
Endoplasmic Reticulum-Localized Amyloid b-Peptide is
Degraded in the Cytosol by Two Distinct Degradation
Pathways

Anton Schmitz1,*, Andrea Schneider1, Markus P.
Kummer1,2 and Volker Herzog1

1 Institut für Zellbiologie, Rheinische Friedrich-Wilhelms-
Universität, Ulrich-Haberland-Str. 61a, 53121 Bonn,
Germany, 2 Present address: UCSD, Department of
Neurosciences, La Jolla, CA 92093–0691
*Corresponding author: Anton Schmitz, anton.schmitz@
uni-bonn.de

The paradigm of endoplasmic reticulum (ER)-associated
degradation (ERAD) holds that misfolded secretory and
membrane proteins are translocated back to the cytosol
and degraded by the proteasome in a coupled process.
Analyzing the degradation of ER-localized amyloid b-peptide
(Ab), we found a divergence from this general model.
Cell-free reconstitution of the export in biosynthetically
loaded ER-derived brain microsomes showed that the
export wasmediated by the Sec61p complex and required
a cytosolic factor but was independent of ATP. In contrast
to the ERAD substrates known so far, the exported Ab
was degraded by both, a proteasome-dependent and a
proteasome-independent pathway. RNA interference experi-
ments in Ab-transfected cells identified the protease of the
proteasome-independent pathway as insulin-degrading
enzyme (IDE). The IDE-mediated clearance mechanism for
ER-localized Ab represents an as yet unknown type of
ERADwhich is not entirely dependent on the proteasome.
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Misfolded secretory and membrane proteins are recognized

by quality control mechanisms in the endoplasmic reticulum

(ER). They are retained in the ER and finally removed by a

series of events named ER-associated degradation (ERAD).

According to the current model of ERAD, the misfolded

proteins are translocated from the ER back to the cytosol,

where they are degraded by the 26S proteasome [for recent

reviews, see (1–3)]. Under normal conditions the misfolded

proteins are not found in the cytosol, suggesting that their

export and their proteasomal degradation are coupled pro-

cesses. Evidence supporting this view has been obtained for

several proteins. For example, a misfolded form of yeast

carboxypeptidase Y did not accumulate in the cytosol but

was retained in the ERwhen polyubiquitination, which serves

as the main signal for degradation by the 26S proteasome,

was inhibited (4,5). The membrane extraction of an artificial

degradation substrate (6) and of CD4 (7), aswell as the export

of an unassembled immunoglobulin light chain (8), were

reduced when the catalytic activity of the proteasome was

inhibited. However, there is also evidence for a less tight

coupling of translocation and proteasomal activity. The MHC

class I heavy chain (9) and the cystic fibrosis transmembrane

conductance regulator (10) were found in the cytosol after

inhibition of proteasomal activity.

During the intoxication of their target cells, several bacterial

and plant toxins such as cholera toxin or ricin are transported

in a retrogrademanner through the secretory pathway to the

ER, from where they translocate into the cytosol. Their

translocation appears to depend on the Sec61p complex

(11–13), which also mediates the translocation of misfolded

proteins (14–18). In contrast to ERAD substrates, however,

these toxins largely escape the proteasomal degradation

and act as functional enzymes in the cytosol.

One characteristic feature of Alzheimer’s disease (AD) is the

accumulation of the amyloid b-peptide (Ab) in extracellular

plaques. Ab is generated by proteolytic processing of the

amyloid precursor protein (APP) in the secretory and endo-

cytic pathways but not completely released into the extra-

cellular space. Consequently, Ab is found not only in the

extracellular space but also in intracellular compartments

[for review, see (19)]. Ab, in particular its 42-amino-acids-

long form (Ab42), is also generated in the ER but only very

inefficiently transported further along the secretory pathway

(20–24). Nevertheless, only small amounts of Ab42 are

found in the ER, even upon over-expression of APP.

Therefore, we asked whether the accumulation of Ab42 in the

ER is counteracted by its removal through the ERAD machin-

ery. We show that the export of Ab is distinct in several

aspects from that of other ERAD substrates and that the

exported Ab is degraded by proteasome-dependent and

proteasome-independent pathways. RNA interference experi-

ments identified the protease of the latter pathway as insulin-

degrading enzyme (IDE).

Results

Ab42 is exported from microsomes

The hypothesis that ER-localized Ab is degraded by the

proteasome implies that it is exported from the ER to the
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cytosol. We obtained first evidence for this hypothesis by

morphological analysis of CHO cells transfected with

ER-targeted Ab. In these cells Ab was found not only in the

ER but also in the cytosol, where it formed aggregates (25).

