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via the TOM import machinery and localized to

mitochondrial cristae

Camilla A. Hansson Petersen**, Nyosha Alikhani**, Homira Behbahani*, Birgitta Wiehager*, Pavel F. Paviov*,
Irina AlafuzoffS, Ville Leinonen", Akira Itol, Bengt Winblad*, Elzbieta Glaser***, and Maria Ankarcrona*-**

*Karolinska Institutet Dainippon Sumitomo Pharma Alzheimer Center, NVS, Novum, 141 57 Huddinge, Sweden; *Department of Biochemistry and
Biophysics, Stockholm University, 106 91 Stockholm, Sweden; SKuopio University Hospital, Institute of Clinical Medicine, Unit of Neurology/Department of
Pathology and TDepartment of Neurosurgery, 70211 Kuopio, Finland; and IDainippon Sumitomo Pharma Company Ltd., 564-0053 Osaka, Japan

Communicated by Gottfried Schatz, University of Basel, Reinach, Switzerland, June 27, 2008 (received for review February 21, 2008)

The amyloid B-peptide (AB) has been suggested to exert its toxicity
intracellularly. Mitochondrial functions can be negatively affected by
ApB and accumulation of AB has been detected in mitochondria.
Because A is not likely to be produced locally in mitochondria, we
decided to investigate the mechanisms for mitochondrial Ag uptake.
Our results from rat mitochondria show that A is transported into
mitochondria via the translocase of the outer membrane (TOM)
machinery. The import was insensitive to valinomycin, indicating that
it is independent of the mitochondrial membrane potential. Subfrac-
tionation studies following the import experiments revealed A
association with the inner membrane fraction, and immunoelectron
microscopy after import showed localization of A to mitochondrial
cristae. A similar distribution pattern of AB in mitochondria was
shown by immunoelectron microscopy in human cortical brain biop-
sies obtained from living subjects with normal pressure hydroceph-
alus. Thus, we present a unique import mechanism for Ag in mito-
chondria and demonstrate both in vitro and in vivo that A is located
to the mitochondrial cristae. Importantly, we also show that extra-
cellulary applied AB can be internalized by human neuroblastoma
cells and can colocalize with mitochondrial markers. Together, these
results provide further insight into the mitochondrial uptake of A, a
peptide considered to be of major significance in Alzheimer’s disease.

Alzheimer disease | protein import | human brain biopsies

he amyloid-B peptide (AB) is produced by regulated in-

tramembrane proteolysis of the AB precursor protein (APP)
by the sequential cleavage by - and y-secretases (1-2). Plaques
consisting mainly of aggregated A are detected in the neuropil
in aged subjects and in particular in subjects with Alzheimer’s
disease (AD) (3-5). Recently, it has been argued that it is AB
oligomers and fibrils that cause toxicity, loss of synapses, and
ultimately neuronal death (6-9). The exact mechanisms of how
AP damages the neurons are still unknown; however, several
lines of evidence implicate that AB exerts its toxicity intracel-
lularly (10, 11) and point toward a role of mitochondria in this
process (12). It has been reported that mitochondrial AB accu-
mulation impairs neuronal function and, thus, contributes to
cellular dysfunction in a transgenic APP mouse model (13). It is
noteworthy that in AD at an early stage there is already a
reduction in the number of mitochondria (14), the brain glucose
metabolism is decreased (15), and the activities of both tricar-
boxylic acid cycle enzymes (16) and cytochrome c¢ oxidase
(COX) are reduced (17-20). In vitro studies with isolated
mitochondria suggest that ABi.4, inhibits COX activity in a
copper-dependent manner (21). Furthermore, mitochondrial
Ap-binding alcohol dehydrogenase (ABAD) has been found to
be up-regulated in neurons from AD patients (22), and AB has
been shown to interact with ABAD, resulting in free radical
production and neuronal apoptosis. Recently, we have shown
that presequence protease (PreP) is responsible for the degra-
dation of the accumulated AB in mitochondria (23).

www.pnas.org/cgi/doi/10.1073/pnas.0806192105

The reported incomplete mitochondrial translocation of APP
leaving the AB region outside the mitochondrial membrane (24,
25) suggests that AB cannot be generated locally in mitochon-
dria. Thus, AB has to be taken up by mitochondria. The major
pathway for mitochondrial import of precursor proteins with
mitochondrial targeting signals involves the translocase of the
outer membrane (TOM) and the translocase of the inner
membrane (TIM). Targeting signals are first recognized by
receptors of TOM, Tom20, Tom22 and Tom70 (26, 27). The
receptors are associated to Tom40, the general import pore of
TOM, whereupon the precursors are directed to the matrix via
the Tim23 complex (27). Another pathway through which me-
tabolites and small molecules can pass into mitochondria is the
voltage-dependent anion channel (VDAC). Induction of mito-
chondrial permeability transition also allows uptake of small
molecules (28).

