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Presenilin is the catalytic subunit of γ-secretase, a four-component
intramembrane protease responsible for the generation of β-amyloid
(Aβ) peptides. Over 200 Alzheimer’s disease-related mutations have
been identified in presenilin 1 (PS1) and PS2. Here, we report that
Bax-inhibitor 1 (BI1), an evolutionarily conserved transmembrane
protein, stably associates with PS1. BI1 specifically interacts with
PS1 in isolation, but not with PS1 in the context of an assembled
γ-secretase. The PS1–BI1 complex exhibits no apparent proteolytic
activity, as judged by the inability to produce Aβ40 and Aβ42 from
the substrate APP-C99. At an equimolar concentration, BI1 has no
impact on the proteolytic activity of γ-secretase; at a 200-fold
molar excess, BI1 reduces γ-secretase activity nearly by half. Our
biochemical study identified BI1 as a PS1-interacting protein, sug-
gesting additional functions of PS1 beyond its involvement in γ-
secretase.
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Presenilin 1 (PS1) and, to a lesser extent, PS2 are frequently
mutated in early-onset familial Alzheimer’s disease (FAD)

(1). Presenilin interacts with nicastrin, Aph-1, and Pen-2 to form
an intramembrane protease complex known as γ-secretase, in
which presenilin serves as the catalytic subunit. γ-Secretase is
responsible for the generation of β-amyloid (Aβ) peptides from
the amyloid precursor protein (APP) (2). The longer forms of Aβ
peptides, exemplified by Aβ42 and Aβ43, are thought to be more
toxic than the shorter ones (3–5). Due to its suggested role in
Alzheimer’s disease (AD) pathogenesis, γ-secretase has been a
major target for therapeutic intervention (6, 7). However, none
of the compounds that alter Aβ peptide production through
modulation of γ-secretase has produced clear clinical efficacy
(8). In some cases, such compounds even worsened the symptoms
of patients with AD and inflicted unexpected side effects, pre-
sumably through alteration of the cleavage of other γ-secretase
substrates, such as Notch (9, 10).
Since the discovery of presenilin as a component of γ-secre-

tase, functional investigation of presenilin has been focused on
its role in the context of γ-secretase, namely, the enzymatic
generation of Aβ peptides. Over the years, the amyloid hypoth-
esis has been proposed and refined to explain the pathogenesis
of AD (11, 12). According to the hypothesis, aberrant cleavage of
APP by γ-secretase, manifested by the increased ratios of Aβ42/
Aβ40, results in accumulation of amyloid plaques in the brain
that causes AD. However, clinical observations are not fully
consistent with this hypothesis (13, 14). Individuals with substantial
amyloid plaques may have no clinical symptoms of dementia (15,
16). In contrast, although the familial form of frontotemporal
dementia is mainly linked to mutations in C9orf72, Progranulin,
and Tau, a handful of presenilin mutations have been found to be
associated with some disease families without amyloid de-
position (17–19). A systematic analysis of 138 AD-derived PS1
mutations revealed no statistically significant correlation between
the Aβ42/Aβ40 ratio produced by a specific mutant γ-secretase
and the average age at onset for patients with AD who have the
mutation (20).

The presenilin hypothesis postulates that loss of certain func-
tions of presenilin may be more important to the development of
AD (21). Indeed, PS1 was reported to form a calcium leak
channel independent of γ-secretase, and the channel activity was
affected by mutations in PS1 (22–24), although this conclusion
has been challenged by subsequent studies (25). Overexpression
of PS1 induces apoptosis (26–28), and PS1 ablation or mutation
causes calcium dysregulation (29, 30) and impairment of long-
term potentiation in neuronal cells (31). Deletion of PS1 in the
plant Physcomitrella patens, which lacks APP and Notch, leads to
abnormity in early development and sterility (32). Notably, the
archaeal homolog of presenilin (PSH) assembles into a homote-
tramer and produces Aβ peptides similar to the intact γ-secretase
in an in vitro assay (33, 34).
Despite all these studies, presenilin as a component of γ-secretase

has dominated its functional investigation. All binding proteins
of presenilin or γ-secretase have been scrutinized with respect to
their impact on Aβ peptide generation. To date, no protein has
been found to only interact with presenilin in isolation, but not
with presenilin in the context of γ-secretase. In this study, we
report such a case and identify Bax inhibitor 1 (BI1) (35, 36) as a
γ-secretase–independent presenilin-binding protein. This finding
opens a range of possibilities for functional investigation.