To study the export biochemically, a cell-free export system

was applied. In principle, ER-derived brain microsomes

were loaded with Ab42 by in vitro translation and the

release of the imported Ab42 was monitored. To allow

the import of Ab42 into the microsomes, the signal peptide

of APP was fused to the N-terminus of Ab42 (Figure 1A). To

verify the import, Ab42-loadedmicrosomeswere re-isolated

by centrifugation and subjected to protease protection

analysis (Figure 1B). Trypsin treatment of the microsomes

resulted in the loss of the non-imported, signal peptide

containing precursor (sAb42). In contrast, Ab42 was pro-

tected from proteolysis in the absence of detergent (lane

2) but was degraded when detergent was added (lane 3),

demonstrating complete import of Ab42 into the micro-

somal lumen.

To examine the export of Ab42, the loaded microsomes

were re-isolated, washed with high-salt to remove pro-

teins adsorbed to the outside and resuspended in export

buffer. After incubation at 37 �C the reaction was separ-

ated into pellet and supernatant. During the chase an

increasing amount of Ab42 became detectable in the

supernatant (Figure 2A, upper panel). This increase was

prevented by incubation on ice (data not shown). The total

amount of Ab42 present after 6 h chase accounted for

114% (�12% SE) compared to the amount present at

0 h chase, indicating that the total amount of Ab42 did

not change during the course of the experiment. Kinetic

analysis showed that the export of Ab42 was a fast process

occurring largely during the first 30min (Figure 2B).

To demonstrate that the export did not result from rup-

ture of the microsomal membranes, the release of the

ER-resident chaperone BiP was determined. BiP was not

released into the supernatant (Figure 2A, lower panel). In

contrast, more than 90% of BiP was released into the

supernatant when the microsomal membrane was dis-

rupted by the addition of detergent (data not shown). The

band running below the BiP band is cytosolic Hsc70, which

is also recognized by the anti BiP-antiserum.

Budding of transport vesicles from the microsomes was

unlikely under the experimental conditions used here.

Nevertheless, the possibility that the Ab42 in the super-

natant was contained within transport vesicles and not

translocated across the microsomal membrane was ana-

lyzed by protease protection analysis at the end of an

export reaction (Figure 2C). Whereas the non-exported

Ab42 still residing inside the microsomes was protected

from trypsin in the absence of detergent (lane 2), the Ab42
in the supernatant was readily degraded (lane 5). The

susceptibility to trypsin showed that the Ab42 present in

the supernatant was not contained in vesicles but

exported across the microsomal membrane and freely

accessible in the buffer.

The retention of BiP in the microsomes did not exclude the

possibility that Ab42 was released due to leakiness of the

microsomes for small molecules. Therefore, the permea-

bility of the microsomes for substances which were

much smaller than Ab42 was determined. For this purpose,

Ab42-loaded microsomes were incubated with sulfo-NHS-

biotin (molecular weight 443.4Da) and the biotinylation of

the lumenal proteins BiP and Glucose-regulated protein 94

(Grp94) was determined by their retention on a streptavi-

din column followed by immunoblotting. The biotinylation

was performed in either the absence or the presence of

13mM n-octylglucoside, which served as a positive control

mimicking leaky microsomes. Biotinylation of a membrane-

free extract of lumenal proteins was equally efficient in

the absence or presence of the detergent, indicating that

the biotinylation itself was not affected by the detergent

(Figure 3A). In contrast, in the Ab42-loaded microsomes

biotinylation of BiP and Grp94 was almost undetectable

in the absence of the detergent, but was readily observed

in its presence (Figure 3B; compare lane 3 with 4 and lane

5 with 6, respectively). Quantitative analysis showed that

1.1% (�0.6% SE, n¼ 3) of the total Grp94 was accessible

for the sulfo-NHS-biotin in the absence of detergent

as compared to 20.1% (�9.0% SE) in the presence of

detergent. Complete biotinylation in the presence of

detergent was not achievable because this would have

required complete permeabilization of the microsomes

and would have resulted in the total loss of Grp94. The

finding that the low molecular weight sulfo-NHS-biotin did

not penetrate the microsomes as long as the membrane

Figure 1: Import of Ab into microsomes. (A) For the

construction of sAb42, the signal peptide (broken line) of APP

was directly fused to the N-terminus of Ab42 (unbroken line). The

arrow indicates the predicted cleavage site of signal peptidase. (B)

sAb42 was translated in a reticulocyte lysate in the presence of

brain microsomes. After translation, the microsomes were

isolated by centrifugation and treated with trypsin in the

absence or presence of Triton X-100 (TX-100). The reaction

products were analyzed by SDS-PAGE and autoradiography.