Our experiments using isolated rat mitochondria show that A
is imported into mitochondria via the TOM complex. We also
demonstrate that extracellulary applied A is internalized in
cells and colocalizes with mitochondrial markers. Immunoelec-
tron microscopy studies of human brain biopsies and of mito-
chondrial fractions after in vitro AB import show a consistent
localization pattern of AB to the mitochondrial cristae. To-
gether, our data suggest that A can be internalized by cells,
imported into mitochondria via the TOM complex, and accu-
mulated in the cristae.

Results

ApB Accumulates in Human Brain Mitochondria. First, we studied the
mitochondrial localization of AB; 4, in human cortical brain
tissue specimens from patients going through neurosurgery
because of suspected normal pressure hydrocephalus. The clin-
ical data from these patients are summarized in supporting
information (SI) Table S1. In a biopsy from a patient (#1) with
amyloid deposits visualized by means of immunohistochemistry
(Fig. 1E), ABi.42 labeling was apparent in the mitochondrial
cristae (Fig. 1 4 and B). Preabsorption of the antibody with the
ABi.42 peptide almost abolished labeling; of the six mitochondria
from each sample were counted, there were 27.8 gold particles/
wm? without preabsorption, compared to 3.9 gold particles/um?
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Fig.1. Immunoelectron microscopy of AB1.42 localization to mitochondriain
a human brain biopsy from patient #1 with amyloidosis using JNAB1.4; anti-
body (A and B). Arrows indicate ImmunoGold labeling. Bars: 0.2 um. Preab-
sorption of antibody with AB1.4> peptide abolished labeling of mitochondria:
control (C), preabsorption (D). Bars: 0.2 um. Protein aggregates in the same
frontal cortex biopsy (patient #1) asin A to D visualized by immonohistochem-
istry applying antibody directed to B-amyloid (clone 6F/3D). Magnification
200x. Both cerebral amyloid angiopathy (open arrow) and a dense aggregate
(black arrow) are seen (E). Immunoelectron microscopy of AB1.4; localization
to mitochondria in a human brain biopsy from patient #3 with tauopathy,
using JNAB1.42 antibody (F). Bar: 0.2 um.

after preabsorption (Fig. 1. C and D). These data show a unique
accumulation of Afj.4; in mitochondria in surgical specimens
obtained from living subjects. Biopsies from a total of seven
subjects were examined. Five of these showed amyloidosis
similar to Fig. 1E and accumulation of AB;.4> in mitochondria
similar to Figs. 14 to C. One patient (#3) showed tauopathy and
no amyloidosis. Accordingly, this patient had very low ABj.42
labeling in mitochondria (Fig. 1F). Similarly, a patient (#6)
without pathology also had very low Api.4, labeling in mito-
chondria (data not shown).

Ap Extracellularly Applied to Human Neuroblastoma SH-SY5Y Cells Is
Internalized and Taken up by Mitochondria. To investigate whether
AP applied extracellularly can be taken up by cells and reach
mitochondria, we incubated human SH-SY5Y neuroblastoma
cells with fluorescent ABi.4-HiLyte Fluor (Alexa Fluor 488)
peptide. The cellular uptake of AB;.40- HiLyte Fluor peptide was
visualized by laser confocal microscopy. SH-SY5Y neuroblas-
toma cells incubated with fluorescent 1-uM AB;.49-HiLyte Fluor
for 18 h showed cellular uptake and colocalization between
ApPi.40 and mitochondria (Fig. 2). Similar results were obtained
in mouse embryonic fibroblasts treated with fluorescent AB;.49
(data not shown).

13146 | www.pnas.org/cgi/doi/10.1073/pnas.0806192105

DAPI MitoTracker

Merged

AB1-40

Fig.2. Confocal immunofluorescence microscopy analysis of human neuro-
blastoma SH-SY5Y cells treated with 1 wM AB1.40-HiLyte Fluor (Alexa Fluor 488)
for 18 h. DAPI stains the nuclei and MitoTracker stains mitochondria. The
yellow color in the merged image indicates overlap between green (AB1.40-
HiLyte Fluor) and red (MitoTracker Orange) fluorescence.