Significance

β-amyloid is regarded by some scientists to be the cause of
Alzheimer’s disease (AD). One of the strongest arguments
against this hypothesis is the presence of hundreds of AD-
causing mutations in presenilin, but none in the other three
components of γ-secretase. This observation implies a γ-secretase–
independent function of presenilin. To understand such a putative
function, discovery of presenilin-binding proteins represents an
important first step. In this study, we report the identification of
Bax-inhibitor 1 (BI1) as a stable interacting partner of presenilin 1
(PS1), but not the intact γ-secretase. Our results link PS1 to BI1, a
protein thought to play a role in apoptosis and calcium channel
regulation. This finding opens a range of possibilities for the in-
vestigation of PS1 function and AD genesis.
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Results
Identification of BI1 as a PS1-Binding Protein. To identify potential
PS1-binding proteins, we transiently expressed FLAG-tagged
full-length human PS1 in HEK293 cells and used an anti-FLAG
affinity column for its purification (Fig. 1A). The eluted sample
was subjected to mass spectrometry (MS) analysis. Despite its
relatively low expression level, PS1 eluted from the affinity col-
umn is clearly visible on the denaturing SDS/PAGE gel stained
by Coomassie blue (Fig. 1B). In addition to PS1, a number of
other proteins are present, and their presence was made more
apparent by silver staining (Fig. 1C). Comparison with the con-
trol, where empty vector was used for transfection, reveals sev-
eral candidates that are uniquely present in the sample derived
from PS1 transfection. Some of these proteins were identified by
MS to be the usual contaminants (e.g., tubulin, calnexin) or
chaperones for proper protein folding (e.g., hsp70). To system-
atically identify all potential binding partners of presenilin, we
applied all eluted proteins in the sample to MS analysis. This
analysis led to the identification of over 1,000 proteins above the
normalized spectral abundance factor (NSAF) value of 2 × 10−4,
whereas the NSAF value of PS1 is 4 × 10−3.
Next, based on the results of three independent affinity puri-

fication experiments, we selected a small subset of the MS-
identified common candidates using two criteria. First, each of
the candidate proteins must be at least 10-fold more abundant in
the PS1-expressing sample than in the control. Second, the
NSAF value for each of the candidate proteins must be 1% or

more of that for PS1. This analysis led to the identification of about
100 proteins as potential binding partners of PS1. As anticipated,
some of the known γ-secretase components, such as nicastrin, were
among these proteins. To select γ-secretase–independent PS1-
binding proteins, we removed those candidates that are also pre-
sent in the sample derived from the γ-secretase–transfected cells.
The remaining 24 candidates were individually scrutinized. Nota-
bly, BI1, an evolutionarily conserved membrane protein (36, 37), is
abundantly present in the MS results of the sample derived from
PS1 transfection, but not in the sample derived from γ-secretase
overexpression (Fig. 1D and SI Appendix, Table S1). BI1 is
reported to play a role in apoptosis (35) and may function as a
calcium leak channel (38–40).

BI1 Interacts with PS1 both in Vitro and in Cells. To examine the
potential interactions between PS1 and BI1, we prepared the
postnuclear supernatant (PNS) of HEK293F cells that had been
doubly transfected by PS1 and BI1. The PNS was applied to
Percoll gradient centrifugation. The similar patterns of cellular
membrane distribution between PS1 and BI1 suggest their as-
sociation in cells (Fig. 2A). Next, we analyzed the subcellular
localization of PS1 and BI1, which were fused to GFP and RFP,
respectively (Fig. 2B). To address the potential problem of
membrane insertion abnormality caused by fusion, GFP or RFP
was individually tethered to the N terminus as well as the C
terminus of the target protein. For all four possible combinations
of the fusion, PS1 and BI1 appeared to colocalize, as judged by
confocal microscopy (Fig. 2B).
Using an immunoprecipitation-Western blot (IP-Western) as-

