complexes in HEK293 cells. We 
observed perinuclear colocalization of BACE1–PS1 (Fig. 9 E, upper 
panels), and these colocalized puncta (diameter ∼150 nm) were 
clearly visualized under STED depletion, having a resolution as 
high as 14 nm per pixel (Fig. 9 E, lower panels). All three imaging 
methods, taken together with our extensive biochemical data, 
document the occurrence of β/γ-secretase complexes in vivo, in 
vitro, and in situ.

Discussion
The discovery of the normal cellular production of Aβ via an 
apparent intramembrane cleavage of APP (Haass et al., 1992; 
Seubert et al., 1992; Shoji et al., 1992) provided the first evidence 
of the unusual hydrolysis of peptide bonds within the lipid bi-
layer, and the parallel discovery of the intramembrane cleavage 
of SRE​BP by Site-2 protease (Rawson et al., 1997) led to the recog-
nition of RIP as a general biological process (Brown et al., 2000). 
Because many single-transmembrane substrates, including 
Notch and its ligands, are now known to require endoproteolysis 
by α- or β-secretase followed by γ-secretase, understanding the 
process underlying these sequential cleavages is fundamental 
to cell biology. In particular, identification of the biochemical 

Figure 8. De novo Aβ generation closely reflects whole-cell Aβ secretion in both WT PS1- and FAD mutant PS1-expressing cells. (A and B) 1% 
CHA​PSO-solubilized microsomes prepared from the indicated HEK293 cell lines were fractionated on a Superose 6 Increase column, and fractions #1–24 
were incubated at 37°C for 12 h. De novo Aβx-40/x-42 generation was measured by ELI​SA from each fraction after concentration (n = 3; means ± SD). (C) The 
average de novo Aβx-42/x-40 ratio of fractions #5–17 from the indicated cell lines. (D) Secreted Aβx-42/40 ratio in 24-h conditioned medium from the same 
cells as in C (n = 3, means ± SD; ****, P < 0.0001).
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mechanism by which holo-APP is cleaved sequentially to Aβ pep-
tides is needed to design safe and effective inhibitors and mod-
ulators of this process in order to treat and ultimately prevent a 
major portion of age-related cognitive decline.

Here, we describe the existence of a hitherto unrecognized 
HMW complex that processes full-length transmembrane pro-
teins (e.g., APP) by β- and γ-secretases to final products (Aβ 
peptides) in cultured cells and human brain. We show that Aβ 
generation by the HMW complex can be modulated by small 
molecules, including known GSMs, but also by the intriguing 

new modulator, RA, which lowers Aβ generation by redistrib-
uting the γ-components from the Aβ-competent HMW complex 
to lower MW inactive fractions without directly inhibiting β- or 
γ-secretase. We also conducted immunocytochemical analyses of 
the endogenous β/γ interaction using PLA and the superresolu-
tion STED nanoscope to confirm our biochemical findings and 
provide evidence of an interaction between BACE1 and PS–γ-
secretase in situ. Together with our previous work on a multi-
protein complex of the α- and γ-secretase enzymes (Chen et al., 
2015), our collective findings support a novel model of RIP that 

Figure 9. Confocal microscopy, PLA, and analysis 
by STED nanoscope of BACE1 and γ-secretase colo-
calization in HEK293 cells. (A) 1-μm optical section of 
HEK293 cells stained for BACE1 (green), PS1 (red), and 
DAPI (blue), viewed by confocal microscopy. (B) In situ 
PLA staining, showing interactions between BACE1/
PS1 or TfR/PS1 signals (red) and DAPI (blue) by confo-
cal microscopy, low magnification. (C) High magnifi-
cation of B. (D) Quantification of PLA signals from five 
frames of images each (red puncta) between BACE1/
PS1 (119 cells), with TfR/PS1 (106 cells) as a negative 
control. Unpaired Student’s t test: n = 5, mean ± SEM; 
**, P < 0.01. (E) Superresolution STED images of BACE1 
(green) and PS1 (red) immunoreactive puncta in HEK293 
cells. Some examples of colocalized puncta are marked 
with red circles.



