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Amyloid β-peptides interfere with mitochondrial 
preprotein import competence by a 
coaggregation process

ABSTRACT  Aβ peptides play a central role in the etiology of Alzheimer disease (AD) by ex-
erting cellular toxicity correlated with aggregate formation. Experimental evidence has 
shown intraneuronal accumulation of Aβ peptides and interference with mitochondrial func-
tions. Nevertheless, the relevance of intracellular Aβ peptides in the pathophysiology of AD 
is controversial. Here we found that the two major species of Aβ peptides, in particular 
Aβ42, exhibited a strong inhibitory effect on the preprotein import reactions essential for 
mitochondrial biogenesis. However, Aβ peptides interacted only weakly with mitochondria 
and did not affect the inner membrane potential or the structure of the preprotein translo-
case complexes. Aβ peptides significantly decreased the import competence of mitochon-
drial precursor proteins via an extramitochondrial coaggregation mechanism. Coaggregation 
and import inhibition were significantly stronger for the longer peptide Aβ42, correlating 
with its importance in AD pathology. Our results demonstrate that direct interference of 
aggregation-prone Aβ peptides with mitochondrial protein biogenesis represents a crucial 
aspect of the pathobiochemical mechanisms contributing to cellular damage in AD.

INTRODUCTION
β-Amyloid (Aβ) peptides have been associated with severe hu-
man pathological conditions such as Alzheimer disease (AD; 
Murphy and LeVine, 2010), Down syndrome (Head and Lott, 
2004), and cerebral amyloid angiopathy (Weller et al., 2000), all 
characterized by accumulation and deposition of Aβ peptides 
in the CNS. Owing to the diversity of pathological aspects 
connected with a severe neurodegenerative disease like AD, 
biochemical mechanisms resulting in neuronal cell death and 

correlation with accumulation of Aβ peptides are not completely 
clear (Musiek and Holtzman, 2015).

Aβ peptides derive from a proteolytic process mediated by 
β- and γ-secretases on a type 1 transmembrane precursor called 
amyloid precursor protein (APP). The most common forms in AD are 
constituted of 40 (Aβ40) and 42 (Aβ42) amino acids (Zhang et al., 
2011). Mutations, environmental factors, and aging can induce 
changes in the equilibrium between Aβ peptide production and re-
moval (Mawuenyega et al., 2010), as well as imbalance between 
amyloidogenic and nonamyloidogenic pathways (Agostinho et al., 
2015). This causes an increase of Aβ peptide concentration, promot-
ing aggregation and deposition as senile plaques in brain paren-
chyma. Kinetic and structural studies on Aβ aggregation in vitro 
reported that unstructured Aβ monomers have an intrinsic tendency 
to self-assemble spontaneously by a nucleation-polymerization 
mechanism into higher-order oligomeric, protofibrillar, and fibrillar 
states (Thal et al., 2015). The aggregation process is enhanced by 
high peptide concentrations, presence of nucleation seeds, and al-
tered pH, ionic strength, or temperature (Stine et al., 2003). Further-
more, a large variety of posttranslational modifications of the Aβ 
sequence influence aggregation propensity (Kummer and Heneka, 
2014; Thal et al., 2015). Because Aβ42 oligomers represent the 
most toxic amyloidogenic peptide species, the main component of 
AD senile plaques, and the first to deposit during senile plaque 
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into intact mitochondria isolated from human cell cultures. This as-
say allows to directly follow the association, uptake, and processing 
of mitochondrial precursor proteins (Ryan et al., 2001; Chacinska 
et al., 2009).

As precursor proteins, we used the following 35S-labeled poly-
peptides: mitochondrial malate dehydrogenase (MDH2), an enzyme 
of the citric acid cycle; ornithine carbamoyltransferase (OTC), which 
is involved in the urea cycle, and Su9(86)–dihydrofolate reductase 
(DHFR) and Su9(70)‑DHFR, both artificial, mitochondrially targeted 
fusion proteins comprising the presequence of the subunit 9 (Su9) of 
the F1Fo-ATP synthase (86 and 70 amino acids, respectively) from 
Neurospora crassa fused to the complete mouse DHFR. All of these 
precursor proteins contain an N-terminal presequence that is 
cleaved by the mitochondrial processing peptidase (MPP) after the 
polypeptide reaches the matrix compartment. Their mitochondrial 
import depends on the membrane translocase complexes translo-
case of the outer mitochondrial membrane (TOM) and translocase 
of the inner mitochondrial membrane with the core component 
Tim23 (TIM23) and a functional inner membrane potential (Δψmt; 
Chacinska et al., 2009). In addition, we tested a precursor protein of 
the metabolite carrier family, the adenine nucleotide translocator 3 
(ANT3). This protein is constituted by highly hydrophobic trans-
membrane subunits and lacks an N-terminal presequence. ANT3 is 
inserted into the inner mitochondrial membrane, and its import uses 
a distinct pathway that depends on the TOM and TIM22 complexes 
(Truscott et al., 2002).

To assess AD-related pathological effects in the import assay, we 
used the most relevant Aβ peptides found in AD cases, constituted 
by 40 (Aβ40) and 42 (Aβ42) amino acids. The Aβ peptides and the 
radiolabeled precursor protein were incubated together with ener-
gized human mitochondria isolated from cultured HeLa cells. After 
the import incubation, samples were treated with proteases to di-
gest residual nonimported polypeptides represented by the precur-
sor form (p) and leaving the completely imported and processed 
mature form (m). Import reactions were analyzed by tricine-SDS–
PAGE and Western blot followed by autoradiography to detect the 
35S-labeled imported polypeptides, and the presence of Aβ pep-
tides was detected by immunodecoration with a specific antibody 
against Aβ. Because ANT3 does not contain an N-cleavable prese-
quence and is not processed in the matrix, complete import was 
analyzed by blue-native gel electrophoresis (BN–PAGE), indicating 
the Δψmt-dependent formation of a dimeric complex after insertion 
into the inner membrane.

We found that Aβ peptides strongly interfered with the mitochon-
drial import of all precursor proteins analyzed (Figure 1). The two Aβ 
peptides showed a different degree of inhibitory effect. Using the 
same concentration, Aβ40 partially inhibited the import reaction 
(Figure 1A), whereas Aβ42 showed complete inhibition (Figure 1B), 
as indicated by the absence of the mature (m) form of a fully im-
ported and processed precursor protein. ANT3 import was analyzed 
by BN–PAGE to visualize the formation of the complex around 150 
kDa (Figure 1C, lane 1). Also in this case, Aβ peptides were able to 
inhibit the import reaction. Again, Aβ42 was more effective in inhibit-
ing the import reaction than Aβ40. The inhibitory effect, in particular 
of Aβ42, resulted in a full elimination of the generation of mature 
forms (m), as well as a complete protease sensitivity of the precursor 
protein (p) in the import reaction. Taken together, these two criteria 
indicate a full block of the mitochondrial translocation process and a 
general phenomenon affecting different import pathways.

To investigate the concentration dependence of the inhibitory 
effect of Aβ peptides on mitochondrial import, we performed a 
titration of Aβ peptide amounts during the [35S]Su9(86)-DHFR 

formation, they play a key pathophysiological role in the develop-
ment of AD (Haass and Selkoe, 2007). Of interest, although Aβ42 
has only small structural differences from the other Aβ peptides, it 
displays distinct clinical, biological, and biophysical behaviors 
(Jarrett et al., 1993; Bitan et al., 2003).

The amyloid cascade hypothesis represents the major theory to 
explain the etiology and pathology of AD (Hardy and Selkoe, 2002; 
Musiek and Holtzman, 2015). This hypothesis, strongly supported 
by genetic studies on familial AD cases (Hardy and Higgins, 1992), 
proposes that an aggregation of Aβ peptides is responsible for ini-
tiation of a multistep pathological cascade eventually resulting in 
neuronal death. A growing body of evidence also suggests the 
prominent contribution of intracellular accumulation of Aβ peptides 
as a trigger of neurodegeneration and AD pathology on the cellular 
level (Wirths et al., 2004; Wirths and Bayer, 2012; Gouras et al., 
2010). Intracellular pools of Aβ peptides may stem from intracellular 
production, reuptake of secreted peptide molecules, or both. Even-
tually accumulating also in the cytosol, it is likely that intracellular Aβ 
peptides interact with membranes or other cellular components and 
induce structural changes of subcellular compartments (LaFerla 
et al., 2007).

