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Mitochondrial accumulation of intracellular �-amyloid
(A�) peptides is present in the brains of individuals with Alz-
heimer’s disease (AD) as well as in related mouse models of
AD. This accumulation is extremely toxic because A� dis-
rupts the normal functions of many mitochondrial proteins,
resulting in significant mitochondrial dysfunction. There-
fore, understanding the mitochondrial accumulation of A� is
useful for future pharmaceutical design of drugs to address
mitochondrial dysfunction in AD. However, the detailed
molecular mechanism of this accumulation process remains
elusive. Here, using yeast mitochondria, we present direct
experimental evidence suggesting that A� is specifically rec-
ognized by translocase of outer mitochondrial membrane
subunit 22 (Tom22 in yeast; TOMM22 in human), a nonca-
nonical receptor within the mitochondrial protein import
machinery, and that this recognition is critical for A� accu-
mulation in mitochondria. Furthermore, we found that resi-
dues 25– 42 in the A� peptide mediate the specific interaction
with TOMM22. On the basis of our findings, we propose that cyto-
solic A� is recognized by TOMM22; transferred to another trans-
locase subunit, TOMM40; and transported through the TOMM
channel into the mitochondria. Our results not only confirm
that yeast mitochondria can be used as a model to study mito-
chondrial dysfunction caused by A� peptides in AD but also
pave the way for future studies of the molecular mechanism of
mitochondrial A� accumulation.

One of the apparent hallmarks of Alzheimer’s disease is
the extracellular aggregation of �-amyloid (A�)2 peptides in
patients’ brains (1). However, there is now growing evidence
suggesting that the intracellular A� contributes to the neuro-
degeneration and Alzheimer’s pathology as well (2–4). It is also
well documented that the cytosolic A� is produced at different

subcellular sites, such as the Golgi compartments (5, 6), endo-
plasmic reticulum (7), and endosomal/lysosomal system (8).
Hence, intracellular A� production and removal are carefully
balanced under physiological conditions, and this balance can
be ruined by genetic and environmental conditions (9, 10). It
has been hypothesized that the increased level of intracellular
A� maybe one of the first steps in the fatal cascade leading to
neurodegeneration in Alzheimer’s disease (11). In addition,
intracellular A� peptides, as well as their precursor protein,
amyloid precursor protein (APP), are found accumulated in the
subcellular mitochondria in the brains of Alzheimer’s patients
as well as in related mouse models (12–16). This mitochondrial
accumulation event is extremely toxic because A� interacts
with many mitochondrial proteins, such as components of
the protein import machinery (translocase of the outer
membrane–translocase of the inner membrane (TOM-TIM))
(17), cytochrome c oxidase (18), subunits of the electron trans-
fer chain (19, 20), F1� of ATP synthase (21), and many more.
These interactions cause various forms of mitochondrial dys-
function, including but not limited to deficits in morphology or
mitochondrial dynamics (22), mitochondrial bioenergetics
(23), and protein transport (24). In line with all these findings,
mitochondrial dysfunction is now considered as a general path-
ological feature of Alzheimer’s disease (25, 26). Thus, a better
understanding of the mitochondrial A� accumulation process
will be useful to provide new avenues to treat mitochondrial
dysfunction in Alzheimer’s disease.

At least two distinct pathways of mitochondrial A� accu-
mulation have been proposed: 1) nonspecific coaggregation
with other mitochondrial preproteins (synthesized protein
peptide chains in cytosol that are not yet folded) (27) and 2)
specific translocation through the mitochondrial protein
import machinery TOM-TIM (28), a similar process to most
other mitochondrial targeting proteins. Here, we focused on
the second proposed A� accumulation pathway and studied
the potential specific interactions between A� and TOM.
The TOM complex consists of at least seven known protein
components: Tom5, Tom6, Tom7, Tom20, Tom22, Tom40,
and Tom70 (29, 30). Among them, Tom20 and Tom70 are
known receptors responsible for the recognition of various
mitochondrial targeting signals (MTSs) within the prepro-
teins. Generally, after MTS recognition, the preprotein sub-
strates are transported through the TOM core complex,
which consists of Tom22, Tom40, and three other small
Tom proteins. It is believed that Tom22 is capable of binding

This work was supported by the Boettcher Foundation Webb-Waring Bio-
medical Research Award (to H. Z.). The authors declare that they have no
conflicts of interest with the contents of this article.

This article contains Figs. S1–S6.
1 To whom correspondence should be addressed: Dept. of Biochemistry and

Molecular Genetics, University of Colorado Denver School of Medicine,
Mail Stop 8101, Aurora, CO 80045. Tel.: 303-724-9374; Fax: 303-724-3215;
E-mail: hongjin.zheng@ucdenver.edu.