AB Import Is Dependent on the TOM Machinery. The mitochondrial
AP content after import was investigated by immunoblotting,
immunoelectron microscopy, and flow cytometry analysis. Immu-
noblot analysis showed that both AB;.4o and ABi.42, as well as a
control protein, the F;B precursor of the ATP synthase from N.
plumbaginifolia, were successfully imported into rat liver mitochon-
dria (Fig. 34, lane 5; Fig. 3B, lane 4; Fig. 3C, lane 3). PK treatment
was performed to degrade the AB or the Fi precursor that
remained on the outside of mitochondria after import. To deter-
mine whether AB import was dependent on the mitochondrial
membrane potential, we pretreated mitochondria with valinomycin,
a potassium ionophore that depolarizes the membrane potential.
Valinomycin treatment of mitochondria completely inhibited im-
port of the F;B precursor (see Fig. 3C, lane 5), whereas import of
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Fig. 3. In vitro import of ABi.40 (A), AB1-a2 (B), and pFqB (C) detected by
immunoblot analysis. AB peptides and F18 (pF18 = precursor F138; mF8 =
mature F18) were imported into isolated mitochondria from rat liver followed
by treatment with PK. Valinomycin (Val), CyclosporinA (CsA), antibodies raised
toward Tom70, Tom20, Tom40, and VDAC were used as described in Materials
and Methods to investigate the import mechanism of AB1.40 and ABi.42. In
some experiments, mitochondria were pretreated with Proteinase K
(PKpretreatment) before import. The degradation of mitochondrial receptors was
analyzed using antibodies toward Tom20 and Tim23 (D).
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ApBi.40 and ABi.4 was not affected (see Fig. 34: compare lanes 7
and 5; Fig. 3B: compare lanes 6 and 4).

Next, we investigated whether the TOM complex is involved
in the mitochondrial uptake of ABi.40 and AB;.42. To this end we
preincubated mitochondria with antibodies directed toward
Tom20, Tom40, or Tom70 and then performed import assays.
Results clearly show a decreased import of both ABi.49 and
ApPi.42 in the presence of all of the three types of antibodies (see
Fig. 34: compare lanes 9, 11, and 13 with lane 5; Fig. 3B: compare
lanes 8, 10, and 12 with lane 4). In addition, the import of the
control protein, the F; precursor, was decreased after pretreat-
ment with antibodies directed toward the TOM components, as
expected for a protein containing a classical N-terminal import
signal (see Fig. 3C: compare lanes 9, 11, and 13 with lane 3). In
contrast, preincubation of mitochondria with VDAC antibodies
did not abolish the import of ABi.40, ABi.42, and F;B precursor,
indicating specificity of the TOM component antibodies to
impair import through the TOM complex (see Fig. 3 4: compare
lane 15 with lane 5; Fig. 3B: compare lane 14 with lane 4; Fig.
3C: compare lane 7 with lane 3).

To further explore the importance of the TOM complex for
mitochondrial AB;.49 and Api.42 uptake, mitochondria were pre-
treated with PK (100 ug/ml) to remove receptors of the outer
mitochondrial membrane, Tom20, Tom22, and Tom70. Western
blot analysis shows that the Tom20 receptor was degraded after PK
treatment, while the inner membrane protein Tim23 remained
unaffected by this treatment (Fig. 3D). Results show that both the
ApBi.40 and ABy.42 import was abolished in mitochondria pretreated
with PK before the import assay (see Fig. 34: compare lane 17 and
5; Fig. 3B: compare lane 16 and 4), indicating specificity of the AB
uptake and ruling out association of AB with membrane lipids.

As AP contains no classical import signal, we speculated that
this peptide might be immobilized in the import pore. Therefore,
we performed experiments in which mitochondria were first
incubated with AB;.49 or AB;.4, followed by washing, reisolation
of mitochondria, and additional incubation of the mitochondria
with the F,B precursor. Interestingly, the import of F;8 precur-
sor was not inhibited, suggesting that AB;.40 and AB;.4» were not
immobilized in the import pore (Fig. 44: compare lanes 4 and 6
with lane 2).