Mitochondrial dysfunction is now generally accepted as a gen-
eral pathological feature in AD patients (Mattson et al., 2008; Piaceri 
et al., 2012; Selfridge et al., 2013). In line with this, a modification of 
the amyloid cascade hypothesis was postulated that supports the 
correlation between mitochondrial dysfunction with AD. Named the 
mitochondrial cascade hypothesis, it considers how individual mito-
chondrial dysfunctions, accumulating in aging cells, could influence 
Aβ peptide homeostasis and aggregation and consequently the 
chronology of AD (Swerdlow et al., 2014). However, it is still dis-
puted whether mitochondrial dysfunctions are early casual events or 
a consequence of other pathological events in AD patients. Evi-
dence exists for accumulation of Aβ peptides in mitochondria, inter-
actions with protein components of the mitochondrial matrix, and 
perturbations of mitochondrial functions (Lustbader et al., 2004; 
Hansson Petersen et al., 2008; Mossmann et al., 2014; Kaminsky 
et al., 2015). The molecular mechanisms underlying mitochondrial 
accumulation and the claimed effects of Aβ peptides on mitochon-
dria need critical analysis and clarification. For this reason, we per-
formed a comprehensive biochemical analysis of the interaction 
between the two Aβ peptides species relevant to AD (Aβ40 and 
Aβ42) with human mitochondria. One of the major cellular pro-
cesses responsible for maintaining mitochondrial functions is the 
import of nuclear-encoded mitochondrial precursor proteins from 
the cytosol (Chacinska et al., 2009). We used an established import 
assay based on isolated intact mitochondria (Ryan et al., 2001) to 
check whether and how Aβ peptides directly interfere with the mito-
chondrial protein import reaction. Taken together, our results show 
a strong and direct inhibitory effect of Aβ peptides on mitochondrial 
protein biogenesis. This inhibition is not caused by a damaging in-
fluence of Aβ peptides on mitochondrial functions but is correlated 
with a coaggregation phenomenon between Aβ peptides and pre-
cursor proteins that severely restricts their import competence.

RESULTS
Aβ peptides interfere with the import of mitochondrial 
precursor proteins
The import of precursor proteins, synthesized at cytosolic ribo-
somes, represents a crucial process in maintaining mitochondrial 
function and activity. To test a direct effect of Aβ peptides on mito-
chondrial protein import, we used an in vitro assay system that mea-
sures the uptake of radiolabeled mitochondrial precursor proteins 
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concentration was the Aβ40 band detectable also in the mitochon-
drial fraction (Supplemental Figure S1B).

Aβ peptides do not interfere with general mitochondrial 
functions
Because it was previously reported that Aβ peptides exert direct 
damage on mitochondria in vitro (Lustbader et al., 2004; Hansson 
Petersen et al., 2008; Mossmann et al., 2014), we assayed the state 

import assay (Figure 1D and Supplemental Figure S1, A and B). Af-
ter import, samples were digested by trypsin and analyzed by tri-
cine-SDS–PAGE, autoradiography, and Western blot. We quantified 
the protease-resistant mature form (m) of the imported [35S]Su9(86)-
DHFR. We found that the inhibitory effect of Aβ42 was ∼10-fold 
stronger than that of Aβ40 (Figure 1D). Inhibition of import by 
Aβ42 started at a concentration of ∼0.1 μM, whereas for Aβ40, a 
concentration of >1 μM was required. Note that only at the highest 

FIGURE 1:  Effect of Aβ peptides on mitochondrial import of nuclear-encoded precursor proteins. 35S‑labeled 
radioactive precursor proteins were incubated with energized and isolated mitochondria from HeLa cell cultures in the 
presence of same amounts (3.5 μM) of Aβ40 and Aβ42 peptides. (A, B) Import of the precursor proteins mitochondrial 
MDH2, the artificial reporter construct Su9(86)-DHFR, and OTC for the indicated incubation times. After the import 
reaction, half of the samples (lanes 4–6, 9, and 10) were treated with trypsin (100 μg/ml) to remove nonimported 
preproteins. Imported proteins were analyzed by tricine-SDS–PAGE, followed by Western blot, digital autoradiography, 
and immunodecoration against Aβ peptides. (C) Import of ANT3 in comparison with Su9(70)-DHFR. After import, all 
samples were treated with PK (50 μg/ml) and analyzed by BN- (ANT3) or SDS–PAGE (Su9(70)-DHFR), Western blot, and 
digital autoradiography. As control, immunodecoration against Tim23 was carried out. (D) Quantification of import-
inhibitory effect of Aβ peptides. Import experiments with the precursor protein [35S]Su9(86)DHFR and different 
amounts of Aβ peptides (0.007–7.0 μM) were performed as described. The signals of processed and protease-resistant 
preprotein bands (m form) were quantified using ImageJ. The amount of imported protein in the absence of Aβ peptide 
was set to 100%. Mean values and SD were determined for three independent experiments. L, loading control; m, 
mature processed form; p, precursor protein; WB, Western blot.
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the running behavior of the five respiratory chain complexes of the 
inner membrane in native PAGE and again found no significant dif-
ferences caused by the presence of Aβ peptides (Supplemental 
Figure S2). These results demonstrated that Aβ peptides did not 
negatively affect mitochondrial activities that are directly relevant for 
the import reaction. In line with this, resistance of mitochondrial con-
trol proteins against proteinase K (PK) treatment after import also 
suggests that mitochondrial membranes remained largely intact 
after Aβ treatment.

Aβ peptides affect the initial steps of the mitochondrial 
import reaction
On the basis of the observation of a significant inhibition of the 
overall import process, we set out to identify the particular step of 
the import reaction that was affected by Aβ peptides. Most cases of 
precursor protein import can be generally distinguished into three 
steps: 1) binding to the receptors of the import machinery of the 
outer mitochondrial membrane (OMM); 2) Δψmt-dependent trans-
port through the membranes via the translocase complexes; and 
3) processing of the precursor to the mature form. To investigate the 
effect of Aβ peptides on the initial step of the import reaction, we 
dissipated Δψmt as an import driving force, allowing only binding of 
precursor proteins to OMM import receptors and/or insertion into 
the TOM translocase channel. Because the OMM binding reaction 
is very quick, we incubated the isolated mitochondria with the radio-
active precursor protein for short times (range of seconds) in the 

of specific import-related mitochondrial functions in our experimen-
tal setup. An electric potential across the mitochondrial inner mem-
brane (Δψmt) is indispensable for import of precursor proteins into 
the matrix, as well as insertion into the inner membrane (Ryan et al., 
2001). We measured Δψmt in our model by the potential-dependent 
accumulation of the fluorescent dye tetramethylrhodamine ethyl 
ester (TMRE) after incubation of isolated and energized mitochon-
dria with increasing amounts of Aβ peptides (Figure 2A). Both Aβ40 
and Aβ42 did not exhibit any effect on Δψmt, even at high concen-
trations. As negative control, we incubated the mitochondria with 
0.5 μM valinomycin, which causes complete dissipation of the mem-
brane potential and concomitant strong reduction of the fluores-
cence signal. Using BN–PAGE, we inspected the structure and 
composition of translocase complexes responsible for the import 
reaction under native conditions. In the BN–PAGE, the translocase 
complexes of both the outer membrane (TOM) and the inner mem-
brane (TIM23) migrate as distinct high–molecular weight bands. In-
cubations with both Aβ peptides did not have any visible effect on 
the running behavior of the translocase complexes, indicating no 
significant change in structure and composition (Figure 2B). Further-
more, the absence of effects in the native PAGE indicated that there 
is no significant stable interaction between the mitochondrial import 
complexes and Aβ peptides themselves. Note that the detection of 
Aβ peptides in BN gels (Figure 2B) revealed a signal for Aβ42 local-
ized in the upper part of the stacking gel, consistent with formation 
of high–molecular weight aggregates. In addition, we also checked 

FIGURE 2:  Effect of Aβ peptides on import-related mitochondrial functions. (A) The Δψmt was evaluated after treatment 
of energized mitochondria with increasing amount of Aβ peptides as indicated, followed by incubation with the 
potential-dependent fluorescent dye TMRE. After removal of excess TMRE, fluorescence was determined. Mean values 
and SD were determined from three independent experiments. (B) After treatment of isolated and energized 
mitochondria with Aβ peptides (3.5 μM), structure and composition of import translocase complexes were analyzed by 
BN–PAGE, SDS–PAGE, and Western blotting. Before loading, mitochondria were solubilized in a buffer containing 1% 
digitonin. Immunodecorations were performed against components of the translocase complexes TOM and TIM23—
responsible for the import of presequence-containing preproteins through the mitochondrial membranes— Tom20, 
Tom40, and Tim23 (lanes 1–6 and 9–14), and Aβ peptides (lanes 7, 8, 15, and 16).
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amounts of precursor protein associated with mitochondria that 
were proportional to the amount of peptide used (Supplemental 
Figure S1C). Because nonspecific radioactive protein bands gener-
ated during in vitro translation in addition to the genuine precursor 
band were also found in association with the mitochondrial pellet 
after centrifugation, the increase in signal intensity of the precursor 

presence of Aβ peptides and tested for a cofractionation of the pre-
cursor polypeptides with the mitochondria. Neither Aβ peptide 
negatively affected the binding of the precursor protein [35S]
Su9(86)‑DHFR (Figure 3A), indicating that the interaction with the 
mitochondrial surface receptors was not influenced. On the other 
hand, in particular with Aβ42, we consistently observed elevated 