2 The abbreviations used are: A�, �-amyloid; TOM, translocase of the outer
membrane; TIM, translocase of the inner member; MTS, mitochondrial tar-
geting signal; Ni-NTA, nickel-nitrilotriacetic acid; preADHIII, presequence
of the yeast alcohol dehydrogenase III; cytoTom, cytosolic domain of Tom;
TEV, tobacco etch virus.

croARTICLE

J. Biol. Chem. (2018) 293(33) 12681–12689 12681
© 2018 Hu et al. Published under exclusive license by The American Society for Biochemistry and Molecular Biology, Inc.

https://orcid.org/0000-0001-5324-6264
http://www.jbc.org/cgi/content/full/RA118.002713/DC1
mailto:hongjin.zheng@ucdenver.edu
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.RA118.002713&domain=pdf&date_stamp=2018-6-20


to the positively charged face of the substrates, thus mediat-
ing the intermediate step between substrate–receptor bind-
ing and substrate translocation through the TOM central
pore protein Tom40 (31, 32).

In the case of mitochondrial A� accumulation, here, we
asked the important question: how does the TOM complex
recognize cytosolic A� peptides given that those peptides do
not have canonical MTSs? In this study, we examined only
A�(1– 42) because it is more fibrillogenic than other forms of
A� peptides. Because it has been reported that Tom20 may be
responsible for the A� recognition (28), we carefully examined
this potential Tom20/A� interaction in our system. To our sur-
prise, we found that A� is not able to bind to either purified
Tom20 in solution or Tom20 within the context of isolated
functional mitochondria. Instead, we discovered that the A�
recognition process is mainly mediated through another essen-
tial Tom component, Tom22. In addition, Tom22 specifically
recognizes the C terminus of the A� peptides, residues 25– 42.
These results suggest a noncanonical way of substrate recogni-
tion mediated by the mitochondrial TOM machinery.

Results

A� is specifically accumulated on yeast mitochondria

Once again, a recent report has shown that A� peptides directly
interfere with the mitochondrial preprotein import process in
human cells (27). Considering that the mitochondrial protein
import machinery is highly conserved among eukaryotes from
yeast to mammals, we asked whether yeast mitochondria are also
capable of accumulating human A� peptides. To answer that
question, we designed an “import and stop” experiment using iso-
lated yeast mitochondria and purified recombinant proteins (Fig.
1A). Briefly, by following established protocols (33), we isolated the

active mitochondria from WT Saccharomyces cerevisiae strain
S288C and used them for the following protein import assays.
Originally, to be consistent with the notion that most MTSs are
located on the N terminus of the preproteins, we designed a
recombinant protein that consists of N-terminal A� peptide and
C-terminal GST/His tags. However, this recombinant protein was
not stable in our experiments because of fast degradation during
expression and purification processes (Fig. S1). Thus, we designed
a new construct with N-terminal His/GST tag and C-terminal A�
peptide. The His-GST-A� recombinant protein behaved well dur-
ing expression and purification (Fig. S1). Thus, we used it as a
substrate for the following mitochondrial import experiments.
The rationale for the import and stop experiment was that mito-
chondria could only import unfolded preproteins but not folded
proteins. Within the purified His-GST-A�, the His tag and the A�
fragment were expected to be as flexible as unfolded peptides,
whereas the GST part was expected to be a fully folded structural
domain. Thus, if the isolated yeast mitochondria were able to accu-
mulate the human A� peptides, we expected that the A� fragment
in the His-GST-A� would be recognized, and the mitochondrial
import process would start. Because the GST domain was folded,
we then expected that the import reaction would soon stop auto-
matically, and the His-GST-A� would be stuck in the TOM chan-
nel. To eliminate the possibility that the mitochondrial import was
initiated by the His-GST part rather than the A� part of His-GST-
A�, we expressed and purified the His-GST recombinant protein
without A�. We used it in the import and stop experiments as a
negative control. The treated mitochondria were than analyzed by
Western blotting and electron microscopy (EM) imaging. The
results of Western blot analysis of the treated yeast mitochondria
are shown in Fig. 1B and quantified in Fig. 1C. We started with the
same amount of His-GST and His-GST-A� (same band intensity)