To study the intramitochondrial localization of the imported AS,
the mitochondria were fractionated into a soluble and a membrane
fraction. AB;.49 and AB.4, were localized to the membrane fraction
as analyzed by immunoblotting (Fig. 4B). Upon treatment of the
membrane fraction with Na,COs, a small portion of ABy.49 and
A4 dissociated from the membrane (Fig. 4C), indicating that AS
was partially peripherally associated with the mitochondrial mem-
brane. To further verify the submitochondrial localization of A,
after import mitoplasts were prepared and fractionated into a
membrane fraction and a soluble fraction, and probed with markers
for the mitochondrial matrix (Grp75; a member of the Hsp70 family
of chaperones) and mitochondrial inner membrane [NDUFS4;
Complex I (NADH dehydrogenase) subunit] (Fig. 4D). AB1.4 was
clearly associated with the inner membrane fraction and not present
in the matrix fraction.

Flow Cytometry. Mitochondrial import of AB was also studied by
flow cytometry analysis. For this purpose we incubated isolated
mitochondria with fluorescent ABi.49 (AB1-40-FITC; 0.5 uM, 30
min). Before flow cytometry, analysis samples were labeled with
MitoFlour Red, ensuring that the analysis was restricted to
mitochondria. A significant inhibition of Apj.40-FITC import
was shown by flow cytometry after treatment of mitochondria
with the TOM complex component antibodies (Tom20 *, P <
0.05; Tom40 *, P < 0.05; Tom70 **, P < 0.01) (Fig. 5 A-C),
supporting the data obtained by immunoblot analysis. As shown
above, the import of AB.40-FITC was also insensitive to vali-
nomycin and thus independent of an intact mitochondrial mem-
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Fig.4. Analysis of AB localization after in vitro import. pF18 import analysis
by phosphoimaging following ABi.40 and ABi.a; import (A). Mitochondria
were fractionated after AB import and Proteinase K treatment into a soluble
(sol) and a membrane (mem) fraction followed by immunoblot analysis (B).
The membrane fraction in (B) was further treated with 0.1-mM Na,CO3
followed by immunoblot analysis (C). Mitochondria and mitoplasts were
fractionated into a soluble (sol) and a membrane (mem) fraction after AB1.a0
import. Grp75 is a mitochondrial matrix marker and Ndufs is an mitochondrial
inner membrane marker (D).

brane potential (Fig. 5E). Mitochondria were also pretreated
with an antibody toward VDAC, but no consistent decrease of
AP1-40-FITC import could be detected (Fig. 5D), in agreement
with immunoblot analysis. Furthermore, inhibition of the mem-
brane permeability transition pore with cyclosporine A did not
show any significant decrease of AB; .4-FITC import (Fig. 5F),
also in agreement with immunoblot analysis. As expected, the
import of the control peptide, the F; 8 precursor was not affected
by the presence of cyclosporine A (Fig. 3C, lane 15).

Immunoelectron Microscopy. Our results from the in vitro import
assay show that A is located to the mitochondrial membrane
fraction (see Fig. 4 B and C). To more precisely determine the
localization of AB after import, we performed immunoelectron
microscopy. Gold particle labeling of A4, clearly shows that the
peptide has been imported into mitochondria (Fig. 6 B-D). ABi.42
labeling was mainly detected in association to the inner membranes.
Quantification of the distribution of AB.4, inside mitochondria
after import showed that ~75% of the gold particles were detected
in cristac, 18% in matrix, and 7% associated with the outer
membrane (108 gold particles from 20 mitochondria were counted
in total). In control samples treated in the same way as in Fig. 6 B-D,
except that no AB;.42 was added during import, no labeling with the
antibody JN;.4> was detected (Fig. 64). Interestingly, the labeling
pattern of ABj.4 in mitochondria was consistent between the
mitochondrial fractions and the biopsy material (Fig. 1).

Discussion

AP has been found in mitochondria in postmortem AD brain and
in transgenic mice over-expressing mutant APP (13, 22, 29), but
the uptake mechanisms for AB in mitochondria have not been
clarified. Here we have addressed how Ap is able to pass the
mitochondrial membrane and investigated Ap uptake into mi-
tochondria using an in vitro import assay. We report that A is
taken up by mitochondria both when applied extracellularly (see
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Fig. 5. Isolated mitochondria were treated in the presence or absence of proteinase K (PK). MitoFluor Red positive mitochondria were selected and gated for
by flow cytometry. A significant inhibition of AB/a-Tom20/PK, AB/a-Tom40/PK, and AB/a-Tom70/PK (*, P < 0.05, *, P < 0.05, **, P < 0.01) as compared to AB/PK
treated mitochondria is shown (A-C). Pretreatment of mitochondria with VDAC antibody, valinomycin (Val) or cyclosporine A (CsA) had no statistically significant

effects on AB1.40 import (D-F).

