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Presenilin-1 (PS1) and -2 (PS2), which when mutated
cause familial Alzheimer disease, have been localized
to numerous compartments of the cell, including the
endoplasmic reticulum, Golgi, nuclear envelope, en-
dosomes, lysosomes, the plasma membrane, and mi-
tochondria. Using three complementary approaches,
subcellular fractionation, �-secretase activity assays,
and immunocytochemistry, we show that presenilins
are highly enriched in a subcompartment of the en-
doplasmic reticulum that is associated with mito-
chondria and that forms a physical bridge between
the two organelles, called endoplasmic reticulum-mito-
chondria-associated membranes. A localization of PS1
and PS2 in mitochondria-associated membranes
may help reconcile the disparate hypotheses re-
garding the pathogenesis of Alzheimer disease and
may explain many seemingly unrelated features of this
devastating neurodegenerative disorder. (Am J Pathol
2009, 175:1810–1816; DOI: 10.2353/ajpath.2009.090219)

Alzheimer disease (AD) is a late onset neurodegenerative
disorder characterized by progressive neuronal loss, es-
pecially in the cortex and the hippocampus.1 The two
main histopathological hallmarks of AD are the accumu-
lation of extracellular neuritic plaques, consisting pre-

dominantly of �-amyloid (A�), and of neurofibrillary tan-
gles, consisting mainly of hyperphosphorylated forms of
the microtubule-associated protein tau.1

The vast majority of AD is sporadic, but mutations in
amyloid precursor protein (APP), presenilin-1 (PS1), and
presenilin-2 (PS2) have been identified in the rarer famil-
ial form, which is similar to sporadic AD but has an earlier
age of onset.

PS1 and PS2 are aspartyl proteases that cleave their
substrates within transmembrane regions. The active
forms of PS1 and PS2 are N- and C-terminal fragments,
which are produced by cleavage of full-length presenilin
in its “loop” domain.2 PS1 and PS2 are components of the
�-secretase complex that processes a number of plas-
ma-membrane proteins, including Notch, Jagged, E-cad-
herin, and, most relevant to AD, APP. The �-secretase
complex also contains three other structural subunits:
APH1, nicastrin (also called APH2), and presenilin en-
hancer protein 2.2

Following cleavage of APP by �-secretase, �-secre-
tase cleaves the �100-aa C-terminal “�-stub” to release
small amyloidogenic fragments, 40- and 42-aa in length
(A�40 and A�42), that have been implicated in the patho-
genesis of AD, as well as a �60-aa APP intracellular
domain.1 Whereas the components of the �-secretase
complex are localized predominantly intracellularly,3,4 its
substrates, including APP, are located mainly in the
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plasma membrane (PM).5 This discrepancy forms the
basis of what has been called the “spatial paradox.”6

PS1 has been localized to numerous compartments of
the cell, including the endoplasmic reticulum (ER),7 Golgi,7

the nuclear envelope,8 endosomes,9 lysosomes,10 mito-
chondria,11 kinetochores and centrosomes,12 and the
plasma membrane, where it is especially enriched at inter-
cellular contacts known as adherens junctions.13

The ER and mitochondria are linked, not only biochem-
ically but also physically,14 via ER-mitochondria-associ-
ated membranes (ER-MAM, or MAM).14,15 MAM was de-
scribed almost 20 years ago as a specific compartment
involved in the synthesis and transfer of phospholipids
between the ER and mitochondria.16 More than two
dozen proteins are concentrated in MAM (see Supple-
mental Table S1 at http://ajp.amjpathol.org),15,17–34 in-
cluding proteins involved in calcium homeostasis (eg,
inositol triphosphate receptor isoform 3), in lipid metab-
olism (eg, fatty acid co-A ligase 4 [FACL4]), in interme-
diate metabolism (eg, glucose-6-phosphatase), in cho-
lesterol metabolism (eg, acyl-coenzyme A:cholesterol
acyltransferase 1), and in the transfer of lipids between
the ER and mitochondria. A few nonenzymatic proteins
are also concentrated in MAM (see Supplemental Table
S1 at http://ajp.amjpathol.org),15,17–34 suggesting that it is
a domain of the ER with specialized functions. Contacts
between the two organelles are maintained by MAM-
associated proteins, such as phosphofurin acidic cluster
sorting protein 2, which controls the apposition of mito-
chondria with the ER and which appears to stabilize and
regulate the interaction of ER and mitochondria.34