Liu et al. 
Aβ-generating BACE1–γ-secretase HMW complex

Journal of Cell Biology
https://doi.org/10.1083/jcb.201806205

15

involves functional collaboration between a sheddase and an 
intramembrane protease within the same physical complex in 
order to mediate rapid, sequential proteolysis of a substrate in 
an efficient manner.

We initially observed that endogenous BACE1 could be coim-
munoprecipitated with γ-secretase from CHA​PSO-solubilized 
mouse brain microsomes. A second method, nondenaturing 
FPLC, showed that BACE1 and the mature γ-components of mouse 
brain eluted together in certain HMW fractions sized at >5 MD. 
The endogenous β- and γ-secretases could be coimmunoprecip-
itated from such HMW FPLC fractions but not from LMW FPLC 
fractions that contain abundant BACE1 but no mature (PS het-
erodimeric) γ-secretase. The identification of α/γ and separately 
β/γ-secretase complexes suggests the apparent existence of a 
heterogeneous array of high-order protease complexes that are 
independent; we have not been able to detect a complex contain-
ing the two sheddases and γ-secretase (see Fig. 10, C and D, in 
Chen et al., 2015).

As regards function, we found that the HMW β/γ complex 
is able to mediate sequential cleavages of the full-length APP 
protein into Aβ peptides. Using FPLC fractions prepared from 
cultured cells or normal human brain, we detected de novo Aβ 
generation at 37°C from holo-APP substrate that is apparently 
docked in the HMW protease complex, whereas this did not 
occur in LMW FPLC fractions, as expected, because they are rich 
in BACE1 protein but lack γ-secretase. The array of C-terminally 
heterogeneous Aβ peptides generated from these HMW fractions 
was appropriately altered by GSMs, by BACE1 inhibitors, and by 
RA, but could not be inhibited by active site directed γ-secretase 
inhibitors, presumably because the β/γ complex already con-
tained bound holo-APP (and other γ-substrates) that precluded 
efficient entry of an inhibitor into the γ-secretase active site. As 
our recent work showed (Bolduc et al., 2016a), NCT functions as 
a gatekeeper to prevent holo-APP from entering into the final 
PS–γ-secretase catalytic site without first undergoing ecto-
domain shedding by α- or β-secretases. We postulate that NCT is 
the gatekeeper for holo-substrate but not for APP-CTF once the 
ectodomain has been shed by BACE1. Our data thus suggest that 
the HMW complexes can contain mature β and γ proteases com-
plexed with substrate (APP), as illustrated in Fig. 10 A. De novo 
Aβ42 and 40 peptides were generated from the FPLC-isolated β/γ 
complexes at the normal ratio of 0.1–0.2, in accord with these 
complexes serving as the principal source of physiological Aβ 
peptides made by cells.

Importantly, coIPs of HMW FPLC fractions using antibodies 
specific for holo-APP, PS1, NCT, or BACE1 were each incubated at 
37°C to generate the same array of Aβ peptides as we observed in 
the input FPLC fractions and culture medium. However, the coIP 
of APP generated more Aβ products than the coIP of BACE1 or 
the γ-components, which suggests that the IP of APP enriches for 
complexes that are already loaded in part with holo-APP and thus 
yield more APP products than pulling down via the secretases, 
which presumably interact with other substrates besides APP.

Numerous cofactors of γ-secretase have been reported (e.g., 
Chen et al., 2006; Wakabayashi et al., 2009), and a catalytically 
active γ-secretase complex is thought to be larger (>2 MD) than 
the MW of its four essential components combined (∼250 kD; 