Figure 1. Yeast mitochondria specifically recognize and accumulate human A� peptides. A, illustration of the import and stop experiment. The experi-
ment was started by adding the recombinant protein His-GST-A� or His-GST into the isolated mitochondrial solution and stopped in 20 min by centrifugation.
The treated mitochondria were then washed thoroughly before Western blot analysis and nanogold labeling. B, Western blot analysis of the treated mito-
chondria from A probed by the anti-GST antibody. The left panel shows the total input proteins His-GST-A� and His-GST (as a control) before the wash, and the
right panel shows significant accumulation of His-GST-A� but not His-GST after the wash. Yeast Sce1 is the loading control for all Western blot analysis in this
work. C, quantification of each band in B. Data of three independent experiments are shown. *, p � 0.01 (two-tailed Student’s t test, compared with His-GST
after wash). D and E, representative EM images of the nanogold-labeled mitochondria treated with His-GST (D) and His-GST-A� (E). The arrow indicates labeled
nanogold. The scale bar in both micrographs is 200 nm.
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as substrates for import. By comparing the control bands of His-
GST before and after wash, it is clear that His-GST itself is not
mitochondrially accumulated under our experimental settings.
However, the high-intensity band of His-GST-A� after wash sug-
gests that His-GST-A� was specifically recognized by the yeast
mitochondria, and the recognition was A�-dependent. Further-
more, to confirm that the His-GST-A� was trapped in the middle
of the import event on the mitochondrial outer membrane, we
used the commercially available Ni-NTA–conjugated nanogold
solution to label the protein’s N-terminal His tag and imaged the
mitochondria by EM. It is worth noting that we did not use any
stains for the EM analysis here because 1) the large size of the yeast
mitochondria created enough visual contrast in the images, and 2)
the nanogold particles were easier to visualize without potential
interference from heavy metal stains. The rationale of the experi-
ment is that if the substrates were trapped on the mitochondrial
surface we expected to see clear nanogold particles in the EM
images. In Fig. 1D, the mitochondria treated with the His-GST
negative control were imaged, and no nanogold particles were
found. In Fig. 1E, the mitochondria treated with His-GST-A� were
imaged, and we could clearly identify labeled nanogold particles.
Altogether, the results suggest that the human A� peptides can
specifically target the yeast mitochondria, similar to previous
observations in the brains of Alzheimer’s patients.

To verify that the mitochondrial accumulation of A� also
happens under conditions closer to physiological, we cloned
the His-GST-A� into the pRS414 vector, which allows the
expression of the recombinant protein in yeast. We then iso-
lated the yeast mitochondria and found that His-GST-A� accu-
mulated on the yeast surface as shown in Fig. S2. This result
further confirms that human A� targets the yeast mitochondria
in vivo.

It is also worth noting that the mitochondria we isolated
were of high purity and were adequate for this study because
1) in the EM images we could only observe large subcellular
structures ranging from �0.5 to �1.5 �m in diameter and 2)
the observed large subcellular structures were mitochondria
as confirmed by the following experiment. We derived a
genetically modified yeast strain called 20His. It had a His tag
inserted at the N terminus of the Tom20 gene, which is
exposed to the cytosolic side. Thus, the His-tagged Tom20
could serve as a mitochondrial marker. We isolated mito-
chondria from the 20His strain, labeled them with Ni-NTA–
conjugated nanogold particles, and imaged them by EM. We
found that all large subcellular structures are clearly labeled
with gold particles and thus are indeed purified mitochon-
dria (Fig. S3).

In the literature, there are confusing reports regarding the
manner of the mitochondrial A� accumulation process. For
example, a recent report suggests that A� peptides coaggre-
gate on the mitochondrial surface in a nonspecific manner
(27). In contrast, previous studies suggest a more specific A�
uptake process mediated by the mitochondrial TOM com-
plex (28). Based on our results, we argue that the A� mitochon-
drial targeting process is specific rather than nonspecific. If it
was nonspecific, with the excessive amount of His-GST-A�
we used in the experiments, the mitochondrial surface
should be overwhelmingly covered by the protein and thus

heavily labeled with nanogold particles in the EM images.
However, we found that the nanogold particles were well
spread over the mitochondria in all EM micrographs as in
the example shown in Fig. 1D, Thus, we propose that the
interactions between A� peptides and mitochondria are
specific.