say, we investigated the interactions between PS1 and BI1 in
HEK293 cells. His6-tagged PS1 was readily detectable in the anti-
FLAG–immunoprecipitated pellet in the presence of, but not in
the absence of, the FLAG-tagged BI1 (Fig. 2C, Left). Conversely,
His6-tagged BI1 appeared in the anti-FLAG–immunoprecipitated
pellet only in the presence of the FLAG-tagged PS1 (Fig. 2C,
Right). These results corroborate the observed cellular colocali-
zation between PS1 and BI1. Finally, we individually purified
FLAG-tagged PS1, His6-tagged BI1, and the complex between
the two proteins; we examined their solution behavior using gel
filtration (Fig. 2D). FLAG-tagged PS1 and His6-tagged BI1, both
in isolation, displayed elution volumes of ∼8.75 mL and ∼10.5 mL,
respectively (Fig. 2D, Top, red- and green-outlined panels). The
PS1–BI1 binary complex, however, exhibited an elution volume of
about 9.5 mL, different from either protein in isolation (Fig. 2D,
Bottom, blue-outlined panels). These observations indicate a sta-
ble nature of the PS1–BI1 interaction in vitro.

Proteolytic Activity of the PS1–BI1 Complex.A variant of PS1, which
has its exon 9 deleted (ΔE9), was reported to be proteolytically
active by itself upon incorporation into the liposome (41). An
archaeal PS1 homolog (PSH) faithfully recapitulates γ-secretase
activity (33, 34). These observations suggest the possibility that
the PS1–BI1 complex may represent another enzymatically active
form of PS1. To examine this possibility, we conducted an in vitro
bulk cleavage assay that was originally designed for γ-secretase
using a 99-residue peptide derived from the C terminus of APP
(APP C99) as the substrate (20, 33). In contrast to γ-secretase, the
PS1–BI1 complex failed to produce any detectable amount of
Aβ42 or Aβ40 using the sensitive, spectroscopic AlphaLISA de-
tection method (Fig. 3A).
Next, we examined the impact of the recombinant BI1 protein

on the proteolytic activity of γ-secretase. The production of
Aβ42 or Aβ40 by γ-secretase was unaffected by BI1 over a wide
range of concentrations: from an equimolar amount to a 20-fold
molar excess over γ-secretase (Fig. 3B). In contrast, the γ-secretase–
specific inhibitor III-31C completely abrogated the generation of
Aβ42 or Aβ40 by γ-secretase. Interestingly, however, when
the concentration of BI1 reached a 200-fold molar excess over

A

D

B C

Fig. 1. Identification of BI1 as a potential PS1-binding protein. (A) Pro-
cedure for the identification of potential PS1-binding proteins. The FLAG-
tagged human PS1 was overexpressed in HEK293F cells and purified by the
M2 affinity resin. The eluted proteins were precipitated by trichloroacetic
acid (TCA) and analyzed by MS. (B) Affinity-purified proteins were examined
on an SDS/PAGE gel and stained by Coomassie blue. The full-length human
PS1 is clearly present in the sample derived from PS1 transfection, but not
in the sample derived from the empty vector control. (C) Affinity-purified
proteins were examined by silver staining. A number of proteins are uniquely
present in the sample derived from PS1 transfection. (D) Amino acid sequence
of BI1. Blue cylinders denote predicted transmembrane helices (TMs) based
on the structure of the bacterial BI1 homolog BsYetJ (60).
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γ-secretase, the production of Aβ42 or Aβ40 by γ-secretase was
markedly reduced (Fig. 3C). The presence of a control membrane
protein, AQP-1, at a similar concentration failed to influence the
proteolytic activity of γ-secretase, suggesting specific inhibition by
BI1. We speculate that, at a sufficiently high concentration, BI1
dissociates PS1 from the γ-secretase complex, and hence cripples its
enzymatic activity. Nonetheless, we cannot rule out the scenario,
albeit highly unlikely, that the inhibition of γ-secretase by BI1 at the
very high concentration is actually due to a trace amount of an un-
identified factor that copurifies with the recombinant BI1 protein.
The absence of proteolytic activity by the PS1–BI1 complex

toward the APP-C99 substrate, together with the lack of mean-
ingful inhibition by BI1 toward γ-secretase, strongly argues that
the PS1–BI1 complex might be involved in a cellular function
that is independent of γ-secretase.