Using a combination of biochemical and morphologi-
cal approaches, we show here that PS1 and PS2 are
highly enriched in MAM. The discovery that presenilins
are not distributed homogeneously in the ER, but rather
are enriched in the MAM subcompartment, has poten-
tially significant implications regarding the pathogenesis
of familial AD in particular and AD in general.

Materials and Methods

Cells and Reagents

Normal human fibroblasts (lines AE and TK), cultured
primary rat cortical neurons, and mouse embryonic PS1-,
PS2- and PS1/PS2-knockout fibroblasts, were kind gifts of
Dr. Michio Hirano (Columbia University), Dr. David Sulzer
(Columbia University), and Dr. Bart De Strooper (University
of Leuven), respectively. Mutant FAD-A246E (AG06840)
cells were obtained from the Coriell Institute for Medical
Research (Camden, NJ). Mouse 3T3 cells and monkey
COS-7 cells were available in the laboratory.

Antibodies

We used the antibodies to aa 31-46 (Sigma P4985), aa
450-467 (Sigma P7854), and aa 303-316 (Calbiochem
PC267) of human PS1, and to aa 324-335 of human PS2
(Sigma P0482 and Cell Signaling 2192). We also used
antibodies to APH-1 (ABR PA1-2010), APP (a kind gift of

T.-W. Kim, Columbia University35), FACL4 (Abgent AP
2536b), Golgi matrix protein GM130/GOLGA2 (Monoclonal
BD transduction #610822), inositol triphosphate receptor 3
(Millipore AB9076), Na,K-ATPase (Abcam ab7671),
NDUFA9 (monoclonal; Molecular Probes A21344), nicastrin
(Covance PRB-364P), presenilin enhancer protein 2 (Ab-
cam ab62514), and SSR� (a generous gift of Howard
Worman and Martin Wiedemann, Columbia University36).
Mouse monoclonal anti-rabbit “bridge” antibodies were
from Sigma (R1008; used at 1:2000).

For Western blotting, samples were resuspended in
2� Laemmli buffer, heated for 10 minutes at 60°C, elec-
trophoresed, transferred to polyvinylidene difluoride, and
probed with antibodies.

Immunofluorescence

To detect mitochondria, we labeled the cells with 1
nmol/L MitoTracker Red CMXRos (MT Red; Invitrogen) in
Dulbecco’s modified essential medium for 20 minutes at
37°C. After washing, we fixed the cells in chilled methanol
for 20 minutes at �20°C, blocked them in 2.5% normal
goat serum, and 0.1% Tween-20 in 1� PBS, and incu-
bated them with primary antibodies.

Cells were imaged in a single-plane by confocal mi-
croscopy with a Zeiss LSM510 microscope using a 63�
and a 100� Plan-Neofluar, 1.25 NA objective lens. Per-
cent co-localization of image signals was calculated us-
ing Image J (http://rsb.info.nih.gov/ij). Briefly, the area
occupied by the signal for each marker (eg, MT Red,
anti-PS1, anti-FACL4) was calculated from single confo-
cal optical sections acquired with a 100�/1.4 objective.
The thresholded image of the first marker signal (eg, MT
Red) was used as a mask of the second marker signal
(eg, anti-PS1). Percent colocalization was calculated as
the area of the second marker signal within the mask
divided by the total area of the second marker signal in
the image. This analysis was performed on 5 to 6 images
containing �5 to 10 cells per field, and the various colo-
calization data sets were compared using Manders’ over-
lap coefficient and Student’s t-test to measure statistical
significance (P � 0.01).

