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Most cytoplasmic and nuclear proteins are degraded via the ubiquitin-proteasome 

system into peptides, which are rapidly recycled by downstream aminopeptidases. 

Inefficient degradation can lead to accumulation of protein fragments, resulting in their 

aggregation and toxicity. Aggregation is a hallmark of various neurodegenerative disor-

ders, such as Huntington’s disease and Alzheimer’s disease. Whereas the role of the 

proteasome and its impairment on aggregation has been intensively studied, little is 

known about how cells deal with proteasomal released peptides that show resistance 

to breakdown by aminopeptidases. Therefore, we micro-injected peptidase-resistant 

peptides with the length of average proteasomal products into living cells. We show that 

these peptides rapidly and irreversibly accumulate in the perinuclear region of cells. 

Accumulation seems to occur independent of the ubiquitin-proteasome system or chaperones. 

The accumulations colocalize with lysosomal and autophagosomal markers, suggesting that 

these peptides end up within lysosomes via macroautophagy. Surprisingly, the peptides also 

accumulate within lysosomes upon inhibition of macroautophagy and in macroautophagy- 

deficient cells. Because the peptides are degraded in lysosomes as well, suggests that cells clear 

peptidase-resistant proteasomal products by targeting them to lysosomes. Our data suggests 

a novel, yet undefined, autophagic pathway that is able to remove potential hazardous,  

peptidase-resistant peptides from the cytoplasm. 
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Eukaryotic cells use two distinct mechanisms to degrade cytoplasmic proteins, the 

ubiquitin-proteasome system (UPS) and macroautophagy. The UPS represents the major 

pathway for intracellular protein degradation as it is responsible for the turn-over of 

80-90% of the proteins (Craiu et al., 1997b; Lee and Goldberg, 1998). The proteasome 

is a multi-catalytic protease complex present in both cytoplasm and nucleus. It selec-

tively degrades regulatory proteins, but also aged, misfolded, and damaged proteins. 

Therefore, the UPS is a key component for continuous protein quality control and is 

involved in the regulation of many cellular processes. Degradation by the UPS is initi-

ated by selective poly-ubiquitination of proteins, which serves as a recognition signal 

for degradation by the 26S proteasome (Ciechanover, 1998). The proteasome degrades 

these proteins into peptides with an average length of 6-9 amino acids (Kisselev et al., 

1999), which are further processed into amino acids by downstream aminopeptidases 

(Craiu et al., 1997a; Mo et al., 1999). The half-life of most peptides is only a few seconds 

(Reits et al., 2003), which prevents the accumulation of potentially hazardous, aggrega-

tion-prone protein fragments. 

In contrast to specific degradation by the UPS in both cytoplasm and nucleus, macro-

autophagy is mainly the non-selective bulk degradation of mostly long-lived proteins, protein 

complexes and cell organelles within the cytoplasm. During macroautophagy, cytoplasmic 

components are enclosed by double-membrane structures, autophagosomes, which fuse with 

lysosomes resulting in the degradation of the enclosed components. Autophagy participates 

in many processes, such as cellular homeostasis, survival, differentiation, development and 

immune defense (Levine and Kroemer, 2008; Mizushima et al., 2002; Xie and Klionsky, 2007). 

Failure of complete degradation of poly-ubiquitinated proteins by proteasomes can lead 

to protein accumulation and subsequent aggregation. Protein aggregates are a recurring 

phenomenon in protein conformational disorders, including neurodegenerative diseases such 

as Alzheimer’s disease, and Parkinson’s disease, amyotrophic lateral sclerosis, and various poly-

glutamine disorders such as Huntington’s disease (Ross and Poirier, 2004). Aggregates cannot 

be degraded by the proteasome, as the proteasome can only degrade monomeric proteins 

(Goldberg, 2003). Recently, it became clear that aggregation-prone mutant proteins, including 

polyQ-expanded huntingtin, mutant forms of tau, α-synuclein, and copper-zinc superoxide 

dismutase 1 can be degraded via the autophagic machinery (Berger et al., 2006; Fornai et al., 

2008; Ravikumar et al., 2002; Webb et al., 2003). Degradation of these mutant proteins appears 

to depend more on the autophagic machinery rather than the proteasome. Both proteolytic 

systems appear to be closely linked, as proteasomal impairment can induce degradation of 

proteasomal substrates via macroautophagy (Iwata et al., 2005; Pandey et al., 2007). Selective 

degradation via macroautophagy may be coordinated by p62/sequestosome-1, which is a 

component of most protein aggregates in various protein conformational disorders (Zatloukal 

et al., 2002). p62 recognizes poly-ubiquitinated proteins and contains a microtubule-associated 

protein1 light-chain 3 (LC3)-binding domain, thereby targeting ubiquitin (Ub)-positive aggre-

gates to the autophagic machinery (Pankiv et al., 2007). Also, histone deacetylase 6 (HDAC6) 

has been suggested to link poly-ubiquitinated proteins to autophagy, since autophagy compen-

sates for impaired UPS function in a HDAC6-dependent manner (Pandey et al., 2007).
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Chaperones play an important role in both degradation pathways. Chaperones allow proteins 

to fold correctly into their native state by transiently binding and stabilizing non-native confor-

mations, thereby preventing aggregation of non-native proteins. When (re)folding fails, the 

protein becomes ubiquitinated and targeted to the proteasome for its degradation (Esser et al., 