The A� mitochondrial targeting is TOM-dependent

Next, we asked which proteins mediate the specific mito-
chondrial A� accumulation process. Previous studies have
shown that a majority of the mitochondrial protein import
events are mediated by the TOM-TIM machinery. In addition,
it has been proposed that A� is imported into the rat liver mito-
chondria via the mitochondrial TOM machinery (28). Thus,
our hypothesis here was that the A� mitochondrial accumula-
tion in yeast could also be TOM-dependent. To test this
hypothesis, we investigated whether or not A� could still accu-
mulate on the mitochondria when the TOM channel is physi-
cally blocked by other factors (Fig. 2A). To block the TOM
channel, we designed a construct with the N-terminal prese-
quence of the yeast alcohol dehydrogenase III (preADHIII) and
C-terminal GST tag, preADHIII-GST. preADHIII is a known
efficient MTS with only 27 residues to initiate the mitochon-
drial import event when attached to a cytosolic enzyme, mouse
dihydrofolate reductase (34). Thus, in the import and stop
experiment illustrated in Fig. 1A, the preADHIII recombinant
proteins would be recognized and imported by the TOM
machinery and then would physically block the transport path-
way by the structured GST domain. The results verified that the
preADHIII recombinant proteins were imported by the yeast
mitochondria (Fig. 2B, lane 1) and then stuck on the mitochon-
drial surface as labeled by the nanogold particles (Fig. 2C). Next,
we incubated the preADHIII-GST– blocked mitochondria with
His-GST-A� to investigate whether A� still accumulates on
mitochondria by performing the import and stop experiment.
The rationale here was that if the A� mitochondrial accumula-
tion was TOM-dependent, with the TOM channel already
blocked by preADHIII-GST, we expected no His-GST-A� pro-
teins to accumulate on the mitochondria surface. The Western
blotting results of this experiment, presented in Fig. 2B, show
that when mitochondria were blocked by preADHIII-GST
mitochondrial accumulation of His-GST-A� was insignificant
using anti-GST antibodies (compare lanes 1 and 2). In addition,
the accumulated amount of His-GST-A� on the surface of
preADHIII-GST– blocked mitochondria is significantly less
than the amount on the surface of treated mitochondria (com-
pare lanes 3 and 4). Furthermore, we labeled the mitochondria
(treated with preADHIII-GST and then His-GST-A�) with the
Ni-NTA– conjugated nanogold and found almost no gold par-
ticles on the mitochondrial surface in the EM micrographs (Fig.
2D). Taken together, the results suggest that His-GST-A� does
not efficiently accumulate on the yeast mitochondrial sur-
face when the TOM complex is occupied by preADHIII-
GST, indicating that the A� mitochondrial accumulation is
also TOM-dependent, similar to the mitochondrial import
of preADHIII.
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Tom22, rather than Tom20 or Tom70, is the main receptor for
A� binding

Tom receptors, namely Tom20 and Tom70, are responsible
for recognizing a variety of MTSs. As a result of extensive bio-
chemical and structural studies, the detailed molecular mech-
anism of the substrate recognition mediated by the Tom recep-
tors has been partially revealed. It has been suggested that
Tom20 recognizes the hydrophobic part of the substrates’
amphipathic helices (35, 36), whereas Tom70 recognizes both
hydrophobic and hydrophilic faces of the MTS (37, 38). It is also
known that Tom22 is capable of binding to the preprotein sub-
strates, but it seems to happen only after the initial recognition
via Tom20 or Tom70 (31). Here, we sought to understand how
A� was recognized by the TOM machinery, and we asked
exactly which Tom component was responsible for the A� rec-
ognition. To our surprise, we discovered that Tom22, rather
than Tom20 or Tom70, was the major receptor for the A�
binding.

We started the study by trying to capture the Tom20/A�
interaction in vitro because it was previously suggested that
Tom20 may be the receptor responsible for binding to A� (28).
We know that Tom20 is a membrane protein with one trans-
membrane helix, and its receptor function is solely mediated
through the cytosolic domain (35, 39). Thus, we expressed and
purified the cytosolic domain of Tom20 (cytoTom20) to homo-
geneity as shown in gel filtration chromatography (Fig. 3A). We
then mixed the purified homogenous cytoTom20 and His-
GST-A� at a molar ratio of 3:1 and subjected the sample to
analytical gel filtration analysis using a Superdex 200 column.
The rationale for this analysis was that if the two proteins inter-
acted with each other we would observe a shifted peak in the
chromatography representing the newly formed protein com-
plexes. To demonstrate this, we did a control experiment using
a mixture of cytoTom20 and preADHIII-GST at a 3:1 molar
ratio. The result (Fig. 3) showed that the original peak of cyto-
Tom20 (�16.2 ml) remained unchanged. However, the original
peak of preADHIII-GST (�15 ml; Fig. 3A) disappeared com-

pletely, and the new peak (�12.4 ml; Fig. 3B) represented the
preADHIII-GST– cytoTom20 complex. However, in the case
of cytoTom20 and His-GST-A�, we found that both original
peaks of cytoTom20 and His-GST-A� remained unchanged as
shown in Fig. 3C, indicating no apparent interaction between
the two.

At this point, we suspected that maybe another known TOM
receptor, Tom70, was responsible for the A� binding. Tom70 is
also a membrane protein with one transmembrane helix and a
cytosolic domain. Similar to Tom20, the receptor function of
Tom70 is carried out by its cytosolic domain, cytoTom70. We
expressed and purified cytoTom70 to homogeneity as a peak at

Figure 2. Mitochondrial A� accumulation is TOM-dependent. A, illustration of the experiment. Yeast mitochondria were preloaded with preADHIII sub-
strates and then incubated with His-GST-A� for the import and stop assay. B, Western blot analysis of the treated mitochondria. The mitochondria were
pretreated with or without preADHIII-GST and then treated with or without His-GST-A�. The left two lanes used anti-GST probe, and the right two lanes used
anti-His probe. C and D, representative EM micrographs of the nanogold-labeled mitochondria that were either pretreated with preADHIII-GST-His (C) or
treated with both preADHIII-GST and His-GST-A�. The scale bar is 200 nm.