Characterization of the PS1–BI1 Interaction.The way BI1 was identified
and the in vitro cleavage studies both suggest BI1 to be a γ-secretase–
independent binding protein of PS1. To corroborate the mutual
exclusivity of PS1 in the PS1–BI1 complex versus γ-secretase, we
performed an IP-Western assay using the HEK293F cells where
PS1, Aph-1A, Pen-2, nicastrin, and BI1 were coexpressed. The
expression of each protein was confirmed by a Western blot of the
cell lysate (Fig. 4A, Left). The cell lysate was applied to an anti-

FLAG column for the purification of FLAG-tagged PS1 and its
associated proteins. As anticipated, the elution contains the other
three components of γ-secretase (nicastrin, Aph-1A, and Pen-2),
but BI1 was undetectable even with prolonged exposure of the
Western blot (Fig. 4A, Right).
We then examined the cellular colocalization of PS1 and BI1 in

the presence of overexpression of the other three components of
γ-secretase. Because the C terminus of PS1 is buried in a hydro-
phobic pocket within Aph-1 (42), we fused GFP to the N terminus
of PS1. Compared with that in the absence of overexpression of the
other three components of γ-secretase, the colocalization between
the GFP-tagged PS1 and RFP-tagged BI1 is markedly reduced in
the presence of such overexpression (Fig. 4B). Quantification of the
results reveals that the colocalization ratio between GFP-tagged
PS1 and RFP-tagged BI1 is significantly higher in the absence of
overexpression of the other three components of γ-secretase than in
the presence of their overexpression (Fig. 4C). The microscopy
data, together with results of the IP-Western experiments, dem-
onstrate that the interaction of PS1 with BI1 is mutually exclusive
with the involvement of PS1 in γ-secretase.
More than 200 mutations in PS1 have been identified from

patients with early-onset FAD (1). How these mutations cause
FAD in a dominant negative fashion remains to be mechanisti-
cally characterized (34, 43). Although a large portion of the FAD

Fig. 2. BI1 and PS1 form a stable complex. (A) Subcellular fractionation shows colocalization of FLAG-tagged PS1 and His6-tagged BI1. The PNS of HEK293F
cells was fractionated on 30% Percoll and subjected to Western blot analysis using a monoclonal antibody against the His6 or FLAG tag. (B) PS1 and
BI1 colocalize in HEK293 cells. PS1 and BI1 were fused with GFP and RFP, respectively, at their N or C termini. In all four combinations, PS1 and BI1 colocalize in
cells by confocal microscopy. (Scale bar, 10 μm.) (C) PS1 interacts with BI1 in the IP-Western analysis. The cellular extract was immunoprecipitated using an
anti-FLAG monoclonal antibody, and the pellet was examined by Western blot (WB) using anti-FLAG and anti-His6 antibodies. IP, immunoprecipitation. (D)
PS1 and BI1 form a stable complex. The recombinant FLAG-tagged PS1 and His6-tagged BI1 were individually or together applied to gel filtration. The
fractions were examined by Western blot.
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mutations impair the proteolytic activity of γ-secretase and in-
crease the Aβ42/Aβ40 ratio (44–47), some mutations exhibit the
opposite effect on γ-secretase: with enhanced proteolytic activity
and a lower Aβ42/Aβ40 ratio (20). These latter PS1 mutations
run contrary to the Aβ hypothesis and may have an increased
likelihood to have an impact on an aspect of cellular function
that is unrelated to γ-secretase. Based on this rationale, we
generated nine PS1 variants, each containing one such FAD
mutation (SI Appendix, Fig. S1A). Compared with the WT PS1,
each of the nine PS1 variants retained a qualitatively similar
ability to interact with BI1 in an in vitro pulldown assay (SI
Appendix, Fig. S1B).
To prepare the PS1–BI1 complex for structural studies, we

coexpressed FLAG-tagged PS1 and His-tagged BI1 in HEK293
cells and isolated the binary complex through a two-step affinity
purification procedure. The recombinant PS1–BI1 complex was
eluted from gel filtration as a single but broad peak, suggesting
mild aggregation and/or equilibrium among distinct states under the
experimental condition (Fig. 4D). The elution volume corresponds
to an apparent molecular mass of over 440 kDa, which exceeds the
anticipated molecular mass of a PS1–BI1 heterodimer. The purified
PS1–BI1 complex was examined by electron microscopy (EM) un-
der negative staining (Fig. 4E). The particles are clearly identifiable
without large aggregates; the varying sizes of the particles are
consistent with the observed solution behavior on gel filtration and
may pose a serious challenge for EM-based structural studies. The
gel filtration analysis and the EM image are consistent with the
notion that the PS1–BI1 complex may represent an equilibrium
between higher order and lower order oligomers.