Li et al., 2000a; Farmery et al., 2003). In previous studies, (1) a 
recombinant substrate (such as APP-C99 or ΔE-Notch) was used 
to demonstrate γ-activity in vitro (Li et al., 2000a); (2) overex-
pression of the γ-components was required to purify γ-secretase 
(Fraering et al., 2004b; Cacquevel et al., 2008; Wakabayashi et al., 
2009); and (3) immobilized TSA inhibitors were used to isolate 
endogenous γ-secretase (Li et al., 2000b; Esler et al., 2002). In the 
current study, the de novo Aβ generation we observed is specifi-
cally derived from the HMW β/γ-complex since (1) an endogenous 
substrate (APP) present within the HMW complex was used to 
evaluate γ-activity; (2) an endogenous protease complex was iso-
lated and characterized from both cells and normal human brain; 
(3) the HMW complex cleavage activity was sensitive to GSMs but 
not GSIs, thus distinct from the γ-secretase pulled down by a TSA; 
and (4) the higher de novo Aβ generation by this complex after 
initially inhibiting BACE1 demonstrated the existence of com-
plexes having holo-APP protein docked and ready for sequential 
processing. Given these special properties, it is reasonable that the 
β/γ complex has not been previously discovered in conventional 
protein–protein interaction screens used heretofore. Indeed, 
conventional protein–protein interaction screens mostly failed to 
detect substrates such as APP holo-protein, suggesting that many 
pulled-down γ-secretase complexes may lack docked substrates.

To further strengthen our findings, we examined RA in our 
experimental system in an attempt to disrupt active β/γ com-
plexes and reduce Aβ generation. After characterizing RA as 
an Aβ-lowering agent distinct from BSIs, GSIs, and GSMs, we 
showed that RA could decrease de novo Aβ generation in the 
HMW FPLC fractions by lowering PS1-NTF and BACE1 levels in 
those Aβ-generating fractions and shifting them to LMW frac-
tions, which suggests that HMW β/γ complexes may be disassem-
bled in part by RA, thereby precluding efficient Aβ generation.

In cultured cells or brain tissue, one can routinely detect en-
dogenous APP-CTFs. In this regard, we observed APP-CTFβ in 
LMW fractions (Figs. 3 A and S3 C) that cannot support de novo 
Aβ production upon incubation at 37°C (Fig.  3  C). It is possi-
ble that sheddases such as BACE1 could shed holo-substrate by 
two modes: with or without immediate γ-secretase cleavage. 
We speculate that there may be two broad substrate processing 
pathways: for ectodomain shedding (extracellular signaling) and 
for sequential processing (both extra- and intracellular signal-
ing; Fig. 10 B). In this case, endogenous APP-CTFs observed in 
cells at steady state could be byproducts of the principally ecto-
domain-shedding pathway, with the resultant CTFs turned over 
in a non–Aβ-generating pathway such as in lysosomes and by 
autophagy (Tian et al., 2013). Such speculations are not unrea-
sonable, as sAPP-β, Aβ, and AICD are believed to have different 
physiological roles in the central nervous system (Reinhard et al., 
2005; Chasseigneaux and Allinquant, 2012). Moreover, the dis-
covery of η-secretase for APP processing appears to provide an 
example of a principal ectodomain shedding event (see Fig. S2 D).

In summary, our collective findings establish the physical 
and functional association of α- or β-secretase with γ-secretase, 
providing an efficient mechanism for processing many sin-
gle-transmembrane substrates to enable diverse signaling, pro-
tein turnover, and other functions. The HMW β/γ complexes 
we identify are the principal generators of cellular Aβ, both 



Liu et al. 
Aβ-generating BACE1–γ-secretase HMW complex

Journal of Cell Biology
https://doi.org/10.1083/jcb.201806205

16

quantitatively and qualitatively. Screening these isolated com-
plexes in vitro for compounds like RA that appear to decrease 
the interaction of the two secretases without inhibiting either of 
them represents a novel therapeutic approach for Aβ lowering 
that is complementary to the current search for safe and effective 
β-secretase inhibitors or GSMs.

Materials and methods
Reagents
LY2811376, AZD3293, DAPT, and L-685,458 were from Selleck-
chem; β-secretase inhibitor IV, Compound E, and β-secretase 
substrate IV (fluorogenic) were from Millipore; RA and JNJ-
40418677 were from Aobious; E2012 was from APExBIO; syn-
thetic Aβ peptides were all from Anasepc; and recombinant 
human BACE l protein was from R&D Systems.