Figure 3. Neither Tom20 nor Tom70 binds to A� peptides in vitro. A, cyto-
Tom20, cytoTom70, His-GST-A�, and preADHIII-GST were purified by gel fil-
tration on a Superdex 200 column, respectively, in buffer containing 20 mM

HEPES, pH 7, 150 mM NaCl. The peaks, from left to right, are cytoTom70 (�13.7
ml), preADHIII-GST (tall, �15 ml), His-GST-A� (short, �15 ml), and cytoTom20
(�16.2 ml). B, C, and D, mixtures of preADHIII-GST– cytoTom20 (1:3 molar
ratio), His-GST-A�– cytoTom20 (1:3), and His-GST-A�– cytoTom70 (2:1) were
examined by analytical gel filtration, respectively. Abs, absorbance; mAU,
milli-absorbance units.
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�13.7 ml as shown in Fig. 3A. The analytical gel filtration
experiment on the mixture of cytoTom70 and His-GST-A�
showed unchanged peaks of the two proteins, again suggesting
no apparent interactions between them (Fig. 3D).

These results led us to hypothesize that Tom22 might be the
receptor we were looking for. To test the hypothesis in vitro, we
purified the His-tagged cytosolic domain of Tom22, cyto-
Tom22, and performed the analytical gel filtration experiment.
The homogenous single peak of cytoTom22 appears at the elu-
tion volume of �16.6 ml (Fig. 4A). When His-GST-A� was
mixed with an excessive amount of cytoTom22, its elution peak
shifted to �12.7 ml (Fig. 4B and Fig. S4), behavior similar to the
positive control cytoTom20 –preADHIII-GST presented in
Fig. 3B. As a negative control, we incubated preADHIII-GST
with cytoTom22 and performed the same gel filtration analysis.
We found that there was no apparent peak shift. This indicates
no strong binding between cytoTom22 and preADHIII (Fig.
S5). Thus, we conclude that Tom22 is able to recognize and
bind to A� in vitro.

Next, we asked whether or not the cytoTom22–His-GST-A�
binding exists in the context of isolated functional mitochon-
dria. To answer that, we tested whether His-GST-A� could still

accumulate on the mitochondrial surface without Tom22. We
used two distinct methods to abolish the function of Tom22.
The first method was to remove the Tom22 cytosolic domain
using a genetically modified yeast strain, 22T (40). Tom22 in
this strain contains a tobacco etch virus (TEV) protease cleav-
age site in between its cytosolic domain and transmembrane
helix. Meanwhile, 20T strain (40), which has a similar genetic
modification in Tom20, was used as a control. We used isolated
mitochondria from both 22T and 20T strains, treated them
with an excessive amount of TEV protease, and then per-
formed the import and stop experiments using two substrates,
preADHIII-GST and His-GST-A�. We found that preADHIII-
GST accumulated on mitochondria from both 22T and 20T as
expected (Fig. 4C, lanes 1 and 2, and Fig. S6A). Upon TEV
protease digestion, 20T mitochondria accumulated much less
preADHIII-GST (only �30% compared with nondigested 20T;
Fig. 4C, lane 4, and Fig. S6A), whereas 22T mitochondria accu-
mulated as much preADHIII-GST as the controls. The results
agreed well with the fact that Tom20, not Tom22, is the major
receptor for preADHIII substrate. In the case of His-GST-A�,
the non-TEV protease–treated 22T and 20T mitochondria
were able to accumulate the substrate as expected (Fig. 4C,

Figure 4. Tom22 is responsible for the A� peptides binding. A, gel filtration chromatography of the purified cytoTom22. B, the mixture of His-GST-A�–
cytoTom22 (1:3) was examined by analytical gel filtration. C, Western blot analysis of the substrate accumulation by isolated mitochondria from 22T and 20T
strains with and without TEV protease digestion. D, Western blot analysis of the mitochondrial A� accumulation using antibody-shielded mitochondria. E,
mitochondrial A� accumulation under competitive experiments with purified cytosolic domains of Tom20, Tom70, or Tom22. F, mitochondrial accumulation
of various GST-tagged A� fragments tested in the import and stop experiments. Abs, absorbance; mAU, milli-absorbance units.
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lanes 1 and 2, and Fig. S6B). However, upon TEV protease
digestion, 22T mitochondria recognized much less A� sub-
strate (�35% compared with nondigested 22T; Fig. 4C, lane 3,
and Fig. S6B), whereas 20T mitochondria remained similar to
the controls (Fig. 4C, right panel, lanes 2 and 4). Thus, together
the results strongly suggest that Tom22, instead of Tom20, acts
as the major receptor for the A� substrate.