Schmitz et al.
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was not permeabilized by the detergent showed that the

microsomes were sealed by an intact membrane, and

strongly argued against the possibility that the export of

Ab42 was a result of microsomal leakiness.

To analyze whether the export of Ab42 required ATP, export

reactions were performed in the presence of an ATP

depleting or regenerating system, respectively. Unexpect-

edly, the export of Ab42 was independent of ATP (Figure

4A). Ab42 is a relatively small molecule of 4.5 kDa, which

may fit into the presumed translocation channel without

the need of ATP-dependent unfolding. Therefore, we

reasoned that elongation of the peptide might render its

export ATP dependent. To test this assumption, the export

of Ab42 which had been N-terminally elongated by 42

(42Ab42) or 81(81Ab42) amino acids was analyzed (Figure

4B). Increasing the length of the peptides resulted in an

increasing ATP dependence of their export (Figure 4C).

This correlation suggested that it was indeed the small

size of Ab42 which allowed its ATP-independent export.

As the export of ERAD substrates appears to be mediated

by the Sec61p complex, its involvement in the export of

Ab42 was investigated. This channel also mediates the

Figure 2: Ab42 is exported from

microsomes. (A) After loading with

Ab42 by in vitro translation, the

microsomes were re-isolated, high-

salt-washed, resuspended in export

buffer containing 5mg/ml cytosol

and divided into aliquots. One

aliquot was directly separated into a

pellet and a supernatant fraction, the

other aliquots were first incubated

for the indicated time at 37 �C. The
reaction products were analyzed by

SDS-PAGE. Ab42 was visualized by

autoradiography. BiP was immuno-

detected using an anti BiP-antiserum

which cross-reacts with cytosolic

Hsc70. (B) Graphical representation

of 5 independent export reactions

performed as described above. The

error bars represent the standard

deviation. (C) To exclude the possible

localization of the exported Ab42 in

vesicles, a proteolysis protection

analysis was performed. At the end

of a 1-h export reaction performed as

in (A), the microsomal pellet

containing the non-exported Ab42 (p)

and the supernatant containing the

exported Ab42 (s) were treated with

trypsin in the absence or presence of

Triton X-100 (TX-100).

Cytosolic Degradation of Ab42
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import of proteins into the ER. Therefore, the export of

proteins can be inhibited by blocking the channel with

ribosome nascent chain complexes (RNCs), which are

short polypeptides still bound to the ribosome (13). For

this purpose, the Sec61p complexes of Ab42-loaded micro-

somes were saturated with RNCs formed of a 75-amino-

acids-long fragment of cholera toxin subunit A (CTAD137;
Figure 5A). As the signal peptide-containing CTAD137 is

stably inserted into the Sec61p channel, it should inhibit

the export of Ab42 if the export is mediated by the Sec61p

complex. As a control, a 75-amino-acids-long fragment

of dihydrofolate reductase (DHFRD112) was used.

DHFRD112 which lacks a signal peptide for import into

the ER does not stably interact with the channel and thus

should be ineffective. Export reactions performed in the

presence of the RNCs showed that this was indeed the

case (Figure 5B). The export of Ab42 was blocked by

CTAD137 (upper panel), but proceeded undisturbed in the

presence of DHFRD112 (lower panel). The ongoing recruit-

ment of CTAD137 during the first 30min of the export

reaction is explained by the fact that the microsomes had

to be preincubated with the RNCs on ice, which is less

efficient than binding at 37 �C. Preincubation at 37 �C was

not possible because then Ab42 would have been exported

before the blocking of the Sec61p complex was effective.

The selective inhibition by signal peptide-containing RNCs

demonstrated that the export of Ab42 was mediated by the

Sec61p complex.

As known so far, the export of ERAD substrates depends

on cytosolic proteins. To test whether cytosolic proteins

were also required for the export of Ab42 high-salt-washed,

Ab42-loaded microsomes were incubated in the presence

of 5mg/ml brain cytosol which had been inactivated by

heating (95 �C, 10min). Heat inactivation of the cytosol

almost completely inhibited the export (Figure 6A). The

stimulatory effect of the untreated, active cytosol was

concentration dependent (Figure 6B).

The finding of about 40% of total Ab42 in the cytosol

showed that the export of Ab42 and its degradation were

not as tightly coupled as reported for other ERAD sub-

strates. In some cases, the tight coupling of export and

degradation is thought to result from the proteasome

being involved not only in the actual degradation but also

in the retro-translocation itself. Therefore, the export of

Ab42 was performed in the absence of proteasomes. For

this purpose, the cytosol was depleted of proteasomes by

ultracentrifugation (Figure 6C). However, the export of

Ab42 was not affected by the depletion (Figure 6D), indicat-

ing that it did not require the proteasome.