Cell culture
HEK293 cells were maintained in standard medium: DMEM plus 
10% FBS, 2 mM l-glutamine, 100 µg/ml streptomycin, and 100 
IU/ml penicillin. For our HEK293/swAPP cell line, which over-
expresses human swAPP, standard medium was supplemented 
with G418. For our HEK293 coexpressing APP and PSEN1, stan-

dard medium was supplemented with G418 (APP) and Zeocin 
(PS1). For the Neurogenin 2-iN (iN) differentiation, iPSCs were 
differentiated following the protocol of Muratore et al. (2017). 
Cultures were treated with doxycycline (2 mg/ml) on day 1 to 
induce differentiation, fed with a series of medium changes, 
treated at day 23, and harvested at day 24.

Mice
All experiments involving mice were approved by the Harvard 
Medical School Committee on Animals. Both male and female 
C57BL/6 mice were used. Animals were housed in a temperature- 
controlled room on a 12-h light/12-h dark cycle and had free 
access to food and water.

BACE1 KO cell generation and transfections
Homozygous human BACE1-KO HEK293 cell lines were gener-
ated using a CRI​SPR/Cas9 nuclease-mediated system. The guide 
RNAs were designed using the CRI​SPR Design software package 
(http://​crispor​.tefor​.net/​) to minimize potential off-target ef-
fects. Two oligonucleotides (capitalized characters represent tar-
get sequence on human BACE1 exon 3), 5′-caccGGC​CAT​GGG​GGA​
TGC​TTA​CC-3′ and 5′-aaacGGT​AAG​CAT​CCC​CCA​TGG​CC-3′, were 
annealed and ligated into vector PX459 (Ran et al., 2013; 62988; 

Figure 10. Schematic illustration of the mechanism of the 
HMW β/γ secretase complex. (A) Summary illustration of 
HMW complexes and the effects of different compound treat-
ments. (B) Two potential pathways of membrane-shedding 
events: principally ectodomain shedding and principally sequen-
tial substrate cleavages.

http://crispor.tefor.net/
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Addgene) to express one gRNA targeting BACE1. After transfec-
tion of PX459 into HEK293/swAPP cells for 48 h, puromycin se-
lection was undertaken for 1 wk. BACE1 KO cells were isolated 
via limiting dilution cloning and confirmed by WB and ELI​SA. 
For test of chimera-BACE1 experiments, Xfect Transfection Re-
agent (Clonetech) was used according to the manufacturer’s 
protocol. Culture medium was changed 24 h after transfection 
for conditioning. 24-h conditioned medium and cell lysates were 
harvested for ELI​SA or coIP.

Mutagenesis
TMD-swapped mutants of BACE1 were cloned into a pcDNA3.1(+), 
using a two-step PCR. A total of four primers were used per 
construct: N/C-terminal primers 5′-ttagaattcatggcccaagccct-
gccctgg-3′ and 5′-ttactcgagttaaacgtgatggtgatggtgatgcttcagcag-
ggagatgt-3′ and internal primers 5′-TGC​ATC​CTG​TCC​CTC​TGC​
ATC​CTG​GTG​CTG​GTC​TAC​ACC​ATC​TTCcagtggcgctgcctc-3′ and 
5′-CAC​CAG​GAT​GCA​GAG​GGA​CAG​GAT​GCA​GGG​GAT​GAC​CAC​
GGC​CACggtcatgagggttga-3′, which contained the desired muta-
tion in-frame (capitalized characters represent the MT5-MMP 
TMD sequence) with the adjacent BACE1 sequence. In the first 
round of PCR, two reactions would generate a 5′- and a 3′-half 
with a complementary 27-bp overlap containing the desired 
mutation. The two resulting products were added together and 
used as a template for the second round of PCR, where extreme 
N/C-terminal BACE1 primers were added. All mutants were gen-
erated in BACE1 isoform with a C-terminal 6xHis tag, and their 
sequences were verified.

Human brain
A human temporal cortex specimen was obtained through col-
laboration with the neuropathology department at Brigham and 
Women’s Hospital under institutional review board–approved 
protocols. The sample came from brains that were removed and 
directly used in our experiments to isolate microsome fractions.