It is worth noting that the modified TEV protease cleavage
site was in close approximation to the mitochondrial outer
membrane and could be partially buried within the TOM com-
plex, leading to incomplete digestion (�65–70% efficiency as
estimated by Western blotting quantifications) by the TEV pro-
tease. To confirm the obtained results, we used a second
method to abolish Tom22’s function, which is to shield cyto-
Tom22 by specific conformational antibodies. Here, we gener-
ated monoclonal antibodies that bound to the folded Tom22 by
recognizing its structured portion. These antibodies were dif-
ferent from the antibodies used in general Western blot analysis
that bind to a specific peptide sequence on denatured Tom22.
We obtained two such conformational antibodies, 11C5 and
2C1. When binding to cytoTom22 on the mitochondrial sur-
face, the �150-kDa antibody molecules might be too large and
could shield other parts of the TOM complex, leading to non-
conclusive results. To minimize the potential interference, we
decided to use only the Fab fragments (�50 kDa) generated
from such antibodies. We incubated the Fab fragments of 11C5
and 2C1 with the isolated yeast mitochondria to perform the
import and stop experiments. The results showed that the
amount of His-GST-A� proteins accumulated on the antibody-
shielded mitochondrial surface (Fig. 4D, lanes 1 and 2, and Fig.
S6C) was reduced dramatically compared with the control
unshielded mitochondria (Fig. 4D, lane 3, and Fig. S6C). In
addition, we labeled the antibody-shielded mitochondria with
the Ni-NTA– conjugated nanogold, and found very few, if any,
gold particles in EM micrographs (data not shown).

Additionally, we designed a third competition experiment to
further confirm that Tom22, rather than Tom20 or Tom70, on
the mitochondrial surface is responsible for the accumulation
of His-GST-A�. We incubated the same amount of purified
cytoTom20, cytoTom22, and cytoTom70 proteins with an
equal amount of isolated yeast mitochondria, respectively.
Then we added the substrate His-GST-A� into the mixtures
and determined which of the purified Tom receptors in solu-
tion were able to compete with the mitochondrial accumula-
tion of His-GST-A�. We found that, with cytoTom22 in the
mixture, the accumulation of His-GST-A� on the mitochon-
drial surface is significantly reduced (Fig. 4E and Fig. S6D), sug-
gesting that cytoTom22 binds to His-GST-A�. All together,
these results suggest that neither Tom20 nor Tom70, but
Tom22, is the major receptor for A� peptides.

A�(25– 42) peptide is responsible for the specific interaction
with Tom22

Furthermore, we asked which part of A� peptide interacts
with Tom22. It has been shown in multiple NMR structures
that A� could adopt partially folded structures in solution (41,
42). The A�(1– 40) structure has a central hydrophobic region
forming a 310 helix (residues 12–23) with both N and C termini

unstructured, whereas the A�(1– 42) structure appears to
adopt two helical regions (residues 8 –25 and 28 –38) with the
rest being mostly flexible. Based on these structures, we divided
the A� peptide into three segments, A�(1–11), A�(12–24), and
A�(25– 42), and linked them to an N-terminal GST domain,
respectively. We then performed the mitochondrial import and
stop assay using these three recombinant proteins. We found
that GST-A�(25– 42) significantly accumulated on the mito-
chondrial surface, and the accumulated amount is similar to
His-GST-A�. In contrast, GST-A�(1–11) and GST-A�(12–24)
did not accumulate on the mitochondrial surface (Fig. 4F and
Fig. S6E). These results suggest that A�(25– 42) is the main
sequence responsible for the specific interaction between A�
and Tom22.

Discussion

We demonstrated that yeast mitochondria can specifically
accumulate human A� peptides through the TOM complex.
To our surprise, the recognition process is unconventionally
mediated through Tom22 instead of canonical receptors
Tom20 and Tom70. Furthermore, A� peptide residues 25– 42
are responsible for its specific interaction with Tom22. These
conclusions provided partial answers to an ongoing question in
the field: how do A� peptides get into the mitochondria? We
propose that the mitochondrial A� accumulation process
begins when cytosolic A� is recognized by Tom22, then trans-
ferred to Tom40, and transported through the TOM channel
into the mitochondria.