Exported Ab42 is degraded by the proteasome and

insulin-degrading enzyme

To analyze whether Ab42 was, after its export, degraded

by the proteasome, HeLa cells were transfected with

ER-targeted Ab42 and chased in the presence or absence

of the proteasome inhibitor MG-132 (Figure 7). Indeed, the

degradation of Ab42 was attenuated by the proteasome

inhibitor. However, the inhibition was not complete and

about 70% of Ab42 were still degraded in the presence of

MG-132, suggesting that an alternative pathway might

contribute to the degradation of ER-localized Ab42.

Reports exist on the IDE-mediated degradation of Ab in

cell culture (26–28) and in a mouse model (29), and the

degradation of Ab was reconstituted with purified IDE

(26,30). These studies concentrated on extracellular Ab
and Ab found in the secretory and endocytic pathways.

But as IDE is predominantly localized in the cytosol (31),

the degradation of cytosolic Ab42 could also be mediated

by IDE. Therefore, RNA interference was used to investi-

gate the involvement of IDE in the degradation of

ER-localized Ab42. To deplete cells of IDE, HeLa cells were

transfected with IDE-specific small interfering double-

stranded RNA (siRNA). Immunoblot analysis verified that

transfection with siRNA, but not with single-stranded

sense RNA used as a control, induced the depletion of

the majority of IDE (Figure 8A). In cell culture Ab42 is

found in a soluble and an insoluble form (32). To analyze

both fractions, the RIPA-soluble Ab42 was immunoprecipi-

tated, whereas the RIPA-insoluble material was extracted

by sonification in 2� concentrated sample buffer containing

Figure 3: Ab42-loaded microsomes are sealed by a tight

membrane. (A) Membrane-free lumenal ER-proteins were

incubated with sulfo-NHS-biotin in the absence or presence of

n-octylglucoside (OG). Biotinylated proteins were detected by

streptavidin-peroxidase. (B) Ab42-loaded microsomes were

incubated with sulfo-NHS-biotin in the absence or presence of

n-octylglucoside (OG). The microsomes were lysed and BiP (lanes

1–4) and Grp94 (lanes 5–8) were identified by immunoblotting

either directly in the lysate (total; lanes 1, 2, 7, 8) or after the

biotinylated proteins had been separated on a streptavidin column

(biotinylated, lanes 3–6). The eluate from the column was

normalized to the total amount of BiP or Grp94, respectively,

present in the lysate.

Schmitz et al.
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5% SDS and directly loaded on the gel (see Materials and

Methods). By this procedure, Ab42 is the only peptide

found in the RIPA-insoluble fraction of sAb42-transfected

HeLa cells without any background of other peptides of

the same molecular weight (Figure 8B). The result was

verified by formic acid extraction. Immunoprecipitation

Figure4: Export of Ab42 is indep-

endent of ATP. (A) Ab42-loaded
microsomes were used for an export

reaction as described in Figure 2(A) in

the presence of an ATP-depleting (–

ATP) or ATP-regenerating (þATP)

system, respectively. (B) Ab42 was

extended at its N-terminus by either

42 amino acids (42Ab42; upper panel)
or 81 amino acids (81Ab42; lower

panel). Microsomes were loaded by

in vitro translation of the respective

construct and used for an export

reaction as in (A). (C) Graphical

representation of export reactions

performed as in (A) and (B). The

columns show the export after 1h

incubation. For the calculation of the

export rate, the material present in the

supernatant at 0min chase was

subtracted. The error bars give the

standard error (n¼ 3).

Cytosolic Degradation of Ab42
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was omitted because immunoprecipitation of RIPA-insoluble

Ab42 is not quantitative [own observation and (32)]. To

determine the degradation rate of Ab42, HeLa cells were

cotransfected with sAb42 and either IDE-specific siRNA or

sense RNA as a control. The cells were labeled for 15min

with [35S]-methionine and chased for up to 2 h. Where

indicated, 20 mM MG-132 was present during the entire

pulse and chase periods to inhibit the proteasome (Figure

8C). When used alone, either inhibitor, MG-132 (lanes 1–3)

or the siRNA treatment (lanes 10–12), inhibited the degra-

dation of Ab42 only weakly. Efficient inhibition required the

presence of both inhibitors (lanes 7–9). The inhibition by

either inhibitor alone was not statistically significant (Figure

8D). However, when both proteases, IDE and the protea-

some, were inhibited the degradation of soluble and total

Ab42 was statistically significantly reduced, indicating that

both proteases contributed to its degradation. If the two

proteases operated sequentially in a common proteolytic

pathway, each inhibitor should have led to the same

degree of inhibition as their combined use. However, the

inhibitory effects were additive, indicating that the pro-

teasome and IDE were part of two independent parallel

pathways.