Subcellular Fractionation

Purification of ER, MAM, and mitochondria was per-
formed essentially as described.16,31 Cells and tissues
were homogenized gently in isolation buffer (250 mmol/L
mannitol, 5 mmol/L HEPES pH 7.4, and 0.5 mmol/L EGTA)
with four strokes in a loose Potter-Elvehjem grinder
(Kontes). The homogenate was centrifuged for 5 minutes
at 600 � g to remove cells debris and nuclei. The super-
natant was centrifuged for 15 minutes at 10,500 � g; the
supernatant contained the ER/microsomal fraction and
the pellet contained the crude mitochondrial fraction. The
supernatant was centrifuged for 1 hour at 100,000 � g to
pellet the ER/microsomal fraction. The crude mitochon-
drial fraction was layered on top of a 30% Percoll
gradient and centrifuged for 30 minutes at 95,000 � g
in a Beckman Coulter Ultracentrifuge. The upper band
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contained the MAM fraction and the lower band con-
tained mitochondria free of ER. The upper band was
diluted fivefold with isolation buffer and centrifuged at
6300 � g for 10 minutes, twice, to obtain the mitochon-
drial fraction in the pellet. The supernatant containing the
MAM was centrifuged at 100,000 � g for 1 hour in a
Beckman Ti70.1 rotor, and the resulting MAM pellet was
resuspended in isolation buffer. The lower band was
washed twice by centrifugation at 6300 � g for 10 min-
utes to remove the Percoll, after which the mitochondria
were resuspended in isolation buffer and combined with
the mitochondria derived from the upper band. All frac-
tions were quantitated for total protein content using the
Bradford system (BioRad).

To obtain the PM fraction, tissues were homogenized
in STM 0.25 buffer (0.25 M/L sucrose, 10 mmol/L Tris�Cl
pH 7.4, 1.0 mmol/L MgCl2; 4.5 ml/g tissue), using a
loose-fitting Potter-Elvehjem grinder (Kontes) (10 strokes).
Homogenates were centrifuged for 5 minutes at 260 � g
and the supernatant was kept on ice. The pellet, contain-
ing nuclei and cell debris, was resuspended in half the
volume of the same buffer and homogenized with three
strokes on the same loose grinder and pelleted again for
5 minutes at 260 � g. Both supernatants were combined
and centrifuged for 10 minutes at 1500 � g. The pellet,
containing the PM, was resuspended in twice the volume
of STM 0.25 used initially and was further homogenized
by three strokes, but using a tight-fitting grinder (Kontes).
The homogenate was diluted by adding an equal volume of
STM 2 buffer (2 M/L sucrose, 10 mmol/L Tris�Cl pH 7.4, 1.0
mmol/L MgCl2), and centrifuged for 1 hour at 113,000 � g.
The resultant low-density thin layer located near the top of
the gradient, enriched in PM, was resuspended in 0.5 to 1
volume of STM 0.25 buffer.

�-Secretase Activity Assays

Endogenous �-secretase activity was determined by West-
ern blotting to detect the amount of APP intracellular domain
derived from the cleavage of endogenous APP, as de-
scribed.35 We incubated 50 �g of protein from each fraction
in reaction buffer (10 mmol/L Tris-HCl, 150 mmol/L NaCl, 5
mmol/L EDTA, pH 7.4) for 3 hours at 37°C, followed by
Western blotting with anti-APP. As a control, the same sam-
ples were assayed in the presence of 2 �mol/L compound
E ([(2S)�2-{[(3,5-difluorophenyl)acetyl]amino}-N-[(3S)�1-
methyl-2-oxo-5-phenyl-2,3-dihydro-1H�1,4-benzodiazepin-
3-yl]propanamide]; Alexis Biochemicals, ALX270-415-C250),
a �-secretase inhibitor.37 We also used a fluorescence
based energy transfer-based �-secretase activity assay to
detect cleavage of an exogenously added secretase-
specific peptide conjugated to two fluorescent reporter mol-
ecules (R&D Systems FP003) in serial dilutions of different
subcellular fractions. As a control, the same samples were
assayed in the presence of 2 �mol/L compound E.