Conservation of the PS1–BI1 Interaction. Phylogenetic analysis re-
veals a similar pattern of evolutionary conservation for both
PS1 and BI1 in eukaryotes, suggesting functional importance
(Fig. 5A). To examine this scenario, we investigated the potential
interactions between PS1 and BI1 orthologs in four representative
model organisms: plant (Arabidopsis thaliana), fruit fly (Drosophila
melanogaster), zebrafish (Danio rerio), and frog (Xenopus laevis).
Remarkably, in every case, the PS1 and BI1 orthologs formed a
stable complex, as demonstrated by results of the IP-Western assay
(Fig. 5B). Conservation of the PS1–BI1 interaction implies that this
complex might be involved in an ancestral cellular function.

Discussion
Despite an intimate link between presenilin and a small per-
centage of AD cases, how presenilin actually causes the disease

remains unresolved (11, 14, 21, 44). The amyloid hypothesis
restricts the function of presenilin to the context of γ-secretase
and suffers from a number of clinical, biochemical, and genetic
observations (13, 15–19). The presenilin hypothesis is technically
appealing, but its exact meaning remains to be defined (21).
Identification of a γ-secretase–independent function of PS1 and
the discovery of PS1-binding proteins represent two key ap-
proaches in addressing the presenilin hypothesis.
Relying on affinity purification and MS, we have identified

BI1 as a previously unknown PS1-binding protein (Fig. 1). BI1 stably
interacts with PS1 in a γ-secretase–independent manner both in vitro
and in cells (Figs. 2 and 4). Importantly, BI1 only binds free PS1, but
not PS1 in the context of γ-secretase (Fig. 4). At an equimolar
concentration, free BI1 is unable to snatch PS1 from γ-secretase,
and consequently fails to inhibit the proteolytic activity of γ-secretase
(Fig. 3). At a 200-fold molar excess over γ-secretase, however,
BI1 markedly diminished its proteolytic activity. This is likely due
to the dissociation of PS1 from, and subsequent disassembly of,
the γ-secretase complex. Although PS1 contains two catalytic
Asp residues, the PS1–BI1 complex exhibits no detectable pro-
teolytic activity in terms of Aβ40 and Aβ42 production from the
APP-C99 substrate. This result does not rule out the possibility
that the PS1–BI1 complex may display proteolytic activity under
other circumstances.
Intriguingly, the amount of FLAG-tagged BI1 brought down

by the anti-FLAG monoclonal antibody was greatly diminished in
the presence of His6-tagged PS1 (Fig. 2C, Left). This observation
hints at a potential role of PS1 in the regulation of BI1 expression.
In contrast, the amount of FLAG-tagged PS1 brought down by the
anti-FLAG antibody was unaffected by the presence of BI1 (Fig.
2C, Right). FLAG-tagged PS1 alone was eluted from gel filtration
in earlier fractions compared with the complex between FLAG-
tagged PS1 and His6-tagged BI1 (Fig. 2D). This observation
strongly suggests that free PS1 may exist in an oligomeric state,
consistent with published results (43).
Both PS1 and BI1 are evolutionarily conserved membrane

proteins (Fig. 5A) and appear to have similar cellular functions.
Expression of PS1 is known to trigger apoptosis (26–28) and af-
fects calcium signaling in cells (29, 30); expression of BI1 causes
similar cellular phenotypes (35, 38). These similar functions are
underscored by stable interactions between PS1 and BI1. PS2,
which shares considerable sequence identity with PS1, is also
known to induce apoptosis (48) and calcium dysregulation (49). In
a preliminary IP-Western analysis, the human BI1 protein stably
interacted with human PS2 (Fig. 5C).