For the experiments described above, sAb42 was

expressed from the strong CMV promoter. Therefore,

the inhibitory effect of MG-132 on the degradation of

soluble Ab42, although not found for total Ab42, could

have indicated that at lower expression levels Ab would

be degraded, like other ERAD substrates, only by the

proteasome-dependent pathway, and that it became a

substrate for the normally unused IDE-dependent pathway

only because the proteasome-dependent pathway was

saturated. To exclude this possibility a minimal HSV thymi-

dine kinase promoter, a promoter much weaker than the

CMV promoter, was used to express sAb42. The expres-

sion level of sAb42 under control of this promoter was

reduced to 15% (�5% SE) as compared to the expression

level under control of the CMV promoter. Under this con-

dition, insoluble Ab42 was not detectable (not shown). The

soluble Ab42 was almost completely degraded in the first

hour of the chase as long as one protease, the proteasome

or IDE, was active (Figure 9A). Neither MG-132 (lanes 1–3,

upper panel) nor the siRNA treatment (lanes 4–6, lower

panel) resulted in significant inhibition. Only the simultan-

eous inhibition of both proteases reduced the degradation

of Ab42 (lanes 1–3, lower panel). When both proteases

Figure 5: Export of Ab42 is mediated

by the Sec61p complex. (A )

Microsomes were incubated with

CTAD137 isolated from the indicated

volumes of a translation reaction. After

washing with high-salt buffer the

microsomes were isolated, and the

CTAD137 bound in a salt-resistant

manner was visualized. Saturation of

binding was achieved with a 40-ml
translation reaction. (B) Ab42-loaded
microsomes were reisolated, resus-

pended in export buffer containing

5mg/ml cytosol and split into two

aliquots. One aliquot was incubated for

10min on ice with saturating amounts

(corresponding to a 40-ml translation

reaction) of the signal peptide-

containing CTA1D137 (upper panel), the

other with DHFRD112 which did not

contain a signal peptide and was used as

a control (lower panel). After binding of

the RNCs, the microsomes were used

for an export reaction as described in

Figure 2(A). Ab42, CTAD137 and

DHFRD112 were detected by auto-

radiography.

Schmitz et al.
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Figure 6: Export of Ab42 requires

cytosol but is independent of the

proteasome. (A) After loading with

Ab42, the microsomes were washed

with 0.5 M potassium acetate to

remove adsorbed cytosolic proteins.

The microsomes were resuspended in

export buffer containing 5 mg/ml

untreated or heat-inactivated brain

cytosol, respectively. The export

reaction was performed as described

in Figure 2(A). p, pellet; s, supernatant.

(B) Graphical representation of 3

i ndependen t expo r t reac t i ons

performed as in (A) in the presence of

the indicated concentrations of

untreated cytosol. The error bars

represent the standard error. (C) For

the depletion of proteasomes the

cytosol was centrifuged at 500 000g

for 1 h. The supernatant was recovered

and the absence of proteasomes

verified by immunodetection using an

antibody against subunit a7 of the 20S

core of the proteasome. (D) An export

reaction was performed as in (A), the

only difference being that the cytosol

was depleted of proteasomes by

ultracentrifugation.

Cytosolic Degradation of Ab42
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were active, the amount of Ab42 detectable directly after

the pulse (lane 4, upper panel) was less than in the pres-

ence of inhibitors because a major fraction was degraded

already during the pulse. This rapid degradation rate

implies fast export of Ab42 from the ER, which is in full

agreement with the export kinetics determined in the cell-

free assay (see Figure 2B). The degradation of Ab42 was

statistically significantly reduced only when both pro-

teases, the proteasome and IDE, had been inhibited (Fig-

ure 9B). This finding indicated that each of the two

pathways was functional independently of the other and

could compensate the inhibition of the other. The redun-

dancy of these two pathways explains why inhibition of

the proteasome did not alter the turnover of Ab42 in an

APP-transfected neuronal cell line (33), a model in which

low levels of Ab were generated. In summary, our results

show that ER-localized Ab42 is degraded by two distinct

cytosolic degradation pathways, one being dependent on

the proteasome and the other on IDE.

Discussion

In this study, we have identified the export of Ab42 to the

cytosol followed by its IDE-mediated degradation as an as

yet unknown type of ERAD. The independence of protea-

somes distinguishes this pathway from the general para-

digm of ERAD, which is characterized by the tight coupling

of export and proteasomal degradation. The uncoupling of

export from proteasomal degradation has recently been

described for ricin (11) and cholera toxin (13,34). Ab42 is,

however, the first endogenous protein for which this

uncoupling has been demonstrated.