In Vitro Import Assay

Human PS1 was transcribed and translated using a re-
ticulocyte lysate system and imported into isolated mito-
chondria, as described.38

Results

We isolated PM, crude mitochondria, and ER from mouse
brain, and fractionated crude mitochondria further by
isopycnic centrifugation30 into a MAM fraction and a pu-
rified mitochondrial fraction. We evaluated each of these
fractions by Western blot analysis, using antibodies to
Na,K-ATPase as a marker for PM, to SSR� as a marker for
ER, to Golgi matrix protein GM130 (GOLGA2) as a
marker for Golgi, to inositol triphosphate receptor 3 as a
marker for MAM, and to the subunit NDUFA9 as a marker
for mitochondria (Figure 1A). All five markers were en-
riched in their respective compartments, but we note low
levels of mitochondria NDUF9A were also present in the
plasma membrane. Perhaps a number of mitochondrial
proteins have been found in this compartment by
others.39 The MAM fraction was enriched for inositol
triphosphate receptor isoform 3, a known MAM marker,18

confirming our ability to separate MAM from bulk ER and
mitochondria to a degree sufficient for further analysis.
We quantitated the amount of protein recovered in each
of the subcellular fractions analyzed from whole mouse
brain. Of the total amount of protein recovered in the ER
fraction, we estimate that �13% � 0.3% (n � 6) was in
the MAM subfraction. This value reflects the analysis of
total mouse brain, and is likely to vary in different brain
regions and in different tissues.

Figure 1. Western blot analysis of subcellular fractions of mouse brain.
Thirty �g of total protein were loaded in each lane. A: Localization and
predicted molecular masses of the indicated polypeptides were determined
using the antibodies listed at right (see text). PM, plasma membrane.
B: Fractions were probed using the indicated antibodies against PS1 (Calbio-
chem PC267) and PS2 (Cell Signaling 2192) and to other components of the
�-secretase complex. In the blots shown here, the intensity of both the PS1
and the PS2 signals in MAM was enriched �eightfold over that in the ER. In
some blots, data represent nonadjacent lanes taken from a single blot;
dividing lines indicate where lanes were pasted together.
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We then performed Western blot analysis on these
same fractions from mouse brain, using antibodies
against PS1 and PS2 (Figure 1B). PS1 was found in the
plasma membrane/Golgi fractions, as reported previously,3

but in our hands, PS1 is essentially an ER-resident protein
(Figure 1B). However, within the ER, PS1 was not distrib-
uted homogeneously, but rather was enriched in ER
membranes that are in close contact with mitochondria
(ie, MAM) (Figure 1B). Like PS1, PS2 was also enriched in
the MAM (Figure 1B). Analysis of the blots revealed that
the amount of PS1 was enriched by 5- to 10-fold in MAM
over that in “bulk” ER (n � 12).

We then assayed the various subcellular fractions of
mouse brain for the presence and amount of �-secretase
activity, using two different assays (Figures 2, A and B).40

We detected most of the �-secretase activity in MAM
compared with the other fractions assayed, implying not
only that PS1 and PS2 are enriched in this fraction, but
that the other components of the �-secretase complex—
APH1, nicastrin, and presenilin enhancer protein 2—are
present there as well.41 Using Western blotting, we found
that those three polypeptides were enriched in the bulk
ER, but were present in significant amounts in the MAM
as well. We do not know why the amount of the various