FIGURE 3:  Mitochondrial import steps affected by Aβ peptides. (A) Binding of the precursor protein to the OMM import 
machinery receptors. After removing the Δψmt, mitochondria were incubated for short times (range of seconds) with Aβ 
peptides (3.5 μM) and precursor protein [35S]Su9(70)DHFR. Half of the samples were incubated with PK (50 μg/ml) to 
digest nonimported precursor protein. (B) Separation of preprotein binding (Binding) to OMM from inner membrane 
translocation and processing steps (Chase). For precursor binding and insertion into the OMM, Δψmt was dissipated by 
CCCP (1 μM) during incubation with [35S]Su9(70)DHFR in the presence (lanes 11 and 12) and absence (lanes 10 and 
13–18) of Aβ peptides. To assay inner membrane translocation and processing (Chase), Δψmt was restored by addition of 
BSA (2 mg/ml; lanes 10–12 and 16–18) in the presence (lanes 17 and 18) and absence of Aβ peptides. For comparison, a 
complete one-step import reaction was performed (lanes 1–9). (C, D) Effect of Aβ peptides on cotranslational and 
posttranslational import. (C) As shown in the scheme of the experimental setup, cotranslational import was performed by 
incubating rabbit reticulocyte lysate, Su9(70)DHFR mRNA, [35S]methionine, and isolated energized mitochondria in the 
presence or absence of Aβ peptides (3.5 μM) as indicated at 30°C for 60 min. (D) In posttranslational import, first the 
translation of [35S]Su9(70)DHFR was performed using rabbit reticulocyte lysate, Su9(70)DHFR mRNA, and [35S]methionine 
for 30 min, and then isolated mitochondria were added in the presence of Aβ peptides (3.5 μM) for an additional 30 min 
to perform the mitochondrial import reaction. The translation was stopped by adding 8 mM cold methionine. All samples 
were analyzed by tricine-SDS–PAGE, followed by Western blot, digital autoradiography, and immunodecoration against 
Aβ peptides and Tim23. L, total amount of Aβ peptides added; m, mitochondrial mature form; Mock, control experiment 
in the absence of mitochondria; p, mitochondrial precursor protein; WB, Western blot.
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peptides for 30 min, followed by several washing steps to remove 
excess unbound material. Then we performed a normal import reac-
tion using the precursor protein [35S]Su9(86)‑DHFR without peptide 
addition (Figure 4A). Of interest, pretreatment of mitochondria with 
Aβ40 did not show any significant copurification of Aβ40 with the 
mitochondria and also did not affect a later import reaction (Figure 
4A, lanes 9, 12 and 15). On the contrary, pretreatment of mitochon-
dria with Aβ42 showed a strong, although not complete, inhibitory 
effect on the subsequent import reaction. Further, we were able to 
detect Aβ42 copurifying with the mitochondria even after extensive 
washing, confirming an association with mitochondria (Figure 4A, 
lanes 10, 13, and 16).

We therefore investigated more thoroughly the biochemical 
properties of the association of Aβ peptides with isolated mitochon-
dria. First, we performed a standard mitochondrial import experi-
ment using Aβ peptides to clarify whether they were taken up via 
the canonical import pathway. The import reaction was analyzed by 
tricine-SDS–PAGE, followed by Western blot using antiserum 
against Aβ peptides. As shown in Figure 4B, the smaller peptide, 
Aβ40, again did not show significant copurification with mitochon-
dria even at longer incubation times. In contrast, with Aβ42, as seen 
before, a band of 4 kDa was visible in the samples containing mito-
chondria already at very short times (Figure 4C). The band intensity 
only slightly increased with longer incubation times. Owing to the 
small size and specific properties of the Aβ peptides, any processing 
event during a potential import reaction was not expected. How-
ever, for Aβ42, an additional band with a slightly higher molecular 
weight appeared in the presence of mitochondria, which is likely 
due to a different running behavior of the small peptide in the pres-
ence of large amounts of mitochondrial proteins or lipids. However, 
three observations argue strongly against a specific uptake of Aβ 
peptides via the mitochondrial import machinery: 1) there was no 
time dependence of the mitochondria-associated signals (e.g., 
Figure 4C, lanes 7–10), 2) the intensity of the copurifying Aβ signal 
was not influenced by Δψmt (Figure 4C, lane 11), and 3) both Aβ 
peptides showed a comparable signal also in the mock sample con-
taining no mitochondria at all (Figure 4, B and C, lanes 6 and 12). Of 
interest, both the copurifying materials, as well as the peptides in 
the mock samples, were largely resistant to protease digestion 
(Figure 4, B and C, lane 6).

Because protection against proteases is a major hallmark of a 
successful mitochondrial import reaction (Ryan et al., 2001), we 
characterized the protease digestion behavior of Aβ peptides in 
more detail (Figure 5A). We incubated the Aβ peptides with iso-
lated and energized mitochondria, followed by solubilization with 
0.5% Triton X-100 (Figure 5A, lanes 5–8) or ultrasonication 
(Figure 5A, lanes 9–12). Under these conditions, the mitochondrial 
membranes are disrupted and would not be able to offer protec-
tion against external proteases. A titration with increasing amounts 
of trypsin was performed, and then all the samples underwent 
trichloroacetic acid (TCA) precipitation, tricine-SDS–PAGE, and de-
tection of present Aβ peptides by Western blot. As shown in the 
control panels, lysis of mitochondria by both detergent and sonica-
tion was successful, as endogenous control proteins were effi-
ciently degraded even at the lowest concentration of trypsin 
(5 μg/ml). In the mock samples, without mitochondria and used as 
control, we again found a significant protease resistance of both 
Aβ peptides (Figure 5A, lanes 1–4). The protease resistance of 
both Aβ peptides decreased in the presence of detergent or after 
sonication (Figure 5A, lanes 6–8 and 10–12). Aβ42 was found to be 
slightly more resistant than Aβ40 after detergent lysis but remained 
resistant to trypsin after ultrasound treatment. In the presence of 

protein is probably due to an aggregation phenomenon (see later 
discussion).

Effects on the transport and processing reactions were tested by 
a two-step protocol that separated the binding of the precursor 
from the actual translocation process. The precursor protein [35S]
Su9(70)‑DHFR was first incubated with mitochondria, where the 
Δψmt was dissipated by the addition of carbonyl cyanide m-chloro-
phenyl hydrazone (CCCP; 1 μM). In this way, the precursor protein 
was able to bind to the TOM machinery without being imported. 
After removing excess unbound precursor proteins, Δψmt was 
restored by taking away the CCCP by binding it to excess amounts 
of bovine serum albumin (BSA) and reenergizing the mitochondria, 
allowing the translocation and processing reaction to proceed. Of 
interest, an inhibition of protein import was observed only when Aβ 
peptides were present already in the first step of the experiment 
(Figure 3B, lanes 11 and 12), while adding the peptides directly in 
the second step, after the binding step was completed, did not 
show any effect on the import reaction (Figure 3B, lanes 17 and 18). 
This directly demonstrated that Aβ peptides did not negatively 
affect the later phases of the import reaction but instead interfered 
with the first steps of the import reaction that happen at the outer 
face of the OMM.