The reason why Ab42 is not as efficiently degraded by the

proteasome as other ERAD substrates is as yet unknown.

In the export experiments the molecular weight of the

exported Ab42 was unchanged, and Ab42 could not be

precipitated with anti-ubiquitin antibody (data not shown).

Therefore, one possible explanation for the inefficient

degradation is that the exported Ab42 is not ubiquitinated.

To our knowledge, with the exception of pro-a factor (35),

all ERAD substrates known so far are polyubiquitinated

during their export, and the polyubiquitination is required

for their efficient degradation. The AAA-ATPase p97/

Cdc48 which binds to mono- and polyubiquitinated pro-

teins when associated with Ufd1/Npl4 (36) has been

shown to be required for the export and degradation of

several ERAD substrates (37–41). Thus this factor might

possibly provide the link between export and efficient

targeting to the proteasome. The function of p97 is, how-

ever, ATP dependent (42), arguing against its involvement

in the export of Ab42. Indeed, recent experiments showed

that the export of Ab42 was independent of p97 (data not

shown). It should be mentioned that the proteasome is

able to degrade at least some proteins without their prior

ubiquitination, e.g. ornithine decarboxylase (43) or pro-a
factor (35). Thus, the lack of ubiquitination may only par-

tially explain why the proteasome degrades the exported

Ab42 less efficiently than other ERAD substrates.

An unexpected feature of the export of Ab42 is its indepen-

dence of ATP. Although it is generally accepted that protein

export from the ER to the cytosol is an ATP-dependent

process, it should be noted that the experimental data

on the membrane translocation itself are rather limited. To

our knowledge, unglycosylated pro-a factor (44) and MHC

class I heavy chain (14,45) are the only ERAD substrates

for which the ATP dependence of the actual export has

been shown. Our results show that increasing the length

of the Ab42 peptide resulted in a corresponding increase in

the ATP dependence of the export. They are therefore in

line with the assumption that it is the small size of Ab42
which allows its ATP-independent export. It is assumed

that ATP is required for the unfolding of the export sub-

strate to fit into the translocation channel formed by the

Sec61p complex. Alternatively, an ATP-dependent conform-

ational rearrangement of the translocation channel may

permit the transit of a folded protein, as has been sug-

gested for MHC class I heavy chain (46). As N-glycans are

rather bulky and rigid structures extending from the protein

backbone, such a conformational rearrangement may also

explain why the export of glycopeptides from the ER is

ATP dependent (47,48). However, all these constraints

may not pertain to the small and unglycosylated Ab42
peptide, resulting in an ATP-independent export process.

The ATP independence of the basic export mechanism

does not, however, exclude the existence in vivo of super-

imposed ATP-dependent regulatory mechanisms which

may have not been active in the export assay.

The cytosolic degradation of ER-localized Ab42 may be

relevant for the pathogenesis of AD. On one hand, it con-

stitutes a clearance mechanism for ER-localized Ab42,
which explains why Ab is found in the ER only upon over-

expression of APP. Thus it may prevent Ab-induced dis-

turbance of ER function and represents a potentially

Figure 7: The degradation of ER-localized Ab42 is only

partially sensitive to inhibition of the proteasome. HeLa

cells were transfected with ER-targeted Ab42 and chased in the

presence or absence of the proteasome inhibitor MG-132. Ab42
was immunoprecipitated and visualized by autoradiography. The

numbers give the relative amount of Ab42 (0 h: 100%).

Schmitz et al.
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neuroprotective mechanism. On the other hand, the

export of Ab42 may under certain conditions result in its

accumulation in the cytosol. Indeed, Ab has been found in

the cytosol upon overexpression of ER-targeted Ab42 (25)

or APP (49). Cytosolic Ab is able to induce apoptosis even

in the absence of visible aggregates, as was demonstrated

by the cytosolic expression of Ab in transgenic mice (50)

and cell culture (51) model systems, as well as by micro-

injection of Ab42 into the cytosol of cultured neurons (52).