A B C

Fig. 3. PS1–BI1 complex exhibits no proteolytic activity toward the APP-C99 substrate. (A) PS1–BI1 complex failed to generate Aβ42 or Aβ40 using the APP-
C99 substrate. The spectroscopic reading of Aβ40 by γ-secretase is normalized as 1.0. The PS1–BI1 complex has no detectable activity. (B) Recombinant
BI1 protein exhibits no apparent impact on the production of Aβ42 or Aβ40 by γ-secretase in vitro. Compared with γ-secretase, the amount of BI1 varied from
equimolar to a 20-fold molar excess. (C) BI1 at a 200-fold molar excess inhibited the production of Aβ42 or Aβ40 by γ-secretase. The effect is specific because
the control protein, AQP-1, at a 200-fold molar excess exhibited no impact on the proteolytic activity of γ-secretase.
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Due to the low expression levels of PS1 and BI1 in cells, de-
tection of the endogenous PS1–BI1 complex has proven to be
technically challenging. This challenge is made tougher by the
fact that PS1 shows a considerably stronger tendency to be part
of γ-secretase compared with the PS1–BI1 complex. Nonethe-
less, we have tried to determine the interaction and localization
patterns of endogenous PS1 and BI1 in cells. Endogenous PS1–
BI1 interactions in HEK293 cells could be detected, and a small
portion of PS1 was found to colocalize with BI1 in SH-SY5Y
neuronal cells (data not shown). We speculate that the PS1–
BI1 interaction might be greatly strengthened under certain con-

ditions, such as excessive innate synthesis of PS1, PS1 mutations
that impede its assembly into γ-secretase, cellular stress that dis-
assembles γ-secretase, and conditions that entail the function of
free PS1. Notably, for both PS1 and BI1, the transcription and
protein expression levels are relatively high in a number of human
organs (SI Appendix, Fig. S2). Investigation of the PS1–BI1 in-
teraction in these organs may reveal unanticipated clues. In ad-
dition, it is possible that other unidentified protein(s) are
involved in, or modulate, the PS1–BI1 interaction. Detection
methods of a more sensitive nature may be required to further
examine the endogenous PS1–BI1 interaction.

Fig. 4. BI1 binds the isolated PS1, but not PS1 in the context of an assembled γ-secretase. (A) BI1 is absent in the purified γ-secretase. (Left) All four com-
ponents of γ-secretase and BI1 are readily detectable upon cellular overexpression. (Right) Following affinity purification of the FLAG-tagged PS1, the other
three components of γ-secretase, but not BI1, are detectable by Western blot. (B) Colocalization of PS1 and BI1 is altered by expression of the other three
components of. γ-secretase. (Top) Coexpression of GFP-PS1 and RFP-BI1 reveals excellent colocalization. (Bottom) Extent of colocalization is markedly reduced
by coexpression of the other three components of γ-secretase (Scale bar, 10 μm.) (C) Quantification of colocalization between PS1 and BI1 by Pearson’s
coefficient in colocalized volume. (Left) Coefficient in the presence of PS1 overexpression alone is considerably higher than that in the presence of over-
expression by all four components of γ-secretase. (Right) Typical 2D correlation diagrams. (D) Purification of the PS1–BI1 complex for structural studies. (Left)
Representative gel filtration chromatograph of the two-step purified human PS1–BI1 complex. (Right) Aliquots of the peak fractions are visualized in an SDS/
PAGE gel. (E) Analysis of the purified PS1–BI1 complex by negative-staining EM. Shown here is a representative micrograph of the PS1–BI1 complex.
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What is the cellular function of the PS1–BI1 complex? Is there a
link between the function of the PS1–BI1 complex and AD genesis?
Although conclusive answers are yet to be provided, there are
tantalizing clues. Dysregulation of Ca2+ homeostasis and neuronal
loss due to excessive cell death are hallmarks of AD (28, 50, 51).
BI1 is thought to be a Ca2+ leak channel on the endoplasmic re-
ticulum (38, 40, 52) (SI Appendix, Fig. S3). PS1 was also initially
reported to function as a Ca2+ leak channel (22–24), although this
claim has been rigorously contested by independent groups (25, 53,
54). Similar experiments using mouse embryonic fibroblasts gener-
ated contrasting results (24, 25). In more physiologically relevant
experimental systems (e.g., presenilin-null hippocampal slices, pri-
mary neuronal cultures), reduced ryanodine receptor (RyR) activity
or expression was seen to be correlated with presenilin inactivation
(53, 54). In addition, these electrophysiology findings are consistent
with calcium imaging data (53, 54). It is thus highly unlikely that
PS1 conducts ion permeation by itself. Rather, the role of PS1 in
calcium regulation may involve its functional interactions with other
channels, such as RyR (53–55).
Our gel filtration analysis suggests that the PS1–BI1 complex