In the in vitro system used, the translation reaction to produce 
radiolabeled preproteins is separated from the actual import 
reaction, essentially resulting in a posttranslational translocation 
process. However, in cells, the mitochondrial import most likely rep-
resents a mixture of posttranslational and cotranslational reactions, 
depending on the individual properties of preproteins or even their 
mRNAs (Fox, 2012). To clarify whether Aβ peptides were able to in-
hibit mitochondrial import also during a cotranslational mechanism, 
we performed an import reaction in the reticulocyte lysate system 
used for producing the 35S-labeled preprotein Su9(70)‑DHFR. We 
incubated the reticulocyte labeling mix containing ribosomes, ener-
gized mitochondria, preprotein mRNA, and [35S]methionine for 
60 min in the presence or absence of Aβ40 peptides (Figure 3C). 
After analyzing the samples by tricine-SDS–PAGE, we did not ob-
serve an import inhibition in the presence of Aβ40 but still a signifi-
cant reduction of the formation of the mature form in the presence 
of Aβ42, although not as pronounced as in the posttranslational 
situation. As posttranslational control, we used the same experi-
mental setup but first performed the translation reaction without 
mitochondria for 30 min, stopped the labeling by addition of nonla-
beled (“cold”) methionine, and only then added the isolated ener-
gized mitochondria in the presence or absence of Aβ peptides 
(Figure 3D). In this case, we observed partial inhibition of mitochon-
drial import in the presence of Aβ40, whereas Aβ42 gave a strong 
inhibitory effect. The less severe inhibitory effect in the case of 
forced cotranslational import supports our conclusion that Aβ pep-
tides do not directly affect mitochondria function but instead act at 
an earlier step of the import process. Of note, in a control experi-
ment without mitochondria, we observed that Aβ peptides did not 
affect ribosomal translation rates (Supplemental Figure S1D).

Interaction of Aβ peptides with human mitochondria
Because our experiments indicated the possibility of a direct asso-
ciation of Aβ peptides, in particular Aβ42, with mitochondria, de-
spite any obvious deleterious effects on mitochondrial functions, we 
set out to analyze the inhibition properties on preprotein import in 
more detail. Because the degree of import inhibition seemed to 
correlate with the amount of Aβ peptides copurified with mitochon-
dria, we checked whether Aβ peptides could also act in the absence 
of precursor proteins. We pretreated isolated mitochondria with Aβ 
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treatments. Aβ42 partially associated with mitochondria but was 
not completely digested by either protease (Figure 5B, lanes 5–12) 
in mitochondria as well as in mock samples, indicating that both 
Aβ peptides retain an intrinsic protease resistance that is indepen-
dent of a mitochondrial association.

The import of nuclear-encoded precursor proteins initially re-
quires a specific interaction with receptor proteins at the surface of 
the OMM (Endo and Kohda, 2002). To analyze whether the interac-
tion of Aβ peptides with mitochondria depends on the involvement 
of the OMM receptors, we pretreated isolated intact mitochondria 
with trypsin to digest any protein domains exposed on the cytosolic 
face of the outer membrane. Then we incubated the mitochondria 
with Aβ peptides (Figure 5C). We analyzed samples by tricine-SDS–
PAGE, followed by Western blot. As control, Tom20 was degraded 
at the lowest trypsin concentration (5 μg/ml), whereas the inner 
membrane protein Tim23 was stable during both protease treat-
ments, indicating the intactness of mitochondria. The amount of 
Aβ42 copurified with mitochondria did not show any difference 
between trypsin-pretreated mitochondria and untreated control 

mitochondria, the behavior of the two peptides was different. Be-
cause Aβ40 did not copurify or pellet with mitochondria, the analy-
sis of Aβ40 susceptibility to protease digestion was not possible. In 
contrast, Aβ42 showed some copurification with the mitochondria 
and also a complete protease resistance that was neither affected 
by the presence of detergent nor by sonication. This intrinsic pro-
tease resistance and the detection of Aβ peptides in samples with-
out mitochondria (mock) or after destruction of mitochondrial 
membranes suggest that in our experimental setup, Aβ peptides 
are more prone to form sedimentable aggregated material than to 
associate with the OMM. We also investigated whether the intrin-
sic resistance of Aβ peptides to protease digestion was specific to 
trypsin or could be extended to other proteases. We incubated 
equal amounts of Aβ peptides alone or with isolated mitochondria 
for 30 min at 30°C and subsequently treated all samples with the 
protease trypsin or PK for different times, followed by tricine-SDS–
PAGE and Western blot (Figure 5B). As observed earlier, Aβ40 did 
not copurify with the mitochondria. However, in mock samples, 
Aβ40 was partially resistant to both proteases even after longer 

FIGURE 4:  Analysis of Aβ peptides interaction with human mitochondria. (A) Pretreatment of mitochondria with Aβ 
peptides. Isolated mitochondria were incubated with Aβ peptides (3.5 μM) at 30°C for 30 min. After several washing 
steps, mitochondria were reisolated and incubated in an energizing buffer with precursor protein [35S]Su9(86)DHFR for 
an import reaction in the absence of Aβ peptides (lanes 8–16). For comparison, the precursor protein [35S]Su9(86)DHFR 
was directly incubated with isolated and energized mitochondria and in mock samples (mo) in the presence or absence 
of Aβ peptides (lanes 1–7). Half of the samples were treated with PK (50 μg/ml) to digest nonimported precursor 
protein. (B, C) Mitochondrial association of Aβ peptides. Isolated and energized mitochondria and mock (mo) samples 
(lanes 6 and 12) were incubated with the same amount of Aβ40 (B) and Aβ42 (C) peptides (3.5 μM) for different times. 
The Δψmt was dissipated where indicated (lanes 5 and 11). Half of the samples were then treated with trypsin (100 μg/ml; 
lanes 1–6). All samples were processed by tricine-SDS–PAGE, followed by Western blot. As control, immunodecorations 
against mitochondrial Tom20, Tim23, and Tom40 proteins were performed. m, mature form; p, precursor protein; WB, 
Western blot.
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with mitochondria (Figure 5D). During alkaline extraction, polypep-
tides that stably associate with membranes remain in the pellet frac-
tion (P), whereas peripheral membrane proteins are found in the 
supernatant (S). As shown earlier, Aβ40 did not show a significant 
signal in the presence of mitochondria. However, the mock samples 
showed that minor amounts of Aβ40 accumulated in the pellet 
fraction, consistent with the generation of small amounts of protein 

samples, indicating that any potential interaction of Aβ42 with mito-
chondria is not based on a specific binding to the import-related 
receptor proteins of the TOM complex.

The previous experiments suggest that the association of Aβ 
peptides with mitochondria instead represents a nonspecific inter-
action with the OMM. We performed an alkaline extraction to assess 
the membrane interaction properties after incubating Aβ peptides 

FIGURE 5:  Membrane interaction behavior of Aβ peptides. (A) Absent protease protection by mitochondria. Aβ peptides 
(3.5 μM) were incubated with or without (Mock) intact and energized mitochondria, followed by digestion with increasing 
amounts of trypsin (lanes 1–4). As controls, mitochondria were lysed by solubilization with 0.5% Triton X-100 (lanes 5–8) or 
by sonication (lanes 9–12) before addition of the protease. All samples underwent TCA precipitation. (B) Intrinsic protease 
resistance. Aβ peptides (3.5 μM) were incubated with or without (Mock) intact and energized mitochondria, followed by 
digestion with 100 μg/ml trypsin (lanes 5–8) and 100 μg/ml PK for different times as indicated. (C) Dependence of the 
interaction between Aβ peptides and isolated mitochondria on peripheral OMM receptors. Isolated mitochondria were 
pretreated with the indicated trypsin concentrations to digest exposed OMM proteins. After trypsin inactivation, isolated 
mitochondria were reisolated and incubated in an energized buffer with Aβ peptides (3.5 μM). (D) Alkaline extraction of Aβ 
peptides from mitochondria and mock samples. Aβ peptides (3.5 μM) were incubated in the presence or absence (Mock) of 
isolated and energized mitochondria. After reisolation, mitochondria and mock samples were subjected to alkaline 
extraction as described in Material and Methods. (E, F) Titration of Aβ peptide binding to mitochondria. Increasing 
concentrations of Aβ40 (E) and Aβ42 (F) peptides were incubated for 30 min in the presence or absence (Mock) of energized 
mitochondria and separated in insoluble (Pellet) and soluble (Supernatant) fractions. All samples were analyzed by tricine-
SDS–PAGE and Western blot. As control, immunodecoration against the endogenous mitochondrial proteins SMAC 
(intermembrane space), MPP (matrix) and Tom40 (OMM) was carried out. L, loading control; P, pellet; S, supernatant; T, total; 
WB, Western blot.
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mation of coaggregates between Aβ peptides and mitochondrial 
precursor proteins (Figure 6, D, lane 23, and E).

Taken together, these data do not support previous conclusions 
about uptake of Aβ peptides into the organelle, as the typical crite-
ria for mitochondrial import were not fulfilled: specificity for mito-
chondria, dependence on surface import receptors and Δψmt, and 
acquisition of protease resistance. However, we observed some de-
gree of nonspecific association with the mitochondrial surface in the 
case of Aβ42. This peptide also exhibited a strong tendency to form 
aggregates, independently of the presence of mitochondria. Of 
interest, in the presence of mitochondrial precursor proteins, the 
association of Aβ42 with the mitochondria was reduced, whereas at 
the same time, increased formation of sedimentable preprotein–
Aβ42 conglomerates was observed.