However, the relevance of these reports for the pathogen-

esis of AD was uncertain because Ab is not generated in

the cytosol. Our results provide the missing link between

the generation of Ab in the secretory pathway and its

possible pro-apoptotic effect in the cytosol. They allow

for the hypothesis that insufficient degradation of Ab42
exported from the ER to the cytosol could result in a

cytosolic pool of Ab42 triggering apoptosis. Indirect support

for this hypothesis comes from reports demonstrating that

Figure8: ER-localized Ab42 is degraded by both the proteasome and IDE. (A) HeLa cells were cotransfected with pCIsAb42 and

single-stranded sense RNA or IDE-specific siRNA, respectively. Two days after transfection, IDE was detected by immunoblotting. HeLa,

untransfected HeLa cells. (B) The RIPA-insoluble fractions of untransfected (HeLa) or sAb42-transfected (Ab) HeLa cells were extracted

with either 5% SDS as described in Materials and Methods or with formic acid and separated by gel electrophoresis. (C) HeLa cells were

transfected as in (A). Two days after transfection, the cells were labeled for 15min with [35S]-methionine and chased for the indicated

time in the presence or absence of 20mM MG-132 (MG). Ab42 in the RIPA-soluble (sol) and insoluble (insol) cell fractions was detected as

described in Materials and Methods. 75% of the soluble fraction and 25% of the insoluble fraction were loaded on the gel. (D) Statistical

evaluation of 4 independent experiments performed as in (C). For each fraction the amount of Ab42 remaining after 1 h chase is shown

(100%: Ab42 present in the respective fraction at 0 h chase). Total Ab42 corresponds to the sum of soluble and insoluble Ab42 corrected for

the different amounts loaded onto the gel. The bars represent the standard error. The asterisks indicate a level of significance of p<0.05.
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the activities of the proteasome (53) and of IDE (54) are

reduced in the brains from AD patients. In addition, pos-

sible genetic linkage of IDE with late-onset AD has been

reported (55,56).

Materials and Methods

Molecular biology methods

For the construction of sAb42, the sequences coding

exactly for the signal peptide or the Ab42 region of APP,

respectively, were amplified by PCR using the cDNA of

human APP695 as a template. The 30-primer for the ampli-

fication of the Ab42 region introduced a stop codon after

amino acid 42 of Ab. Using the Dovetail PCR cloning

kit (MBI Fermentas, Vilnius, Lithuania) the amplified seq-

uences were ligated in such a way that no additional amino

acids were introduced into the protein (see Figure 1A) and

cloned into the vector pCI-neo (Promega, Madison, WI, USA)

(pCIsAb42). For 42Ab42 and 81Ab42, the 42 or 81 amino

acids directly N-terminal to the Ab region were included.

For the construction of pTKsAb42, the sequence of the

GeneSwitch protein of pSwitch (Invitrogen, Groningen,

the Netherlands) was replaced by the sequence coding

for sAb42. The sequences of all constructs were verified

by DNA sequencing (GATC Biotech, Konstanz, Germany).

For in vitro transcription, the linearized construct was

transcribed with the AmpliScribe T7 Kit (Epicentre

Technologies, Madison, WI, USA). The siRNA sequence

(AAGUCUCCUGAAGACAAGCGA) targeting IDE corresponds

to nucleotides 223–243 of human IDE (EMBL/GenBank Acc.

No. M21188). Sense and antisense RNAs (Dharmacon

Research, Lafayette, CO, USA) were deprotected and

annealed as described (57).

Export assay

Microsomes were prepared from the gray matter of por-

cine brain or from pancreas obtained from the local slaugh-

ter house (58). Both types of microsomes gave identical

results in the export assay. The export assay was per-

formed as described (13) with minor modifications. All

microsomes used for an experiment were loaded in a

single in vitro translation reaction containing 50% reticulo-

cyte lysate (Promega), 0.3mCi/ml [35S]-methionine, 20 ng/ml
mRNA, 0.4U/ml RNase inhibitor (MBI Fermentas) and

0.1 eq/ml microsomes [for definition of eq, see (58)]. After

10min at 30 �C, the translation was stopped with puromy-

cin (2mM final concentration). The microsomes were isol-

ated by centrifugation (9000 g, 10min, 4 �C) and washed

in 0.5 M potassium acetate, pH7.4 for 20min on ice. After

centrifugation the microsomes were resuspended in cold

PBS containing the indicated concentration of cytosol

and 10mM EDTA, divided into aliquots (corresponding to

a 10-ml translation reaction) and chased at 37 �C. After the
chase the microsomes were re-isolated by centrifugation.

The proteins in the pellet and the supernatant were sepa-

rated on a 10% NuPAGE/MES gel system (Invitrogen),

blotted onto nitrocellulose membrane, exposed on a Cyclone

Storage Phosphor System (Packard, Meriden, CT, USA)

and quantified using the OptiQuant 3.0 software (Packard).

The ATP-regenerating system contained 2mM MgCl2,

1mM ATP, 10mM creatine phosphate, 200mg/ml creatine

kinase, the ATP-depleting system 2mM MgCl2, 5mM glu-

cose, 60U/ml hexokinase. In these experiments EDTA

was omitted.

The blocking of the Sec61p complex was performed as

described (13), the only modifications being that RNCs

isolated from a 40-ml translation reaction were sufficient

to saturate the brain microsomes, and that the binding of

the RNCs was performed on ice.