�-secretase components are not distributed proportion-
ally in the two compartments; perhaps this is a reflection
of the different steps in the assembly pathway for the
holoprotein.42 Moreover, APP itself was also present in
high amounts in the MAM (Figure 2B). Thus, MAM con-
tains both the enzymatic activity to cleave APP (ie,
�-secretase) and the APP substrate itself. The localization
of �-secretase activity in MAM could help explain the
unexpected presence of A� in mitochondria.43

To further confirm that PS1 is a MAM-enriched protein,
we compared the immunocytochemical localization of
PS1 in human fibroblasts with that of FACL4, a known
MAM-localized protein.24 We first stained cells with MT
Red and then detected FACL4 by immunocytochemistry
(Figure 3A). We found that FACL4 immunostain (green)
“co-localized” with MT Red (red), but only partially: the
“colocalization” was most predominant in the region
around the nucleus (yellow arrowhead in Figure 3A), but
not in the more distal regions of the cell (red arrowhead in
Figure 3A). This result implies that the much of the yellow
signal reflected the juxtaposition of MAM with mitochon-
dria (see enlarged merge panel at right in Figure 3A).
Like FACL4, PS1 partially colocalized with MT Red, and
also predominantly in the perinuclear region (Figure 3B).
The apparent colocalization of PS1 with MT Red in the
perinuclear region was revealed to actually consist of
small discrete regions of PS1 immunostain apposed to
discrete MT Red-positive regions (enlarged merge panel
at right in Figure 3B), a pattern highly similar to that
observed with FACL4 (Figure 3A) and with the sigma-1
receptor, another MAM-resident protein.21 This result is
also consistent with our finding that PS1 was not imported
into mitochondria in an in vitro import assay (data not
shown). Finally, when we double-stained cells for both
PS1 and FACL4, the two proteins colocalized almost
exactly, even at enlarged magnification (Figure 3C).
These results imply that both PS1 and FACL4 reside in
the same compartment, namely MAM. Quantitative anal-
ysis of the degree of colocalization confirmed these con-
clusions. In particular, the colocalization of PS1 with MT
Red (as a decimal fraction) was 0.51 � 0.08, which was
not statistically different from the value of 0.47 � 0.05 for
the co-localization of FACL4, an authentic MAM protein,
with MT Red. The quantitative data support the immuno-
cytochemical results, namely, that PS1 is not a mitochon-
drial protein, but resides in a compartment adjacent to
mitochondria, in a manner essentially identical to that of
FACL4 (ie, MAM).