Microsome preparations from cultured cells and brain sample
For microsome preparations from cultured cells, cells were first 
Dounce homogenized with a tight pestle in TBS containing no de-
tergent with 15 strokes, followed by passage through a 27.5-gauge 
needle four times. Samples were then centrifuged at 1,000 g fol-
lowed by a 100,000-g ultracentrifuge spin to pellet microsomes, 
which were solubilized in 50 mM Hepes buffer, 150 mM NaCl, 
containing 1% CHA​PSO or 0.5% DDM for 60 min, followed by an-
other 100,000-g spin. For microsome preparations from brain 
samples, fresh sample (1 g) was chopped into small pieces with a 
razor blade, and then homogenized with 15 strokes of a Dounce 
glass homogenizer (Fisher) in 4 ml of 0.32 M sucrose, 10 mM 
Hepes, pH 7.4, 1 mM EDTA, and protease inhibitors. Brain ho-
mogenate was centrifuged two times at 1,500 g for 10 min each 
to discard nucleus and debris. Supernatant was then centrifuged 
at 100,000 g at 4°C in a TLA 100.3 rotor (Beckman Coulter) for 
30 min to pellet microsome fractions, which were solubilized in 
50 mM Hepes buffer, 150 mM NaCl, containing 1% CHA​PSO for 
60 min, followed by another 100,000-g spin. Protein concen-
trations were determined for both lysates and microsomes by 
a bicinchoninic acid protein assay (Thermo Fisher Scientific), 

and all samples were normalized for equal concentration be-
fore experiments.

CoIP
0.25% or 1% CHA​PSO solubilized microsomes or FPLC fractions 
were precleared with protein G–Sepharose for 1 h, and the result-
ing supernatants were incubated with the appropriate antibody 
for 1 h at 4°C. The immunoprecipitates were incubated with pro-
tein G–Sepharose overnight at 4°C and then washed three times 
in lysis buffer. The immunoprecipitated proteins were then 
eluted in SDS sample buffer for immunoblots or otherwise spec-
ified. To eliminate IgG heavy/light chain bands on immunoblots, 
signals were detected with HRP-conjugated bio-nanocapsules 
incorporating IgG Fc-binding Z domains derived from Staphy-
lococcus aureus protein A (Beacle) instead of the secondary an-
tibody. The antibodies used to precipitate specific antigens were 
for Integrin αl, AB1934 (rabbit, RRID: AB_302689; Millipore); 
for Integrin α2, AB1936 (rabbit, RRID: AB_2265143; Millipore); 
for Integrin β1, AB1952 (rabbit, RRID: AB_91150; Millipore); for 
mBACE1, PA 1-757 (rabbit, RRID: AB_325863; Thermo Fisher 
Scientific); for hBACE1, poly8401 (rabbit, RRID: AB_2565445; 
BioLegend); for hBACE1, poly8402 (rabbit, RRID: AB_2565446; 
BioLegend); for NCT, N1660 (rabbit, RRID: AB_477259; Sigma- 
Aldrich); for PS1-N, PRB-354P (rabbit, RRID: AB_389690; BioLeg-
end); for APP-N, MAB348 (mouse, RRID: AB_94882; Millipore); 
for Aph-1b, ab24613 (rabbit, RRID: AB_2058221; Abcam); for 
Bip, 610978 (mouse, RRID: AB_398291; BD Biosciences); for TfR, 
612124 (mouse, RRID: AB_399495; BD Biosciences), and for His-
tag, 652502 (mouse, RRID: AB_11204427; BioLegend).