Figure 9: IDE-mediated degradation occurs at low-level

expression of Ab42. (A) For low-level expression of Ab42, HeLa
cells were cotransfected with pTKsAb42 and single-stranded

sense RNA or IDE-specific siRNA, respectively. The degradation

of the soluble Ab42 was analyzed as described in Figure 8(C).

Insoluble Ab42 was not detectable. (B) Statistical evaluation of 3

independent experiments performed as in (A). The amount of

Ab42 remaining after 1 h chase is shown (0 h: 100%). The bars

represent the standard error and the asterisks a level of

significance of p <0.05.
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Biotinylation of microsomes

Ab42-loaded microsomes were incubated for 30min at

room temperature in 1mM puromycin, 500mM KCl,

50mM Hepes-KOH, pH7.5. The re-isolated microsomes

were incubated for 30min at 37 �C in PBS containing

5mM sulfo-NHS-biotin and, where indicated, 13mM n-octyl-

glucoside. After quenching the unreacted sulfo-NHS-biotin

with 50mM Tris-Cl, pH8.0 and washing in TBS, the micro-

somes were lysed in 50mM Tris-Cl, pH8.0, 300mM NaCl,

0.5% NP-40. The biotinylated proteins were captured

using streptavidin mMACS paramagnetic beads (Miltenyi

Biotech, Bergisch Gladbach, Germany). BiP and Grp94

were visualized in the eluate from the beads and in the

total lysate, using anti-BiP antiserum (SantaCruz Biotech-

nology, Santa Cruz, CA, USA) or anti-Grp94 monoclonal

antibody (StressGen, Canada).

Protease protection analysis

Ab42-loaded microsomes were resuspended in PBS con-

taining 200mg/ml trypsin and, where indicated, 1% Triton

X-100. After incubation for 30min on ice, the products

were analyzed as above. To test whether the exported

Ab42 was contained in vesicles, a 45-min export reaction

was separated into the microsomal pellet and the super-

natant. Both fractions were treated with trypsin or trypsin

and detergent as above.

Preparation of cytosol

The gray matter of porcine brain cortices was homo-

genized using a Potter-Elvehjemhomogenizer in 4 vol. (v/w)

homogenization buffer (20mM Tris-Cl, pH 7.4, 250mM

sucrose, 25mM KCl, 5mM MgCl2). The homogenate was

centrifuged successively at 10 000 g for 20min and at

100 000g for 2 h. The supernatant was precipitated with

ammonium sulfate (90% saturation). The resulting pellet

was solubilized in homogenization buffer, followed by

chromatography on a desalting column equilibrated in

homogenization buffer.

To remove proteasomes, brain cytosol was centrifuged at

500 000g for 1 h and the supernatant was used for further

experiments. Proteasomes were immunodetected using

an antibody against the a7 subunit (Affiniti Research Prod-

ucts, Mamhead, UK).

Degradation of Ab42

For high-level expression, HeLa cells in 6-well plates were

transfected with 1mg pCIsAb42 and 60 pmol siRNA or

single-stranded sense RNA, respectively, using 5.5 ml
Metafectene (Biontex Laboratories, München, Germany).

For low-level expression, pCIsAb42 was substituted by 1mg
pTKsAb42 and 1mg pSwitch coding for the GeneSwitch

protein. Expression of the GeneSwitch protein which

enhances the transcription from pTKsAb42 was induced

with 10nM mifepristone (Invitrogen) for 1 day.

Two days after transfection, the cells were labeled for

15min with 200 mCi/ml [35S]-methionine. After the chase

in medium containing unlabeled methionine, the cells

were lysed in RIPA buffer (25mM Tris-Cl, pH8.0, 125mM

NaCl, 0.5% sodium deoxycholate, 0.1% SDS, 1% NP-40,

20mM EDTA) with protease inhibitors (10 mM E-64, 1 mM
pepstatin A, 2mM PMSF). The lysate was separated by

centrifugation (18 000 g, 15min) into a RIPA-soluble and a

RIPA-insoluble fraction. Ab42 was precipitated from the solu-

ble fraction with antibody 6E10. To detect Ab in the RIPA-

insoluble fraction, the pellet was resuspended in 2� sample

buffer containing 5% SDS, sonicated with a Branson Sonifier

B-12 (Branson, Danbury, CT, USA) for 5 s at position 2 and

boiled for 5min. An amount normalized to the soluble fraction

was directly loaded on the gel. Formic acid extraction was

performed as described (32). Statistical significance was

determined by the One-way ANOVA Bonferroni test using the

software Origin 7.0 (OriginLab Corporation, Northampton,

MA, USA).
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