Fig. 2) or directly to isolated mitochondria (see Figs. 3-6). ABi.40
and AB;.4» imports were decreased in the presence of antibodies
directed toward either the mitochondrial receptors Tom20 or
Tom70, or the general mitochondrial import pore of the outer
membrane Tom40, suggesting that AB is imported through the
TOM complex. We also tested whether AB is blocking the import
pore by the sequential import of first ABi.40 or ABi.42 followed
by import of the F, 8 precursor. We found that the F, 8 precursor
could be imported after import of ABy.49 or AB;.42, showing that
the outer membrane import pore was not blocked by AB. AB
interaction with the TOM complex was recently suggested by
Sirk and colleagues (30), showing that chronic exposure of cells
to AR inhibits mitochondrial import of nuclear-encoded pro-
teins. Even though the import pore was not blocked by A during
our 30 min import assay, it is still possible that chronic exposure
could have this effect, as suggested by Sirk and colleagues.
The uptake of matrix proteins containing a classical import
signal, such as the F3 precursor, is dependent on the mitochon-
drial membrane potential. In our experiments, lowering of the

13148 | www.pnas.org/cgi/doi/10.1073/pnas.0806192105

mitochondrial membrane potential by valinomycin treatment
increased import of AB. This may be explained by the fact that
AB is negatively charged at pH 7 (pI = 5.3) and a decrease of
membrane potential, and thus negative ions in matrix, would
cause a lower barrier for the peptide to cross. It is also possible
that valinomycin could cause a small increase in AB import by
physically disrupting mitochondrial membranes. Interestingly,
AR by itself has been reported to cause mitochondrial depolar-
ization (19). Import of matrix proteins (26) and integration of
hydrophobic carrier proteins into the inner membrane requires
a membrane potential (31). Our studies show that this is not the
case for AB, which probably does not follow the regular inner
membrane protein insertion routes. The C-terminus of A
(residues 29-42) is hydrophobic, and we hypothesize that AB
binds to import receptors through hydrophobic interactions and
that its import into mitochondria is facilitated by the positively
charged intermembrane space and by the lack of membrane
potential. Its insertion into the mitochondrial inner membrane
might be dependent on the length, hydrophobicity, and helix
potential of the AB peptide (32).

Petersen et al.



Fig. 6. Immunoelectron microscopy of in vitro imported ABi.a; using JNAB1.42
antibody. Mitochondria without AB.42 in the import assay (A). Mitochondria
after ABi4 import (B-D). Bars: 2 um (A and B); 0.2 um (C and D).

Using immunoelectron microscopy we found that most of the
imported ABj.42 was associated with the inner membrane and
that only a small fraction was localized to matrix. Moreover,
subfractionation of sonicated mitochondria into a pellet and
supernatant showed that AB was localized to the membrane
fraction. Apparently, some of this A was loosely attached to the
membranes because it could be washed out using Na,COs. In
addition, subfractionation of mitoplasts into membrane and
soluble fractions showed that AB is located to the inner mem-
brane and not present in the matrix. Thus, we suggest that A is
inserted into the inner membrane after import and that only a
small portion of the AR is loosely attached. Interestingly, the
integration of AB into the inner membrane, where the respira-
tory chain complexes reside, is in line with results showing that
ApPi.42 may cause inhibition of complex IV (21). On the other
hand, it was reported that AB colocalize with the mitochondrial
matrix protein Hsp60 in mouse and human brain samples (13).
One explanation to this discrepancy might be that in the in vitro
assay we studied AB localization after 30 min of import, whereas
Caspersen and colleagues (13) report data from postmortem AD
brains and 8-month-old transgenic APP mice. However, our data
from brain biopsies obtained from living subjects, which display
AP aggregates in the neuropil, show AB ImmunoGold labeling
in association with mitochondrial inner membranes.