Electrophoresis and WB
Samples were loaded onto 4–12% or 8% Bis-Tris gels using MES-SDS 
or MOPS-SDS running buffer (Invitrogen), transferred to nitro-
cellulose membranes, and probed for various proteins using stan-
dard WB. The resultant blots were detected with ECL and exposure 
to film. The antibodies used to detect specific antigens were, for 
mBACE1, EPR19523 (rabbit; Abcam); for hBACE1, D10E5 (rabbit, 
CST, RRID: AB_1903900); for ADAM10, MABN1123 (rabbit, RRID: 
AB_10972023; Abcam); for MT5-MMP, GTX128246 (rabbit; Gene-
tex); for Meprinβ, PA5-47474 (rabbit, RRID: AB_2607364; Thermo 
Fisher Scientific); for PS1-N, SC-7860 (rabbit, RRID: AB_2170581; 
Santa-Cruz); for PS1-C, EP-2000Y (rabbit, RRID: AB_1310605; 
Abcam); for PS2-C, EP-1515Y (rabbit, RRID: AB_882202; Abcam); 
for NCT, SC-14369 (goat, RRID: AB_2282503; Santa-Cruz); for Aph-
1aL, PRB-550P (rabbit, RRID: AB_291682; BioLegend): for SPP, 
ab16080 (rabbit, RRID: AB_302242; Abcam); for SPPL2b, PA5-
42683 (rabbit, Abcam RRID: AB_2606446; Abcam); for APP-CTF, 
C-7 (rabbit, homemade); for APP (573–596), SIG-39180 (mouse, 
RRID: AB_10719734; BioLegend); for mAPP (597), 28055 (rabbit, 
RRID: AB_918338; IBL); for APP-CTF (asp1), 3D6 (mouse, home-
made); for LRP1, ab92544 (rabbit, RRID: AB_2234877; Abcam); for 
APLP1, W1CT (rabbit, homemade); and for RHB​DL2, 12467-1-AP 
(rabbit, RRID: AB_11232403; Proteintech).

2D BN/SDS-PAGE
Cultured cells or brain microsomes were lysed in a lysis buffer 
containing 1% CHA​PSO or 0.5% DDM. After preclearing lysates 
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by ultracentrifugation at 100,000 g for 30 min, lysates mixed 
with native sample buffer (Thermo Fisher Scientific) and CBB 
G-250 (up to 1/4 of detergent concentration in each sample) 
were loaded on Native 3–12% Bis-Tris gel. After 150 min running 
at 150 V was done at 4°C, strips of gel were cut vertically and in-
cubated with 50 mM DTT and 1% SDS for 2 h at 37°C. Presoaked 
strips were placed for the second dimension in Novex Bis-Tris 
gels with 2D wells, and electrophoresis was done using MES-SDS 
running buffer for an LMW target and MOPS-SDS running buf-
fer for an HMW target.

FPLC
Microsomes isolated from culture cells, normal mouse brains, 
and human brain were solubilized in 1% CHA​PSO (350  µl or 
3.5  ml of total volume), injected onto a Superose 6 Increase 
10/300 column (24-ml bed volume) or a HiPrep 16/60 Sephac-
ryl S-300 HR (120-ml bed volume), and run on an FPLC system 
(AKTA purifier; GE Healthcare) in 50 mM Hepes buffer, 150 mM 
NaCl, and 0.25% CHA​PSO, pH 7.4. 500/2,000-µl fractions were 
collected for downstream experiments. Columns were calibrated 
with Gel Filtration Standard (Bio-Rad), which ranges from 
1,350 to 670,000 D.

β-Secretase activity assay (fluorogenic)
For FPLC fractions, sodium acetate was added to each fraction 
for a final concentration of 10 mM. 50-µl reaction buffer (10 mM 
sodium acetate, 1.5  mM NaCl, 0.1% Triton X-100, and 0.32  M 
sucrose, pH 5.0) containing 20  µM fluorogenic substrate IV 
(565758; Millipore) was added to 50 µl of adjusted FPLC sam-
ples. For immunoprecipitated samples, Sepharose beads were 
incubated in extraction buffer from a commercial β-secretase ac-
tivity assay kit (565785; Millipore) on ice for 30 min and spun at 
6,000 g briefly. 50 µl supernatant was mixed with 50 µl reaction 
buffer containing 20 µM fluorogenic substrate IV. In both cases, 
reactions were incubated at 37°C for 2 h, and fluorescence sig-
nals were read at excitation 335 nm/emission 490 nm on a plate 
reader (Synergy H1, BioTek).