The immunocytochemical results were confirmed numer-
ous times in other cell types, including primary rat cortical
neurons, mouse embryonic fibroblasts, mouse 3T3 cells,
and monkey COS-7 cells (data not shown). Importantly, we
obtained a similar result using immunocytochemistry to de-
tect human PS2 in mouse cells (Figure 3D). Finally, besides
the immunocytochemical localization to MAM, we also ob-
served PS1 staining at adherens junctions in the plasma
membrane in confluent COS-7 (Figure 3E) and in human
293T and mouse 3T3 cells (not shown), confirming the
observations of others.13
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Figure 2. �-Secretase activity assays. A: Activity using a fluorescence based
energy transfer-based assay, in the absence and presence of Compound E, a
�-secretase inhibitor.37 Serial dilutions of the indicated subcellular fractions from
mouse brain were assayed for APP cleavage activity (in arbitrary units/�g
protein). Bars � SD; *P � 0.05 in MAM compared with the other fractions n �
3 for all fractions. B: �ctivity using Western blotting to detect APP intracellular
domain,40 in the absence and presence of Compound E. The identity of the lower
bands in the first and third lanes is unknown, but may be cross-reaction to another
APP-like polypeptide (eg, APLP1, APLP2). The specificity of the APP intracellular
domain signal was confirmed in PS1/PS2 double-knockout mouse embryonic fibro-
blasts (not shown).
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Figure 3. Immunocytochemistry to detect FACL4 and presenilins in mammalian cells. A: Double staining of human fibroblasts with MT Red and anti-FACL4. FACL4
apparently colocalizes with MT Red, mainly in regions proximal to the nucleus (yellow arrowhead), with a lower degrees of co-localization in more distal
mitochondria (red arrowhead). In an enlarged view of the perinuclear region from another merged field (rightmost panel), note discrete regions where the
red and green signals (arrowheads) are in apposition and do not overlap. B: Double staining of human fibroblasts with MT Red and anti-PS1. Note the similarity
of the colocalization pattern to that seen with FACL4. C: Double-staining of human fibroblasts with anti-FACL4 (red) and anti-PS1 (green). There is significant
overlap between the red and green signals, even in the enlarged merged view of the perinuclear region, implying that both proteins are in the same compartment
(ie, MAM). D: Double staining of mouse 3T3 cells with MT Red and anti-PS2. Note the similarity of the colocalization pattern to that seen in A and B. E: Double
staining of confluent COS-7 cells with MT Red and anti-PS1, photographed in a plane of focus to reveal the localization of PS1 to adherens junctions (adherens
junctions; arrowheads). The MT Red staining is fuzzy because almost all mitochondria are below the plane of focus. Note the absence of colocalization of PS1
with MT Red in adherens junctions. Immunostaining of anti-PS1 (Ab P7854) was suppressed in the presence of the peptide epitope used to generate the antibody,
confirming its specificity (not shown).
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Discussion

Taken together, the Western blotting, �-secretase activity,
and immunocytochemistry results imply that PS1 and PS2
are indeed MAM-enriched proteins, in both neuronal and
non-neuronal cells. We believe that the discrepancy be-
tween our results and reports in which presenilins were
found in fractions enriched in markers characteristic of other
subcellular compartments, such as ER,7 Golgi,7 the trans-
Golgi network,4 the ER-Golgi intermediate compartment,7

the nuclear envelope,8 endosomes,9 lysosomes,10 and mi-
tochondria,11 is due mainly to technical issues. In some
analyses of subcellular fractions, other organelles, including
MAM, co-purified with ER,7 Golgi,7 or mitochondria.11 For
example, after careful fractionation, sphingolipid-specific
glycosyltransferase activity, which previously had been as-
cribed to the Golgi, was actually found to be in MAM27; in
fact, MAM has been described as a pre-Golgi com-
partment for the secretory pathway.15 In other cases,
the subcellular fractionation separated PS1 into a com-
partment that was almost certainly MAM, but in the
absence of specific MAM markers was either not iden-
tified clearly or was identified in nonspecific terms as
an ER-related subcompartment.44

We have shown here that presenilins residing in the
MAM are functionally active, acting as the catalytic core
of the �-secretase complex. However, we cannot exclude
the possibility that PS1 and/or PS2 are also involved in
other functions in the MAM compartment. The finding that
most of the �-secretase activity is located in ER-mito-
chondria connections could help to explain the observa-
tion of mitochondrial oxidative damage associated with
abnormal APP processing.45 Moreover, it could also help
explain how A� accumulates in mitochondria,46 as well
as provide the basis for the interaction between PS1 and
a number of known mitochondrial proteins.

Numerous hypotheses have been proposed to explain
the pathogenesis of AD, including altered APP process-
ing and amyloid toxicity,46,47 tau hyperphosphorylation,48

altered lipid,49 cholesterol,50 and glucose51 metabolism,
aberrant calcium homeostasis,52 glutamate excitotoxic-
ity,53 inflammation,53 and mitochondrial dysfunction and
oxidative stress.45 A localization of presenilin in MAM, a
compartment intimately involved in lipid, glucose, choles-
terol, and calcium homeostasis, may help reconcile these
disparate hypotheses, and could explain many seem-
ingly unrelated features of this devastating neurodegen-
erative disorder.
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