One important question is how AB can reach the mitochon-
drial surface. AB is generated in the lumen of the endoplasmatic
reticulum/intermediate compartment, trans-Golgi network and
endosomal/lysosomal pathway, as well as secreted from the
plasma membrane (33). Intracellular AB;.42 has been shown to
accumulate in intracellular multivesicular bodies (10) and it is
possible that AB leaking from these vesicles could reach the
mitochondria. Moreover, our confocal microscopy analysis
shows that fluorescent AB;.49 applied extracellulary is taken up
by the cells and later partly localized to mitochondria. Accord-
ingly, Saavedra and colleagues (34) have recently shown that
ABi.4p is internalized by primary neurons in the absence of
Apolipoprotein E. These data suggest that secreted AB can be
reinternalized into cells either itself or through some kind of
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vesicular transport and come in contact with mitochondria.
These mechanisms require further investigation.

In summary, we report that mitochondria are able to import
AP in vitro and that the import occurs through the TOM
complex. We also show that AB is associated to the mitochon-
drial inner membrane after import. Importantly, a similar label-
ing pattern was revealed by immunoelectron microscopic anal-
ysis of human brain biopsies. The presented mechanism for
mitochondrial AB uptake can help the understanding of how AB
can accumulate and cause mitochondrial dysfunction.

Materials and Methods

Cellular and Mitochondrial Uptake of AB1_40-HiLyte Fluor Analyzed by Confocal
Microscopy. Human neuroblastoma SH-SY5Y cells were grown on glass chamber
slides (Lab-Tek, Nalge Nunc International Corp.). AB1.40-HiLyte Fluor (Alexa Fluor
488) peptide was freshly dissolved in PBS and added to complete culture
medium (0.5 ml) at a final concentration of 1 uM for 18 h at 37°C. Subse-
quently, medium was changed and 585-nM MitoTracker Orange (Molecular
Probes Inc.) was added for 30 min at 37°C. Cells were incubated for another 15
min in new medium before washing with PBS and fixation in 2% paraformalde-
hyde for 5 min. Cells were washed with PBS and mounted using ProLong Gold
antifade reagent with DAPI (Molecular Probes Inc). The samples were visualized
by an inverted Laser Scanning Microscope (LSM 510 META, Zeiss).

Isolation of Rat Liver Mitochondria. Male Sprague-Dawley rats (=200 g) were
killed and the liver was dissected and homogenized in buffer B (0.23-M
mannitol, 0.07-M sucrose, 20-mM Hepes, 0.5-mM EDTA, 0.1% BSA, pH 7.2).
Approval for these experiments was received from the Animal Ethics Com-
mittee of South Stockholm, Sweden. All centrifugations were carried out at
4°C. Unbroken cells and cell nuclei were spun down at 500 X g for 5 min. A
crude mitochondrial pellet was obtained from the supernatant by centrifu-
gation at 8,000 X g for 10 min. The pellet was resuspended and cell debris was
removed by a centrifugation at 500 X g for 5 min. Finally a mitochondrial
pellet was collected by a centrifugation at 8,000 X g for 10 min. The pellet was
resuspended in 2-ml buffer B and the protein concentration determined.