De novo Aβ generation assays
For de novo Aβ generation from FPLC fractions, FPLC fractions 
from culture cell and human brain microsome lysates were 
incubated for 12 h under nutation with or without spike-in of 
inhibitors or modulators. Incubated fractions were then con-
centrated through lyophilizing and reconstituted into 0.05% 
Triton X-100. Different Aβ isoforms were measured from the 
resulting samples by ELI​SA. For de novo Aβ generation from IP 
samples, immunoprecipitated Sepharose beads from FPLC frac-
tions were incubated in a reaction buffer (50  mM Hepes buf-
fer, 150 mM NaCl, with 0.25% CHA​PSO, pH 7.4) at 37°C for 12 h, 
and different Aβ isoforms were measured from the resulting 
samples by ELI​SA.

ELI​SA
Conditioned culture medium, cell lysates, or in vitro reaction 
samples were diluted with 1% BSA in wash buffer (TBS supple-
mented with 0.05% Tween). For the homemade MSD electro-
chemiluminescent platform, each well of an uncoated 96-well 

multi-array plate (L15XA-3; Meso Scale Discovery) was coated 
with 30 µl of a PBS solution containing capture antibody (3 µg/
ml 266 for all Aβ ELI​SAs) and incubated at room temperature 
overnight, followed by blocking with 5% BSA in wash buffer for 
1 h at room temperature with shaking at >300 rpm. A detection 
antibody solution was prepared with biotinylated detection 
antibody, 100 ng/ml Streptavidin Sulfo-TAG (R32AD-5; Meso 
Scale Discovery), and 1% BSA diluted in wash buffer. Following 
the blocking step, 50 µl/well of the sample, followed by 25 µl/
well of detection antibody solution, was incubated for 2 h at 
room temperature with shaking at >300 rpm, washing wells 
with wash buffer between incubations. The plate was read and 
analyzed according to manufacturer protocol. The antibodies 
used to detect specific antigens were, for Aβ (1–37 specific), 
D2A6H (rabbit, CST); for Aβ (1–38 specific), 67B8 (mouse, SYSY, 
RRID: AB_11043334); for Aβ (1–40 specific), HJ-2 (mouse, home-
made); for Aβ (1–42 specific), 21Fl2 (mouse, homemade); for Aβ 
(1–43 specific), 18584 (rabbit, RRID: AB_2341377; IBL). For the 
commercial ELI​SA assay, ELI​SA for APP-CTFβ, 27776 (IBL); for 
sAPPβ-sw, K151BUE (Meso Scale Discovery); and for BACE1, 
DY931 (R&D Systems) were used, and all procedures were done 
according to manufacturer protocol.

Immunocytochemistry
HEK293 cells were cultured on poly-d-lysine–coated glass- 
bottom dishes (#1.5 high-tolerance coverglass, 170 ± 5 µm), fixed 
in 4% PFA in PBS for 15 min, permeabilized by 0.3% Triton X-100 
in PBS (PBST), and blocked with 5% skim milk in PBST. For con-
ventional confocal microscope images, after labeling using val-
idated primary antibodies against PS1 N terminus and BACE1 
C terminus, cells were washed extensively and incubated with 
a pair of fluorescence labeled secondary antibodies with Alexa 
Fluor 488 and 568, and images were acquired with PBS as imag-
ing medium under a 63×, NA 1.4 oil objective using a Carl-Zeiss 
LSM710 confocal microscope (acquisition software Zen). DAPI 
was used as counterstain for nuclei. For STED imaging, after la-
beling using validated primary antibodies against PS1 (E3L9X, 
rabbit, CST) and BACE1 (MAB9311, mouse, RRID: AB_2061368; 
R&D Systems), cells were washed extensively and incubated 
with a pair of fluorescence-labeled secondary antibodies. After 
staining, cells were treated with a serial mounting medium ex-
change graded from 10% 2,2′-thiodiethanol (TDE) to 25%, to 50%, 
and finally to 97%, with each step being a 30-min incubation at 
room temperature. Images were acquired with 97% TDE as imag-
ing medium using a Leica TCS SP8 STED nanoscope (acquisition 
software Leica Application Suite X).