Preprotein import competence is reduced by the formation 
of Aβ–preprotein coaggregates
Because aggregate formation is an intrinsic pathological property of 
Aβ peptides (Thal et al., 2015), we reasoned that a reduction of pre-
protein solubility by aggregation in the presence of Aβ peptides 
might contribute to the inhibitory effect on the import reaction. We 
therefore analyzed a coaggregation by three types of assays: 1) high-
speed centrifugation followed by tricine-SDS–PAGE, 2) a filter retar-
dation assay, and 3) BN–PAGE. These techniques provide direct in-
formation about the aggregation behavior of precursor polypeptides 
in the presence of the Aβ peptides and partially characterize the 
nature of the aggregates. After incubation of radiolabeled precursor 
proteins with Aβ peptides, samples were centrifuged at high speed 
(45,000 rpm; 124,500 × g) to separate the insoluble high–molecular 
weight aggregates from the soluble proteins. The resulting pellets 
and supernatants were analyzed by Western blot and immunodeco-
ration against Aβ peptides, as well as by autoradiography to detect 
the precursor polypeptides (Figure 7A). The precursor protein alone 
partially fractionated to the pellet, suggesting an intrinsic aggrega-
tion propensity (Figure 7A, lanes 7 and 17). However, in the pres-
ence of increasing concentrations of Aβ42, the amount of [35S]
Su9(86)‑DHFR found in the pellet was significantly increased (Figure 
7A, lanes 18–20). In contrast, Aβ40 had less severe effects on the 
distribution of precursor polypeptides in the centrifugation assay 
(Figure 7A, lanes 8–10), where most precursor protein remained 
soluble in the supernatant (Figure 7A, lanes 3–5). Aβ42 itself was 
mostly found in the pellet fraction, suggesting a strong propensity 
to form insoluble aggregates (Figure 7A, lanes 16 and 18–20). In the 
pellet fraction, but not in the supernatant, an additional band was 
detected for Aβ42 at the top part of the tricine gel, corresponding 
to the loading pockets. This suggested that Aβ42 formed high–
molecular weight aggregates that were insensitive to SDS solubiliza-
tion. For Aβ40, part of the peptides sedimented as insoluble 
aggregates (Figure 7A, lanes 6 and 8–10), and part remained solu-
ble in the supernatant (Figure 7A, lanes 1 and 3–5). In the superna-
tant fraction, Aβ40 showed two bands around 20 and 35 kDa in ad-
dition to the predominant band at 4 kDa (Figure 7A, lanes 3 and 4). 
These bands were present only when Aβ40 was incubated with the 
precursor proteins but not with the peptides alone. Similar bands 
were also detected with Aβ42 but in much lower amounts (Figure 
7A, lanes 12 and 13).

In the filter retardation assay, different amounts of Aβ peptides 
were incubated with the [35S]Su9(86)‑DHFR (Figure 7B) or [35S]OTC 
(Supplemental Figure S3) and subsequently filtered through nitro-
cellulose or cellulose acetate membranes. With the cellulose ace-
tate membrane, which does not have an intrinsic protein-binding 
affinity, inclusions or aggregates >0.2 μm are trapped under these 

aggregates. The Aβ42 peptides showed similar behavior in the 
mock samples. However, in the presence of mitochondria, a signifi-
cant amount of copurified material was found in the supernatant 
fraction, excluding integration into the OMM and suggesting at 
most a peripheral association. The mitochondrial control proteins 
MPP (soluble) and Tom40 (membrane integrated) behaved as ex-
pected. A nonspecific interaction with the OMM, in particular for 
Aβ42, was also supported by a saturation titration experiment 
(Figure 5, E and F). Here we incubated increasing amounts of Aβ 
peptides with a constant amount of mitochondria and separated 
soluble and insoluble material by intermediate-speed centrifuga-
tion. With increased peptide concentration, most of the Aβ40 pep-
tide remained in the supernatant, and only a minor amount ap-
peared in the pellet fraction (Figure 5E) without being influenced by 
the presence of mitochondria. On the other hand, significant 
amounts of Aβ42 peptides accumulated in the pellet fraction both 
in the presence and absence of mitochondria (Figure 5F). In both 
cases, the amount of Aβ42 peptides recovered in the pellet frac-
tions did not seem to be saturable, indicating again nonspecific mi-
tochondrial association and a pronounced tendency to form sedi-
mentable aggregate material.

From the foregoing results, it was not possible to clearly distin-
guish between Aβ peptides associated with the OMM and Aβ 
peptides prone to aggregation that are able to sediment with mito-
chondria by conventional differential centrifugation methods used 
in a standard import assay. Thus we decided to analyze the behavior 
of Aβ peptides during the mitochondrial import using rate-zonal 
density gradient centrifugation. After performing an import reaction 
with the precursor protein [35S]Su9(70)‑DHFR in the presence or ab-
sence of Aβ peptides, we separated samples by centrifugation 
through a sucrose gradient (20–50%). Fractions from top to bottom 
were collected and analyzed by Western blot or autoradiography 
for the presence of the imported precursor protein or Aβ peptides 
(Figure 6). As controls, we carried out the same experiment in the 
absence of mitochondria (mock) or in the absence of Aβ peptides 
(Figure 6B). From the sedimentation behavior of mitochondrial 
marker MPP and Tim23, isolated mitochondria were concentrated 
mostly around the middle of the gradient (Figure 6E, fractions 12–
14). Most of Aβ40 accumulated as monomer or as small, low-density, 
and SDS-soluble aggregates at the top of the gradient, and no 
cosedimentation with the mitochondria was observed (Figure 6A, 
top). This observation is consistent with the behavior in our differen-
tial centrifugation experiments (see earlier discussion). However, 
Aβ42 behaved significantly differently (Figure 6A, middle). In the 
presence of isolated mitochondria, a small percentage of Aβ42 
(20% of the total Aβ42 added to the experiment; Figure 6E) was 
found in the gradient fractions together with the mitochondrial 
markers, suggesting direct interaction with mitochondria. In the 
mock samples, most of the Aβ42 accumulated on the top of the gra-
dient as for Aβ40. In the control samples containing only the precur-
sor protein, [35S]Su9(70)‑DHFR showed localization of the mature 
form (m) in the same fractions as the bulk mitochondria (Figure 6B). 
As expected, in the presence of Aβ40, the amount of mature form 
was partially reduced (Figure 6C), whereas Aβ42 treatment resulted 
in complete disappearance of the mature form, demonstrating 
again complete inhibition of mitochondrial import (Figure 6D). Of 
interest, the presence of precursor proteins changed the behavior of 
Aβ42, as the amount of mitochondria-associated material decreased 
while the amount in the bottom fractions, representing aggregates, 
increased (Figure 6, D and E). In addition, in the presence of Aβ42, 
a considerable amount of the precursor protein was found in the 
aggregate fraction at the bottom of the gradient, indicating the for-
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immunodecoration. The total amount of retained polypeptides was 
also evaluated by Ponceau red staining of the membranes. As ex-
pected from their intrinsic aggregation propensities, Aβ42, but not 
Aβ40, showed a signal on cellulose acetate membranes when simi-
lar concentrations were loaded (Figure 7B). Whereas the precursor 

conditions, whereas smaller complexes pass through and are 
washed away (Heiser et al., 2000). Because most of the added pro-
tein should be retained on a nitrocellulose membrane, this type of 
membrane was used as loading control. Precursor proteins were 
detected by autoradiography and the presence of Aβ peptides by 

FIGURE 6:  Analysis of the interaction between Aβ peptides and mitochondrial precursor proteins with mitochondria 
through density gradient centrifugation. (A) Sucrose gradient centrifugation of 3.5 μM Aβ40 (top) and Aβ42 (bottom) 
incubated with and without (Mock) isolated and energized mitochondria. (B) As control, a sucrose gradient of precursor 
protein [35S]Su9(70)DHFR incubated with or without (Mock) isolated and energized mitochondria in the absence of Aβ 
peptides was performed. (C, D) Sucrose gradients with or without (Mock) mitochondria incubated with precursor 
protein [35S]Su9(70)DHFR in the presence of Aβ40 (C) or Aβ42 (D). Density gradient fractionations were performed as 
reported in Materials and Methods. Samples were analyzed by tricine-SDS–PAGE and Western blot. As control, 
immunodecorations against MPP and Tim23 were used. (E) Quantification of the Aβ42 band intensities incubated with 
mitochondria in the absence (A) or presence (D) of precursor protein [35S]Su9(70)DHFR. Each value is the ratio between 
the intensity of the Aβ42 band in each fraction and the total sample (T). m, mature form of the preprotein; p, precursor 
form; WB, Western blot.
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protein [35S]Su9(86)‑DHFR alone showed a weak signal on cellulose 
acetate membrane, a strong signal was detected when it was incu-
bated together with Aβ42 (Figure 7B). The formation of the precur-
sor protein aggregates increased with the amount of Aβ42 peptides 
added. [35S]OTC showed similar behavior (Supplemental Figure S3).