Our proposed model does not rule out other possible origins
of the harmful mitochondrial A�. For example, in the mito-
chondrial intermembrane space, the A� peptide can still be
produced through sequential processing of amyloid precursor
protein by several secretases (43). In addition, A� can also be
directly transported from the endoplasmic reticulum into the
mitochondria through the connecting points between the two
organelles (44). After all, the relative amount of the mitochon-
drial A� from different origins is not clear and needs to be
quantified. Nevertheless, the A�/TOM interaction appears to
be a significant part of mitochondrial A� accumulation because
it is in line with previous observations of protein import mal-
function caused by mitochondrial A� (27, 28).

We know that A� accumulation in mitochondria is associ-
ated with mitochondrial dysfunction observed in the brains of
patients with Alzheimer’s disease (45). The mitochondrial A� is
extremely toxic because of its broad interactions with impor-
tant proteins in all compartments within the mitochondria
(46). Thus, the approach to stop the mitochondrial A� accumu-
lation may have great pharmaceutical potential. We have
revealed important information regarding the initial step of
the mitochondrial A� accumulation: the direct interaction
between Tom22 and A�. The detailed molecular mechanism of
this interaction remains to be further studied by structural biol-
ogy and other biochemical/biophysical methods.

Experimental procedures

Yeast mitochondrial purification

S. cerevisiae strain S228C was grown in yeast extract–
peptone– glycerol (YPG) medium at 30 °C. Yeast mitochondrial
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isolation was performed by following established protocols
(33). Specifically, 4 liters of yeast culture were grown to an A600
value of 2 and harvested by centrifugation at 3,000 � g for 20
min. The cells were washed with double distilled H2O; resus-
pended in buffer containing 20 mM 100 mM Tris-H2SO4, pH
9.4, 10 mM dithiothreitol (DTT); and gently shaken at 30 °C for
20 min before another round of centrifugation and resuspen-
sion in the buffer containing 20 mM potassium phosphate, pH
7.4, 1.2 M sorbitol. The cells were then treated with Zymolyase
(3 mg of enzyme/g of yeast) at 30 °C for 45 min. The yeast
spheroplasts were harvested again and gently homogenized in a
glass homogenizer in buffer containing 10 mM Tris-HCl, pH
7.4, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride (PMSF),
0.2% bovine serum albumin (BSA), 0.6 M sorbitol. The homo-
genate was centrifuged at 1,500 � g for 5 min (the pellet was
discarded), 4,000 � g for 5 min (the pellet was discarded), and
12,000 � g for 15 min. The pellet containing crude intact mito-
chondria was resuspended in buffer containing 10 mM MOPS-
KOH, pH 7.2, 250 mM sucrose, 1 mM EDTA. Finally, a sucrose
step gradient ultracentrifugation at 134,00 � g for 1 h was per-
formed. The highly purified yeast mitochondria were harvested
at the 60%/32% sucrose interface, pelleted, and resuspended in
buffer containing 20 mM MOPS-KOH, pH 7.2, 250 mM sucrose,
5 mM ATP, 5 mM MgCl2 at a protein concentration of �10
mg/ml for later experiments. Protein concentrations reported
in this study were all determined using a Pierce Coomassie
(Bradford) assay kit.

Mitochondrial import and stop experiments

The import experiment was started by adding corresponding
recombinant proteins, such as His-GST-A�, preADHIII-GST,
and various GST-A� fragments, at 0.2 mg/ml into the mito-
chondrial resuspension at 25 °C and stopped in 20 min by cen-
trifugation at 12,000 � g for 15 min. The treated mitochondria
were collected by centrifugation at 12,000 � g for 15 min and
then resuspended in buffer containing 20 mM MOPS-KOH, pH
7.2, 250 mM sucrose. The centrifugation/resuspension steps
were performed three times to ensure that the nonimported
substrates in the buffer were completely washed away. Finally,
the collected mitochondria were analyzed by 12% SDS-PAGE
followed by Western blotting using either anti-His or anti-GST
antibody. The loading control for all Western blot analyses in
this study was the yeast mitochondrial intron-encoded endo-
nuclease Sce1 detected by its polyclonal antibody ab216263
(Abcam).

20His yeast strain modification

A His tag was inserted into the C terminus of the Tom20 gene in
the genome of yeast strain S228C by homologous recombination.
Specifically, a DNA fragment containing a His tag and a hygromy-
cin B resistance gene was amplified from the vector
pTF271(pFA6a-TEV-6xGly-12xHis-HphMX) (Addgene 44081)
with a 40-bp homologous sequence on both ends. The PCR prod-
uct was then transformed into yeast competent cells by lithium
acetate/single-stranded carrier DNA/PEG method as described
previously (47). Transformed cells were plated on yeast extract–
peptone–dextrose (YPD) plates with 200 �g/ml hygromycin B.
Positive colonies with the inserted gene fragment were grown in

appropriate culture and confirmed by Western blotting against
His tag.