PLA
HEK293 cells were fixed in 4% PFA in 0.1 M phosphate buffer 
for 15 min, permeabilized by 0.3% Triton X-100 in PBS, and 
blocked with PLA blocking reagent for 30 min at 37°C. After 
labeling using validated primary antibodies to PS1 N terminus 
PRB-354P (rabbit, RRID: AB_389690; BioLegend) and BACE1 C 
terminus MAB5308 (mouse, RRID: AB_95207; Millipore) or TfR 
612124 (mouse, RRID: AB_399495; BD Biosciences) as the nega-
tive control, cells were washed extensively and incubated with a 
pair of nucleotide-conjugated secondary antibodies (rabbit PLA 
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probe Minus and mouse PLA probe Plus) in PLA antibody diluent. 
Both Minus and Plus PLA probes interact with a rolling-circle 
nucleotide template when the distance between them is <40 nm. 
These complexes were ligated in the presence of a ligase in the 
hybridization solution. The circular template was then amplified 
using a polymerase, while red-labeled (λex 594 nm; λem 624 nm) 
probes hybridized the amplified sequence, according to the man-
ufacturer’s instructions. In situ PLA images were acquired with 
PBS as imaging medium under a 63×, NA 1.4 oil objective using 
a Carl-Zeiss LSM710 confocal microscope (acquisition software 
Zen). DAPI was used as counterstain for nuclei. Quantification 
was done by ImageJ (National Institutes of Health; particle ana-
lyzer) from five frames of photos containing in total 119 cells for 
PS1/BACE1 and 106 cells for PS1/TfR.

STED nanoscopy
For STED, cells were imaged with a 100×, NA 1.4 oil objective 
on a Leica TCS SP8 gated STED nanoscope. Alexa Fluor 488–
labeled probes were excited with the 488-nm wavelength of a 
continuous wave white light (WL) laser (80 MHz) and depleted 
with a CW 592 nm STED laser with a typical maximum power 
of 260–300 mW at the back aperture of the objective (corre-
sponding to ∼150 MW/cm2 in the focal plane), while Alexa Fluor 
568–labeled probes were excited with the 568-nm wavelength 
of a WL laser and depleted with a CW 660-nm STED laser with 
a typical maximum power of 240–280 mW. All images were 
acquired in 2D STED mode, i.e., with only lateral resolution 
improvement. Structures were imaged at settings optimized 
for a maximum gain in lateral resolution. This corresponded 
to full depletion laser on an internal Leica GaAsP HyD hybrid 
detector with a time gate of 2 ≤ tg ≤ 6 ns for 510–572 nm and 1.63 
≤ tg ≤ 5.13 ns for 584–626 nm. The resolution at this setting is  
∼30 nm (14 nm per pixel). Brightness and contrast of images 
were adjusted with ImageJ.

Quantification and statistical analysis
All immunocytochemical images were analyzed using ImageJ 
(National Institutes of Health) software. All statistical analysis 
was performed using GraphPad Prism 7 software. Statistical de-
tails of particular experiments are described in the text and fig-
ure legends. Unpaired Student’s t test was used for all statistical 
testing. Data distribution was assumed to be normal, but this was 
not formally tested.

Online supplemental material
Fig. S1 shows the specificity and stability of the β/γ-secretase 
complex. Fig. S2 shows the distribution of several intramem-
brane proteases in FPLC fractions of mouse brain and validation 
of the APP-CTFη expression. Fig. S3 shows the distribution of 
BACE1 and APP-CTFβ in FPLC fractions of HEK293-swAPP cells 
and the quantification of mature APP signals in FPLC fractions 
of HEK293-swAPP cells after treatment with AZD3293 or DMSO 
as the vehicle control. Fig. S4 shows the successful immuno- 
isolation of HMW β/γ-secretase complexes from FPLC fractions. 
Fig. S5 shows that a specific TMD is not essential for BACE1 to 
form the β/γ-secretase complex and generate Aβ.
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