In Vitro Import Assay. Samples containing 200-p.g protein of isolated rat liver
mitochondria resuspended in 200 wl import buffer (0.23-M mannitol, 0.07-M
sucrose, 20-mM Hepes-KOH, 1-mM DTT, 1-mM ATP, 5-mM MgCl, 1-mM Suc-
cinate, 1-mM methionine, pH 7.2) were prepared. Samples were either pre-
treated with antibodies raised against VDAC, Tom20, Tom70, or Tom40 (3.75
g per 200-pg sample) or with valinomycin (1 uM), an ionophore disrupting
membrane potential, or with cyclosporine A, CsA (10 uM), an inhibitor of the
mitochondrial membrane permeability transition pore, on ice for 20 min.
Freshly dissolved AB1.40 or AB1.42 peptides (0.1 uM) were added and incubated
at 25°C for 30 min. For flow cytometry analysis, 300-u.g protein of isolated rat
liver mitochondria was resuspended in 300-ul import buffer and incubated
with 0.5-uM FITC-conjugated ApBi.40 (rPeptide) at 25°C for 30 min. After
import, the samples were centrifuged at 3,000 X g for 5 min to discard excess
AB peptides and the mitochondrial pellet was resuspended in import buffer.
Half of each sample was incubated with proteinase K, PK (60 pg/ml for
immunoblot analysis, 60 ug/ml or 10 png/ml for flow cytometry analysis) on ice
for 20 min. The PK-activity was stopped by addition of PMSF (100 uM) and the
mitochondrial pellet was reisolated by 5-min centrifugation at 3,000 X g. To
investigate the localization of imported AB peptides, samples were sonicated
onice for 15 sec before ultracentrifugation at 100,000 X g for 20 min, resulting
in a membrane fraction and a soluble fraction. The membrane fraction was
incubated with Na;CO3 (0.1 mM, pH 11.5) for 20 min on ice and then spun at
100,000 x g for 20 min. Proteins from the soluble fraction were collected by
filter-isolation (size cut off 3,000 MW; Millipore). A second approach to
investigate the localization of the imported AB was also taken. In this case the
mitochondrial pellet was resuspended in import buffer supplemented with
0.5-M NaCl (import buffer N) and then either directly fractionated as described
above or treated with osmotic shock to obtain mitoplasts. To prepare mito-
plasts, mitochondria were diluted 1:10 times with water and left 20 min on ice.
The mitoplast fraction was repelleted at 4000 X g before adding import buffer
N, followed by sonication and centrifugation at 100,000 X g. To study whether
ApBaccumulates in the import pore, the same mitochondria were treated first
with AB1.a0 or AB1.a2, followed by import of the F1 8 precursor protein. Samples
were analyzed by immunoblotting (see S/ Text). All antibodies used in this
study are listed in Table S2.
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Flow Cytometry Analysis of AB1_4-FITC Import. After the import assay, mito-
chondria were suspended in 500-ul analysis buffer [250-nM sucrose, 20-mM
3-(N-morpholino)propanesulfonicacid (Mops), 10-mM Tris-Base, 100-uM Pi(K),
0.5-mM Mg?*, pH 7.0] containing 5-mM succinate (Sigma) and 0.1-ug/ml rote-
none (Sigma), as previously described (35). The samples were incubated with
MitoFluor Red (Molecular Probes Inc.) as mitochondrial marker for 15 to 10 min
followed by immediate analysis without washing. These markers were used to
exclude the debris from isolated mitochondria. MitoFlour Red (Molecular Probes
Inc.) was prepared and stored according to the manufacturer’s instructions. Flow
cytometry was performed using a FACS Calibur Cytometry (Becton Dickinson)
equipped with a 488-nm argon laser and a 635-nm red diode laser. The import of
AB1-20-FITC was analyzed in fluorescence channel 1 (FL-1) and MitoFluor Red in
FL-4 channel. The FL-1-FL-4 compensation was 2.0 to 4.0%. The samples were
gated based on light scattering propertiesin the side scattering (SSC) and forward
scattering (FCS) modes. For each experiment, 100,000 events were counted. In all,
preparations more than 80% were MitoFluor Red-positive, indicating some con-
tamination of other organelles. Presented data are based on events gated for
mitochondria that were MitoFluor Red positive.

Immunoelectron Microscopy. Mitochondrial fractions obtained after the im-
port assay or human brain biopsy specimens were fixed in 2% paraformalde-
hyde + 0.1% glutaraldehyde in 0.1-M phosphate buffer (PB) pH 7.4 over night,
rinsed in 0.1-M PB, and soaked in 10% Gelatin at 37°C for 20 min. The pellet
was then placed in the refrigerator and fixed into the same fixation as above.
The pellet was cut into smaller specimens and infiltrated into 2.3 M of sucrose
and frozen in liquid nitrogen. Sectioning was performed according to Toku-
yasu (36) at —95°C. Immunolabeling procedure was performed as follows:
grids were placed directly on drops of 0.15-M NaCl containing 20-mM glycine

1. VassarR, etal. (1999) Beta-secretase cleavage of Alzheimer’s amyloid precursor protein
by the transmembrane aspartic protease BACE. Science 286:735-741.

2. Kimberly WT, et al. (2003) Gamma-secretase is a membrane protein complex
comprised of presenilin, nicastrin, Aph-1, and Pen-2. Proc Natl Acad Sci USA
100:6382-6387.

3. Glenner GG, Wong CW (1984) Alzheimer's disease and Down’s syndrome: sharing of a
unique cerebrovascular amyloid fibril protein. Biochem Biophys Res Commun
122:1131-1135.

4. Masters CL, et al. (1985) Amyloid plaque core protein in Alzheimer disease and Down
syndrome. Proc Nat/ Acad Sci USA 82:4245-4249.