We also applied the samples on BN–PAGE to characterize the 
complex formation between Aβ peptides and precursor proteins 
under native condition. After incubation of the [35S]Su9(86)‑DHFR 
with different concentrations of Aβ peptides, the complete samples 
were separated by BN–PAGE gradient gel (5–16.5%) and then ana-
lyzed by Western blot and autoradiography. The precursor protein 

[35S]Su9(86)‑DHFR alone distributed over a large size range without 
forming a defined band, typical behavior for a soluble protein in 
native PAGE (Figure 7C, lanes 2 and 9). In the presence of Aβ40, 
some of the precursor proteins shifted to a higher–molecular weight 
zone of the gel in a concentration-dependent manner (Figure 7C, 
lanes 3–7). In the presence of Aβ42, the signals of the precursor 
protein almost exclusively shifted to an area around 720 kDa (Figure 
7C, lanes 10–13). Of interest, immunodecoration with anti-Aβ serum 
showed that some Aβ42 material accumulated at the same mole-
cular weight range (Figure 7C, lanes 10 and 11). In addition, Aβ42 
also exhibited a signal at the highest part of the membrane, related 

FIGURE 7:  Coaggregation between Aβ peptides and mitochondrial precursor protein. Precursor protein [35S]Su9(86)-
DHFR was incubated for 30 min at 30°C in import buffer in the presence or absence of the indicated amounts of Aβ 
peptides. After incubation, samples were analyzed by the following techniques, (A) Tricine-SDS–PAGE. Soluble fractions 
(Supernatant) were separated from the insoluble (Pellet) by centrifugation for 40 min at 123,000 × g at 4°C. Samples 
were analyzed by tricine-SDS–PAGE. (B) Filter retardation assay. Samples were filtered directly through cellulose acetate 
and nitrocellulose membranes using a dot blot filtration unit as described in Material and Methods. Proteins bound to 
both membranes were stained with Ponceau S. Bound Aβ peptides were detected by immunodecoration and the 
precursor protein by digital autoradiography. (C) BN–PAGE. Samples were loaded on native PAGE as described in 
Materials and Methods and analyzed by Western blot. The precursor protein signal was detected by digital 
autoradiography and the Aβ peptides by immunodecoration.
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being synthesized on the ribosome (cotranslational import) or may 
be first released from the ribosome after translation is completed 
and only then interact with the mitochondria (posttranslational im-
port). Most likely, also depending on the individual properties of the 
preproteins, the in vivo situation is represented by a mixture of the 
two processes (Verner, 1993; Mukhopadhyay et al., 2004). As dis-
cussed earlier, in particular Aβ42 showed a strong inhibitory effect in 
standard posttranslational import experiments. After performing 
import in a cotranslational manner, we found that the mitochondrial 
import was still inhibited by Aβ peptides, although with less effi-
ciency than under posttranslational conditions. We conclude that 
the import-inhibitory effect of Aβ peptides mainly affects a very 
early step of the process when newly synthesized mitochondrial 
polypeptides are exposed to the cytosolic environment.

To date, scarce information has been available about direct 
effects of Aβ peptides on mitochondrial protein biogenesis. Using 
flow cytometry, it was demonstrated that after long-term exposure 
to Aβ peptides, differentiated PC12 cells exhibited a reduction of 
newly synthesized, mitochondrially targeted green fluorescent pro-
tein (Sirk et al., 2007). These results are generally in line with our 
observations. Owing to the long exposure to potentially toxic mol-
ecules, however, these experiments could not distinguish whether 
the import inhibition was a direct or an indirect consequence of the 
presence of Aβ peptides. The immediate inhibitory effect of Aβ 
peptides on the import reaction in healthy mitochondria, as ob-
served in our experiments, essentially rules out that the inhibition 
was caused indirectly by long-term accumulation of functional de-
fects in the affected mitochondria. One previous study also used 
isolated mitochondria pretreated for a short time with Aβ peptides 
but did not detect a deficiency of mitochondrial import (Hansson 
Petersen et al., 2008). However, the discrepancy can be explained 
by the use of an insufficient amount of Aβ peptides in that study to 
observe significant import inhibition. Of interest, inhibition of mito-
chondrial protein biogenesis was suggested as a potential cause for 
Huntington’s disease (Yano et al., 2014). It was observed that a mu-
tant form of the protein huntingtin partially inhibited mitochondrial 
import via physical association with the TIM23 translocase complex. 
The concentration of huntingtin sufficient to obtain inhibition was 
comparable to the Aβ peptide concentration used in our model.

A recent study proposed that Aβ peptides indirectly interfered 
with the processing of imported precursor proteins to the mature 
and active forms (Mossmann et al., 2014), which is an important late 
step of the mitochondrial import reaction. The authors found that 
inhibition of PreP (or its yeast homologue, Cym1) by Aβ peptides 
(Alikhani et al., 2011) resulted in the accumulation of prepeptides in 
the mitochondrial matrix, which in turn interfered with the activity of 
the processing peptidase MPP, which is required for the maturation 
of mitochondrial precursor proteins. This is in strong contrast to our 
study, which showed that Aβ peptides acted at an early step of the 
import reaction. Two observations from our study directly argue 
against a mitochondrial processing defect caused by Aβ peptides. 
First, the precursor form visible in import experiments after Aβ 
peptide inhibition was always sensitive to digestion by external 
proteases, indicating that the preproteins never crossed the mito-
chondrial membrane. Second, using two-step import experiments, 
which separated the binding from the translocation and processing 
reaction, we observed an inhibitory effect of Aβ peptides only in the 
first step, which is independent of the membrane potential, but not 
in the second translocation step into the matrix, which would com-
prise the processing reaction. Although Mossmann et al. (2014) 
found an impaired precursor protein processing activity in the pres-
ence of Aβ peptides using soluble mitochondrial extracts from 

to the loading pockets in the gel, representing large, insoluble 
aggregate material (Figure 7C lanes 8 and 10–12). The fact that in 
native conditions, the precursor protein band together with Aβ42 
band shifted to the same area strongly suggests a direct interaction 
between the precursor protein and Aβ42. The large size of the com-
plex, comprising multiple copies of both molecules, was consistent 
with the formation of Aβ42–preprotein coaggregates.

Taken together, the data obtained from three different technical 
approaches clearly confirmed a coaggregation phenomenon be-
tween the precursor proteins and Aβ peptides that reduced precur-
sor protein solubility. Because solubility of the precursor proteins is 
required for efficient mitochondrial import, formation of coaggre-
gates between precursor proteins and Aβ peptides interferes with 
insertion of precursor protein inside the TOM channel. This repre-
sents the initial step of an import reaction that was found to be 
defective in our experiments in the presence of Aβ peptides. Of 
note, the two Aβ peptides analyzed showed different effects on co-
aggregate formation, correlating well with the observed preprotein 
inhibition efficiency, their aggregation propensity, and also the path-
ological effect in AD patients.

DISCUSSION
Pathological properties of intracellular Aβ peptides, in particular in 
correlation with mitochondrial dysfunction, have been observed on 
many occasions in the context of AD. Aβ peptides 1) localize to mi-
tochondria from postmortem AD brains and several experimental 
models of the disease (Pagani and Eckert, 2011), 2) physically inter-
act with some mitochondrial components (Lustbader et al., 2004), 
and 3) exert harmful effects on mitochondrial function (Kaminsky 
et al., 2015). Because in situ production of Aβ peptides in mitochon-
dria seems unlikely (Sannerud and Annaert, 2009), our study 
addressed the possible mechanisms of Aβ peptide interaction with 
mitochondria, as well as the correlation between a mitochondrial 
localization of Aβ peptides and the mitochondrial dysfunctions 
observed in AD.