2004; Goldberg, 2003). The function of chaperones is regulated by the interaction with various 

co-chaperones. For example, folding of a substrate by heat shock protein 70 (Hsp70) is stimu-

lated when it is associated with Hip and Hop, whereas association of Hsp70 with Bag-1 and CHIP 

promotes proteasomal degradation of the substrate (Hohfeld et al., 2001; Imai et al., 2003). 

Chaperones not only stimulate protein degradation via the UPS, but also target substrates to 

autophagic clearance (Carra et al., 2008; Majeski and Dice, 2004). Therefore, chaperones may 

play an important role in various neurodegenerative disorders. Various chaperones have been 

found in aggregates in brain tissue (Chai et al., 1999; Cummings et al., 1998; Jana et al., 2000; 

McNaught et al., 2002; Wilhelmus et al., 2006). Over-expression of the chaperones Hsp70 and 

Hsp40 reduce aggregate formation and toxicity in these disorders (Chai et al., 1999; Jana et 

al., 2000; Kobayashi et al., 2000). Furthermore, proteasomal degradation of polyQ-expanded 

androgen receptor is elevated when Hsp70 and Hsp40 are co-expressed (Bailey et al., 2002).  

While chaperones, the UPS and autophagy are intensively studied with respect to protein 

conformational diseases, little data is known about the role of aminopeptidases in these 

diseases. The function of aminopeptidases is mostly studied in relation with MHC class I antigen 

presentation, where aminopeptidases are involved in the processing of proteasomal generated 

peptides into antigens (Hattori and Tsujimoto, 2004). However, it has not been studied whether 

cells can cope with peptides generated by the proteasome that show resistance to immediate 

breakdown by aminopeptidases. Accumulation of these peptides may initiate aggregation and 

toxicity. Small protein fragments instead of the full-length protein can initiate disease, as is the 

case for the amyloid-β peptide in Alzheimer’s disease and expanded polyQ-containing frag-

ments in most polyQ disorders (Chiang et al., 2008; DiFiglia et al., 1997; Goti et al., 2004; 

Graham et al., 2006; Wellington et al., 1998). 

To examine how cells deal with peptidase-resistant peptides, we introduced fluorescent 

peptides of 9 amino acids into cells that have a modified N-terminus to prevent degradation 

by cytoplasmic aminopeptidases. Using this approach, we mimic the generation of peptides 

with the length of an average proteasomal product in cells with a functional UPS, as a compro-

mised UPS could lead to elevated levels of autophagy. Here, we show that peptidase-resistant 

peptides are rapidly sequestered into cytoplasmic structures that are transported to the 

perinuclear region of cells. Surprisingly, their accumulation was unaffected by expression of 

various chaperones. The peptidase-resistant peptides end up in lysosomal structures, where 

they are degraded. Taken together, these data suggest that cells can prevent cytoplasmic or 

nuclear accumulation of peptidase-resistant proteasomal products by targeting these peptides 

to lysosomes.
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resu
lts

PEPtiDasE-rEsistant PEPtiDEs forM CytoPlasMiC aCCuMu-
lations
The proteasome releases peptides of 3-22 amino acids into the cytoplasm and nucleus, 

with most peptides having a length of 6-9 amino acids (Kisselev et al., 1999). These 

peptides are normally degraded within seconds by cytoplasmic aminopeptidases (Reits 

et al., 2003; Reits et al., 2004). For our studies, we used an N-terminally modified version 

of a 9-mer peptide (TDNKTERYC) that mimics an average proteasomal cleavage product, 

which is normally rapidly degraded by peptidases (Reits et al., 2003). To prevent its 

degradation by aminopeptidases, we modified its N-terminus with a naftylsulfonyl group, as 

aminopeptidases require a free N-terminus of a peptide for degradation (Mo et al., 1999; 

Reits et al., 2003). A small fluorescent group, fluorescein (Fl), tetramethylrhodamine (TMR), or 

Alexa488 was attached to the peptide to allow its visualization in cells. 