5. Soderberg L, et al. (2006) Analysis of single Alzheimer solid plaque cores by laser
capture microscopy and nanoelectrospray/tandem mass spectrometry. Biochemistry
45:9849-9856.

6. Walsh DM, Tseng BP, Rydel RE, Podlisny MB, Selkoe DJ (2000) The oligomerization of
amyloid beta-protein begins intracellularly in cells derived from human brain. Bio-
chemistry 39:10831-10839.

7. Lambert MP, et al. (1998) Diffusible, nonfibrillar ligands derived from Abeta.4; are
potent central nervous system neurotoxins. Proc Nat/ Acad Sci USA 95:6448—-6453.

8. Walsh DM, et al. (2002) Naturally secreted oligomers of amyloid beta protein potently
inhibit hippocampal long-term potentiation in vivo. Nature 416:535-539.

9. Takahashi RH, et al. (2004) Oligomerization of Alzheimer’s beta-amyloid within pro-
cesses and synapses of cultured neurons and brain. J Neurosci 24:3592-3599.

10. Gouras GK, v (2000) Intraneuronal A{beta}42 accumulation in human brain. Am J
Pathol 156:15-20.

11. Wirths O, Multhaup G, Bayer TA (2004) A modified p-amyloid hypothesis: intraneuro-
nal accumulation of the p-amyloid peptide—the first step of a fatal cascade. J Neuro-
chem 91:513-520.

12. Wang X, Su B, Perry G, Smith MA, Zhu X (2007) Insights into amyloid-beta-induced
mitochondrial dysfunction in Alzheimer disease. Free Radic Biol Med 43:1569-1573.

13. Caspersen C, et al. (2005) Mitochondrial Abeta: a potential focal point for neuronal
metabolic dysfunction in Alzheimer’s disease. FASEB J 19:2040-2041.

14. Hirai K, et al. (2001) Mitochondrial abnormalities in Alzheimer’s disease. J Neurosci
21:3017-3023.

15. Mosconi L (2005) Brain glucose metabolism in the early and specific diagnosis of
Alzheimer’s disease. FDG-PET studies in MCl and AD. Eur J Nucl Med Mol Imaging
32:486-510.

16. Bubber P, Haroutunian V, Fisch G, Blass JP, Gibson GE (2005) Mitochondrial abnormal-
ities in Alzheimer brain: mechanistic implications. Ann Neurol 57:695-703.

17. Parker WD, Jr., Filley CM, Parks JK (1990) Cytochrome oxidase deficiency in Alzheimer’s
disease. Neurology 40:1302-1303.

18. Parker WD, Jr., Parks JK (1995) Cytochrome c oxidase in Alzheimer’s disease brain:
purification and characterization. Neurology 45:482-486.

19. Cardoso SM, Santana |, Swerdlow RH, Oliveira CR (2004) Mitochondria dysfunction of
Alzheimer’s disease cybrids enhances Abeta toxicity. J Neurochem 89:1417-1426.

20. Kish SJ, et al. (1992) Brain cytochrome oxidase in Alzheimer’s disease. J Neurochem
59:776-779.

13150 | www.pnas.org/cgi/doi/10.1073/pnas.0806192105

followed by incubation in 2% BSA (Sigma fraction V) and 2% Gelatin (IGSS
quality, Amersham Biosciences U.K. Ltd.) in 0.1-M PB to block nonspecific
binding. Sections were then incubated with the primary antibody diluted 1:50
in 0.1 M of PB containing 0.1% BSA + 0.1% Gelatin overnight in a humidified
chamber at room temperature. As control, preabsorption with a competition
mix of AB1.a2 antibody (1:50) and AB 1.4 protein (10 uM) was performed as
described by Van Noorden (37). The sections were thoroughly washed in the
same buffer and bound antibodies were detected with protein A coated with
10-nm gold (Amersham Biosciences U.K. Ltd.) at a final dilution of 1:100.
Sections were rinsed in buffer and fixed in 2% glutaraldehyde, contrasted
with 0.1% uranyl acetate, embedded in 2% methylcellulose, and examined in
aTecnai 10 (FEI Company, The Netherlands) at 80 kV. Images were taken using
a Megaview lll digital camera (38).

Statistical Analysis. Wilcoxon signed-rank test or the nonparametric, two-tailed
Mann-Whitney test was used to compare statistical differences in the import
assay. Values of *, P < 0.05, **, P < 0.01 and ***, P < 0.001 were considered to
be significant. Values are shown as mean = standard error of the mean.
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