Under in vitro conditions, we observed a clear-cut and strong 
inhibitory effect of Aβ peptides on mitochondrial import. The inhibi-
tory effect of Aβ42 was significantly stronger than that of the related 
Aβ40, correlating well with the stronger pathogenic effect of Aβ42 
in human AD patients (Eckman and Eckman, 2007). Of note, the 
Aβ42 concentration that resulted in a significant inhibition of mito-
chondrial import was comparable to the concentration of the pep-
tide that was previously found in AD brains, 2 μM for Aβ42 (Roher 
et al., 2009). Our experiments also shed a light on the biochemical 
details of the inhibitory mechanism, in particular on the stage of the 
import process that was affected. The inhibitory effect occurred 
immediately and did not require a prolonged preincubation period. 
Although previous work reported that treatment of mitochondria 
with Aβ peptides resulted in a reduction of Δψmt (Kaminsky et al., 
2015), in our model system, we did not observe any changes in 
Δψmt in the time frame of the import experiments, excluding an 
Aβ‑related reduction of the membrane potential as a cause for the 
import inhibition. Neither did we observe changes in the size and 
composition of the precursor protein translocase complexes (TOM 
and TIM) nor of the metabolic complexes of the respiratory chain. 
The possibility of direct physical damage on mitochondrial 
membranes, the oxidative phosphorylation system, or the preprot-
ein import machinery by Aβ peptides is therefore very unlikely.

Most of the mitochondrial proteins are synthesized at the cyto-
solic ribosomes and then imported inside the mitochondria. Con-
cerning the cellular environment, nascent mitochondrial precursor 
polypeptides may associate with the import machinery while still 
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results showing negative consequences of coaggregation between 
cytosolic enzymes and Aβ peptides support this AD‑specific patho-
logical mechanism (Itakura et al., 2015). Our work therefore adds an 
important aspect concerning the deleterious consequences of co-
aggregation processes during the etiology of neurodegenerative 
diseases. Many amyloid diseases involve coaggregation of different 
protein species (Penke et al., 2012; Sarell et al., 2013), although the 
pathological mechanisms are not always entirely clear. It is conceiv-
able that amyloidogenic β-sheet peptides interact with many differ-
ent endogenous proteins, resulting in their sequestration and func-
tional impairment (Olzscha et al., 2011).

Considering the intracellular space as a crowded environment, 
Aβ peptides likely undergo multiple, largely nonspecific interactions 
with any protein and lipid components of the cytosol. The import-
competent state of mitochondrial preproteins is represented by an 
incompletely folded conformation that is prone to irregular interac-
tions with Aβ peptides and subsequent aggregation. Already during 
the onset of the disease, at a point at which the concentration of Aβ 
peptides is increasing, the formation of coaggregates with newly 
synthesized mitochondrial precursor polypeptides might progres-
sively interfere with the import process. This would eventually result 
in reduction or even loss of mitochondrial enzyme activities, in turn 
leading to the pleiotropic nature of mitochondrial dysfunction ob-
served in AD patients and respective disease models (Wang et al., 
2007; Kaminsky et al., 2015). Hence the observed strong inhibitory 
effect on mitochondrial protein import, in particular in the case of 
the pathogenic Aβ42, strongly supports the hypothesis of a direct 
mitochondrial toxicity of Aβ peptides on mitochondria in AD.

MATERIALS AND METHODS
Preparation of Aβ peptides and mitochondrial treatment
The Escherichia coli–expressed human recombinant Aβ peptides 
1-40 (Ultra Pure HFIP; A-1153-2) and 1-42 (Ultra Pure HFIP; A-1163-
2) used in this study were purchased from AJ Roboscreen (Leipzig, 
Germany). Working solutions of both peptides were prepared as 
described (Stine et al., 2003). Briefly, the lyophilized peptides 
were dissolved in 100% 1,1,1,3,3,3-hexafluoro-2-propanol (Sigma-
Aldrich, Munich, Germany) and distributed in low-binding micro-
centrifuge tubes (VWR, Darmstadt, Germany). The solvent was al-
lowed to evaporate overnight at room temperature, and the Aβ 
peptide aliquots were stored at −80°C. Immediately before use, 
each aliquot was warmed to room temperature, followed by resus-
pension of the peptide film to a stock of 5 mM in dimethyl sulfoxide 
(DMSO; AppliChem, Darmstadt, Germany) to remove any preexist-
ing aggregated structures and provide a homogeneous, nonaggre-
gated peptide preparation. After being well mixed, the Aβ peptide 
DMSO stock was freshly diluted with ice-cold distilled water to a fi-
nal concentration of 100 μM. This dilution was mixed and used im-
mediately. All experiments with Aβ peptides were performed in su-
per-clear tubes (VWR). In some of experiments, Aβ peptides were 
precipitated with 72% TCA, followed by tricine-SDS–PAGE, Western 
blot, and immunodecoration to improve the running behavior of 
small peptides.

Cell culture and isolation of mitochondria
HeLa cells were cultured in RPMI 1640 medium with 10% heat-inac-
tivated fetal calf serum, 2 mM l-glutamine, 100 U/ml penicillin, and 
100 μg/ml streptomycin at 37°C in a saturated humidity atmosphere 
containing 5% CO2. All chemicals were bought from Thermo Fisher 
Scientific (Waltham, MA). Mitochondria were isolated from HeLa 
cells as described (Becker et al., 2012). Briefly, after harvesting and 
washing in phosphate-buffered saline (PBS), cells were incubated for 

yeast, as well as in total brain extracts from a murine AD model, the 
relevance of the claimed processing inhibition for the in vivo situa-
tion is questionable. Of interest, they also observed minor accumu-
lation of precursor polypeptides after cellular expression of Aβ in 
intact yeast cells and also in brain extracts from AD patients. Given 
that cytosolic accumulation of unprocessed precursor forms is 
the typical hallmark of a defective overall import process, this obser-
vation is consistent with our results of a direct inhibitory effect of Aβ 
peptides on preprotein import but not processing.

Although a previous experiment indicated specific and complete 
import of Aβ peptides into mitochondria (Hansson Petersen et al., 
2008), we revisited this question by analyzing the biochemical prop-
erties of the interaction of Aβ peptides with isolated and energized 
mitochondria. Also in our experiments, Aβ42 exhibited some 
cosedimentation with mitochondria during the differential centrifu-
gation procedure typically used to reisolate mitochondria after an 
import experiment. In addition, Aβ42, but also Aβ40, showed some 
degree of resistance against added proteases, and both observa-
tions superficially argue for a successful import reaction. However, 
our analysis clearly showed that both Aβ peptides were not taken up 
by mitochondria, because they did not satisfy the required criteria 
for a mitochondrial import reaction. Of greatest importance, the 
sedimentation behavior and partial protease resistance of Aβ42 
were largely maintained in the absence of mitochondria (mock sam-
ples), correlating with its intrinsic tendency to form aggregates. In 
line with our results are data from the literature showing that both 
Aβ peptides extracted from AD brains and synthetic Aβ peptides 
spiked into brain homogenates acquired detergent insolubility and 
resistance to protease digestion (Soto and Castano, 1996; Xiao 
et al., 2014). Taken together, these results exclude a complete im-
port of Aβ peptides into mitochondria but not a peripheral associa-
tion between Aβ peptides, in particular Aβ42, with the OMM. Our 
experiments indicated that the presence of mitochondria promotes 
both aggregation propensity and protease resistance of Aβ42 
(Murphy, 2007; Henry et al., 2015).

Generally, Aβ peptides have an intrinsic tendency to self-assem-
ble into a range of different aggregates also under the conditions 
that we applied in our mitochondrial import assay (Snyder et al., 
1994; Stine et al., 2003; Thal et al., 2015). Using density gradient 
centrifugation to separate protein aggregates from cell organelles 
such as mitochondria (Sehlin et al., 2012), we observed that a 
fraction of the Aβ42 peptide added to the experiment directly as-
sociated with mitochondria. Of interest, the presence of precursor 
proteins changed the behavior of Aβ42, as the amount of mitochon-
dria-associated material decreased, whereas the aggregated forms 
increased. In addition, in the presence of Aβ42, a considerable 
amount of the precursor protein was found in the aggregate frac-
tion, indicating the formation of coaggregates. We propose that this 
coaggregation of precursor proteins and Aβ peptides is the main 
reason for the strong inhibitory effect of mitochondrial protein im-
port. Formation of high–molecular weight aggregates and concomi-
tant reduction of the solubility would significantly reduce the import 
competence of precursor proteins. Several further observations sup-
port this coaggregation model. Correlated with the much stronger 
import-inhibitory effect of Aβ42 compared with Aβ40, the coaggre-
gation phenomenon was particularly pronounced in the presence of 
Aβ42. The solubility of the precursor proteins was reduced in the 
presence of Aβ42, as assayed by a centrifugation assay. Together 
with Aβ42, precursor proteins formed large aggregates that were 
retarded in a filtration assay. In native PAGE experiments, precursor 
protein signals were shifted to a high–molecular weight complex in 
the range of 700 kDa that copurified with Aβ42. Of interest, recent 
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Sodium carbonate extraction
After incubation of isolated and intact mitochondria with 3.5 μM Aβ 
peptides, further incubation in 0.1 M Na2CO3 solution (pH 11) was 
performed on ice for 30 min. Then, after withdrawal of a total sam-
ple, an ultracentrifugation step was done in a Beckman TLA-55 at 
45,000 rpm (123,000 × g) for 40 min at 4°C. The pellets were resus-
pended in tricine sample buffer and the supernatants were precipi-
tated with 72% TCA, followed by tricine-SDS–PAGE, Western blot, 
and immunodecoration.