may exist as a higher order oligomer (Fig. 4D). Examination of
potential ion conductance of the PS1–BI1 complex and com-
parison of such data with those of BI1 alone may reveal un-
anticipated clues. On the other hand, overexpression of PS1 exhibits
a proapoptotic effect (26–28), whereas BI1 was originally identified
in a functional screening assay to suppress Bax-induced cell death in
yeast (35). Can the PS1–BI1 complex function as a regulated apo-
ptosis trigger in neuronal cells? Obviously, these speculations await
experimental scrutiny.
Before our study, several presenilin-binding proteins have been

identified. TMP21 binds and regulates the proteolytic activity of
γ-secretase, altering Aβ peptide generation (56). Hif-1α, a protein
expressed under hypoxic conditions, was found to interact with
γ-secretase to modulate its activity (57). Recently, annexin A2 was
reported to bind the Ser367-phosphorylated PS1, modulating Aβ
peptide levels through autophagy (58, 59). All these studies impinge
upon the Aβ peptide level through regulation of the γ-secretase.

Unlike HiF-1α or TMP21, BI1 only binds free PS1, but not PS1, in
the context of γ-secretase. PS1, on the other hand, has a much
higher tendency to assemble into γ-secretase compared with for-
mation of the PS1–BI1 complex. Therefore, the difficulty in
detecting the PS1–BI1 interaction could be a major reason why such
interaction has long been overlooked. Although functionally un-
resolved, BI1 represents a PS1 binding protein that does not in-
teract with γ-secretase.

Materials and Methods
Clones and Plasmids. The cDNAs were individually cloned into the pCAG
vector. All plasmids used for transfection of mammalian cells were prepared
using the EndoFree Plasmid Maxi Kit (CWBiotech).

Purification of PS1-Binding Proteins. The FLAG-tagged PS1 or γ-secretase was
individually transfected into HEK293F cells as described (42). After 48 h, the
total cell lysate was prepared in lysis buffer [25 mM Hepes (pH 7.4), 150 mM
NaCl] supplemented with 1% (wt/vol) digitonin before centrifugation. The
supernatant was incubated with ANTI-FLAGM2 Affinity Gel (Sigma–Aldrich).
The proteins were eluted by 200 μg/mL FLAG peptide and analyzed by MS.

IP-Western Assays. Transfection and IP-Western assays were performed as
described (20, 42).

Subcellular Fractionation. FLAG-PS1– and His6-BI1–cotransfected HEK293 cells
were suspended in the lysis buffer before homogenization and centrifuga-
tion. The PNS was centrifuged in 30% Percoll. PS1 and BI1 were detected by
Western blots.

Protein Purification and Gel Filtration Analysis. The human PS1, BI1, and γ-secretase
were transfected or cotransfected individually into HEK293F cells as described
(42). The target proteins were similarly affinity-purified as described above for
PS1-binding proteins. The eluted proteins were analyzed by gel filtration and
Western blots.

Purification of the PS1–BI1 Complex. The complex between FLAG-tagged PS1
and His6-tagged BI1 was coexpressed and affinity-purified as described
above. The eluted sample was further purified through a Ni2+-nitrilotriacetic

A B

C

Fig. 5. PS1–BI1 interaction is evolutionarily conserved. (A) Phylogenetic trees of PS1 and BI1. The evolutionary history was inferred using themaximum parsimony
method. PS1 and BI1 exhibit a similar pattern of evolutionary history in eukaryotic species, suggesting coevolution of the two proteins. Evolutionary analyses were
conducted in MEGA7 (61). (B) PS1 and BI1 homologs interact with each other in four representative model organisms. Shown here are results of the IP-Western
assays. (C) BI1 also binds to PS2, which exhibits strong sequence homology to PS1. Shown here are results of the pulldown experiments.
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acid column, followed by gel filtration. The peak fractions were visualized by
negative-staining EM.

Cleavage Activity Assays. The proteolytic activity, as indicated by the pro-
duction of Aβ42 and Aβ40 for various samples, was measured using the
AlphaLISA assay (PerkinElmer) as described (20).

Detection of Protein Localization in Cells. Plasmids for various proteins were
transfected into HEK293F cells using Lipofectamine LTX & PLUS Reagent

(Invitrogen). After 24 h, cells were imaged by confocal microscopy, with
wavelengths of 488 nm for GFP and 558 nm for RFP. The images were analyzed
by Imaris software to obtain the Pearson’s coefficient in colocalized volume.
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