TEV protease digestion

22T and 20T yeast strains were grown in conditions
reported previously (40). Their mitochondria were also iso-
lated using the same protocol and resuspended in buffer con-
taining 20 mM MOPS-KOH, pH 7.2, 250 mM sucrose at a final
protein concentration of �10 mg/ml. The digestion experi-
ments were performed at 25 °C for 2 h by adding a final TEV
protease concentration of �2 mg/ml into the respective 22T
and 20T mitochondrial suspensions. The reactions were
stopped by centrifugation at 12,000 � g for 15 min. Again,
the treated mitochondria were washed three times with
buffer containing 20 mM MOPS-KOH, pH 7.2, 250 mM

sucrose and subjected to Western blot analysis using the
Bio-Rad ChemiDoc imaging system. The protease digestion
efficiency of 22T was estimated to be �65–70% by Western
blotting using our own antibody, 13D12, against denatured
Tom22, which was consistent with published reports (40).

Cloning, expression, and purification of recombinant proteins

Molecular cloning of all constructs used in this study was
performed with either pET15b or pGEX4T1 vector using an
In-Fusion HD cloning kit. Specifically, cytoTom20 (UniProtKB
accession number P35180, residues 29 –183), cytoTom70 (Uni-
ProtKB accession number P07213, residues 31– 617), and cyto-
Tom22 (UniProtKB accession number P49334, residues 1–97)
were inserted in the pET15b vector with an N-terminal His tag.
The human A� sequence used for cloning was derived from
UniProtKB accession number P05067 (DAEFRHDSGYE-
VHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA). All GST-
tagged constructs, His-GST-A� (266 residues), His-GST (243
residues), preADHIII-GST (304 residues), GST-A�(1–11) (229
residues), GST-A�(12–24) (231 residues), and GST-A�(25–
42) (236 residues), were made with pGEX4T1 vector. All
recombinant proteins were expressed in the Escherichia coli
C43 strain at 37 °C with 1 mM isopropyl 1-thio-�-D-galacto-
pyranoside. The expressed proteins were purified by Ni-
NTA–affinity chromatography followed by gel filtration using a
Superdex 200 column in buffer containing 20 mM HEPES, pH
7.0, 150 mM NaCl. The purified recombinant proteins were
used for all mitochondrial import and analytical gel filtration
experiments.

Endogenous expression of A�-related constructs in
S. cerevisiae

His-GST-A� and A� alone were cloned into the pRS414 vec-
tor with a glyceraldehyde-3-phosphate dehydrogenase (GPD)
promoter and then transformed into yeast strain BCY123. The
yeast cells were grown in Trp-dropout medium at 30 °C for
24 h before harvesting to allow recombinant protein expres-
sion. The yeast mitochondria were isolated the same way as
described above and then subjected to Western blot analysis
using antibody sc-53822 (Santa Cruz Biotechnology) against
A�.
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EM analysis using nanogold labeling

The 1.8-nm Ni-NTA– conjugated nanogold was purchased
from Nanoprobes and prepared following their online instruc-
tions. The treated mitochondrial suspension was incubated
with the nanogold solution for 20 min on ice and centrifuged at
12,000 � g for 15 min, and the pellet was resuspended in buffer
containing 20 mM MOPS-KOH, pH 7.2, 250 mM sucrose. The
centrifugation/resuspension steps were performed three times
to ensure that unbound nanogold particles in the solution were
completely washed away and would not interfere with the fol-
lowing analysis. 3 �l of the samples were then applied onto the
EM grids (prepared in a glow discharger using the following
settings: 25-mA current, negative charge, and 1-min processing
time) and washed with double distilled H2O three times. The
grids were imaged using an FEI T12 microscope, which was
operated at 80 keV and room temperature. The images were
taken with a 2,000 � 2,000 charge-coupled device camera at a
nominal magnification of 45,000. The scale bars in all micro-
graphs represent 200 nm.

Competition experiments with cytosolic domains of Tom
receptors

Isolated mitochondria at 10 mg/ml were incubated with
purified cytoTom20, cytoTom70, and cytoTom22 at 0.1
mg/ml, respectively. 0.2 mg/ml His-GST-A� was added into
each mixture to perform the import and stop assay. The
mitochondria were washed thoroughly and subjected to
Western blot analysis.

Analytical gel filtration

The gel filtration experiments were performed using a Super-
dex 200 column on a GE Healthcare ÄKTA FPLC machine. The
samples were prepared by mixing purified recombinant pro-
teins at certain molar ratios as indicated in the main text, con-
centrated to �50 �l, and incubated for 1 h before injection. All
gel filtration experiments were performed in buffer containing
20 mM HEPES, pH 7, 150 mM NaCl at 4 °C.
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