Sucrose density gradient centrifugation
After incubation with Aβ peptides (35 μM) and/or [35S]Su9(70)‑DHFR, 
isolated mitochondria and mock samples were loaded on a continu-
ous sucrose gradient (25–50%) and centrifuged in a Beckman SW41 
rotor at 33,000 rpm (135,000 × g) for 1 h at 4°C. Then 500-μl fractions 
were collected from the top of each gradient, followed by 72% TCA 
precipitation. Protein pellets were resuspended in tricine loading 
buffer, separated by tricine-SDS–PAGE, and analyzed by Western 
blot and immunodecoration.

Membrane potential measurement in isolated mitochondria
The Δψmt was analyzed by the potential-sensitive fluorescent dye 
TMRE (Thermo Fisher). After incubation with Aβ peptides, isolated 
mitochondria were resuspended in potential buffer (0.6 M sorbitol, 
0.1% BSA, 10 mM MgCl2, 20 mM KPi, pH 7.2, 5 mM malate, 10 mM 
glutamate) and incubated with 1 μM TMRE for 30 min at 30°C on 
ice. After washing away of excess of TMRE, the TMRE fluorescence 
was measured in a microplate reader (excitation 540 nm, emission 
585 nm; Infinite M200 PRO; TECAN, Männedorf, Switzerland).

Filter retardation assay
To visualize the formation of aggregates and coaggregates, a modi-
fied filter retardation assay (Scherzinger et al., 1997) was used. After 
incubation of radiolabeled precursor proteins with different amounts 
of Aβ peptides for 30 min at 30°C in energized import buffer, sam-
ples were filtered directly through cellulose acetate membrane 
(0.2-μm pore size; GE Healthcare, Freiburg, Germany) or nitrocellu-
lose membrane (GE Healthcare) using a dot blot filtration unit 
(SCIE-PLAS, Cambridge, United Kingdom). Proteins retarded on the 
membranes were analyzed by immunodecoration and digital 
autoradiography.

Miscellaneous methods
All chemicals using in this study were from Carl Roth or Sigma-
Aldrich. Standard techniques were used for tricine-SDS–PAGE, West-
ern blot, and immunodecoration. After performing tricine-SDS–
PAGE, samples were transferred on PVDF membrane (Carl Roth) 
followed by blocking in TBS/Tween (0.9% NaCl, 10 mM Tris/HCl, pH 
7.4, 0.25% Tween 20) with 5% milk and immunodecoration with anti-
bodies appropriately diluted in TBS/Tween. Signal detection was 
performed by enhanced chemiluminescence (Serva Light Eos Ultra; 
Serva, Heidelberg, Germany). The antibodies used were as follows: 
Aβ 6E10 (SIG-39320; Covance, Princeton, NJ); Tim23 (611222; BD 
Bioscience, Heidelberg, Germany), Tom 20 (SC-11415; Santa Cruz 
Biotechnology, Dallas TX), Tom 40 (SC-11414; Santa Cruz Biotech-
nology), SMAC (SC-22766; Santa Cruz Biotechnology), MPP 
(HPA021648; Sigma‑Aldrich), Complex-I (459100; Invitrogen), Com-
plex-II (459200; Thermo Fisher Scientific), Complex III (SC-23986; 
Santa Cruz Biotechnology), Complex‑IV (3E11; Cell Signaling, Frank-
furt, Germany), F1β (A21351; Thermo Fisher Scientific), rabbit immu-
noglobulin G (IgG)–peroxidase (A6154; Sigma-Aldrich) and mouse 
IgG–peroxidase (A4416; Sigma-Aldrich). Digital autoradiography 

40 min on ice with HMS-A buffer (0.22 M mannitol, 0.07 M sucrose, 
0.02 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid [HEPES], 
pH 7.4, 1 mM EDTA, 0.2% BSA, 1 mM phenylmethylsulfonyl fluoride 
[PMSF]). Then cells were homogenized with a glass/Teflon homog-
enizer (B. Braun, Melsungen, Germany), followed by differential cen-
trifugation steps to isolated mitochondria. The mitochondria were 
washed and resuspended in HMS-B buffer (0.22 M mannitol, 0.07 M 
sucrose, 0.02 M HEPES, pH 7.4, 1 mM EDTA, 1 mM PMFS).

Import of radiolabeled preproteins into isolated 
mitochondria
The import of radiolabeled precursor proteins was performed essen-
tially as described (Becker et al., 2012). Radiolabeled preproteins 
were synthesized by in vitro transcription/translation using the mMES-
SAGE mMACHINE transcription kit (Life Technologies) and rabbit 
reticulocyte lysate (Promega, Madison, WI) in the presence of [35S]
methionine/cysteine (PerkinElmer, Waltham, MA). For the import re-
action, mitochondria were diluted in import buffer (20 mM HEPES-
KOH, pH 7.4, 250 mM sucrose, 5 mM magnesium acetate, 80 mM 
potassium acetate, 5 mM KPi, pH 7.4, 7.5 mM glutamate, 5 mM 
malate, 1 mM dithiothreitol, 2 mM ATP) to a final concentration of 
50 μg/100 μl. In mock samples, Aβ peptides were incubated under 
the same buffer conditions but without added mitochondria. Where 
indicated, Δψmt was dissipated by adding a mixture of 8 μM antimy-
cin A (Sigma-Aldrich), 0.5 μM valinomycin, and 2 μM oligomycin 
(Sigma-Aldrich). All of the import reactions were performed at 30°C 
and stopped by addition of 50 μM valinomycin and placement of the 
samples on ice. Nonimported, protease-accessible mitochondrial 
proteins were digested by incubation with 100 μg/ml trypsin (Bio-
chrom, Berlin, Germany) for 30 min on ice and terminated by adding 
800 μg/ml trypsin inhibitor (Sigma-Aldrich) and 1 mM PMFS (Carl 
Roth, Karlsruhe, Germany). Then mitochondria were washed in im-
port buffer without substrates. Where indicated, samples were 
treated with 25 μg/ml PK; Carl Roth) on ice for 30 min before the 
addition of 1 mM PMSF. After centrifugation for 10 min at 12,000 × g 
and 4°C, mitochondrial pellets were analyzed by tricine-SDS–PAGE, 
Western blot, digital autoradiography, and immunodecoration.

For two-step import reactions, Δψmt was first depleted with 
1 μM CCCP. Mitochondria were incubated with radiolabeled pre-
protein for 30 min at 30°C. After washing, the mitochondria were 
reincubated for 30 min at 30°C in energized import buffer supple-
mented with 2 mg/ml BSA to restore the membrane potential in 
the presence or absence of 3.5 μM Aβ peptides. After reisolation 
of mitochondria, imported proteins were separated by tricine-
SDS–PAGE and detected by immunodecoration and digital 
autoradiography.

BN–PAGE
To analyze mitochondrial protein complexes and Aβ peptide aggre-
gation states under native conditions, samples were analyzed by 
BN–PAGE (Wittig et al., 2006). Isolated mitochondria, as well as co-
aggregates containing Aβ peptides and radiolabeled preproteins, 
were solubilized in BN-lysis buffer (20 mM Tris-HCl, pH 7.4, 50 mM 
NaCl, 10% glycerol, 1 mM EDTA, 1% digitonin, 1 mM PMFS). BN gel 
loading buffer (100 mM Bis-Tris, pH 7.0, 500 mM ε-amino-n-caproic 
acid, 5% [wt/vol] Coomassie brilliant blue G250) was added, and the 
samples were loaded on 5–16.5% BN gels. Native unstained protein 
standard (Thermo Fisher Scientific) was used to estimate molecular 
weights of protein complexes. After running overnight, gels were 
equilibrated in SDS buffer (1% [wt/vol] SDS, 0.19 M glycine, 25 mM 
Tris) and blotted on polyvinylidene fluoride (PVDF) membrane (Carl 
Roth), followed by immunodecoration and digital autoradiography.
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