Introduction of these peptidase-resistant peptides into human Mel JuSo cells via micro-

injection resulted in a diffuse distribution of the peptide throughout the entire cell (Figure 1A, 

left panel). However, within a few hours after introduction, the peptidase-resistant peptides 

started to form small fluorescent accumulations within the cytoplasm (Figure 1A, middle panel) 

that grew in amount in time. After 6 hours, most peptides were sequestered into numerous 

small cytoplasmic structures in the perinuclear region of cells (Figure 1A, right panel). The 

peptides were initially present in the nucleus as well, but fluorescent accumulations in the 

nucleus were never observed (Figure 1B). Accumulation was not observed when the degra-

dable version of the peptide was used (Reits et al., 2003). Note that different accumulation 

rates were observed between different cell types. Accumulation of peptides in the perinuclear 

region in Mel Juso cells was completed after approximately 6 hours after introduction, whereas 

accumulation in HeLa cells or mouse embryonic fibroblasts (MEFs) was already completed after 

3 hours (see below).

Protein aggregates are usually transported to the perinuclear region of cells via the micro-

tubule network (Johnston et al., 1998). Therefore, we disrupted the microtubule network with 

nocodazole directly after introducing the peptides into cells. The peptides still accumulated into 

fluorescent spots, but where spread around the nucleus instead of concentrated in the peri-

nuclear region of cells (Figure 1C, middle panel). Similarly, inhibition of transport towards the 

perinuclear region by over-expression of GFP-p50 dynamitin (Echeverri et al., 1996) resulted 

in peptide accumulations that were spread throughout the cytoplasm (Figure 1C, left panel). 

These findings suggest that peptides accumulate independently of a functional microtubule 

network, but subsequent transport of peptide accumulations occurs via microtubules. 

aCCuMulation ratE is inDEPEnDEnt of PEPtiDE sEquEnCE anD 
DEPEnDEnt on lEnGtH anD isoforM
To examine whether accumulation was dependent on peptide sequence, we either shuffled 

the amino acid sequence (YTERNDKTC) or used a hydrophilic peptide (SYNDATKQC). Both 

peptides accumulated in the perinuclear region of cells within similar time span as the original 

peptide TDNKTERYC (Figure 2A), suggesting that accumulation was a general phenomenon 

for peptidase-resistant peptides. Next, we tested whether the length of the peptide affects 
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Figure 2
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Figure 2. Peptide accumulation 
rates are dependent on peptide 
length and stereo-isoform, but 
not on sequence. Micro-injected 
Mel JuSo cells were analyzed by 
confocal microscopy at 37°C. Cells 
were injected with fluorescent pep-
tidase-resistant peptides having (A) 
different sequences: either shuffled 
(YTERNDKTC) (left panel), or hydro-
philic (SYNDATKQC) (right panel), 
(B) different lengths, with a 9-mer 
peptide TDNKTERYC, or an elongated 
version of the same peptide 
sequence as a 25-mer peptide, or 
a 33-mer peptide and (C) different 
stereo-isomer conformation, having 
L- or D-conformation of the 9-mer 
peptide, respectively. Scale bar: 20 
µm.

A 3 hours 6 hours0 hours

B hoechst mergepeptide

C

ph
as

e 
co

nt
ra

st
pe

pt
id

e

control nocodazole p50-dynamitin

Figure 1

Figure 1. Peptidase-resistant peptides 
accumulate in the perinuclear region of 
cells. Mel JuSo cells were micro-injected 
with fluorescent peptides and analyzed 
by confocal microscopy at 37°C. (A) Dis-
tribution of the 9-mer fluorescent peptide 
TDNKTERYC protected against degrada-
tion in cells at different time points after 
introduction. (B) Perinuclear distribution 
of peptide accumulations in cells stained 
with Hoechst to show nuclei. (C) Cells 
injected with peptidase-resistant peptides 
in control cells (left panel), cells treated 
with nocodazole directly after micro-in-
jection (middle panel) and cells transiently 
expressing GFP-p50 dynamitin for 48 
hours (right panel) to disrupt the microtu-
bule network. Scale bar: 20 µm.
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accumulation. We extended peptide lengths by repeating the sequence roughly 3-4 times, 

resulting in peptides of 25 and 33 amino acids, respectively. All peptides showed a similar 

diffuse intracellular distribution upon introduction (data not shown). After 5 hours, almost all 

9-mer peptides had accumulated in the perinuclear region of cells (Figure 2B, left panel). The 

25-mer peptide showed multiple accumulations in the perinuclear region after 5 hours (Figure 

2B, middle panel), but only a few accumulations were present for the 33-mer (Figure 2B, right 

panel). So, increasing the length of the peptide clearly slowed down its accumulation, whereas 

the sequence of the peptide did not affect the accumulation rate. 

A possible explanation for the slower accumulation of longer peptides could be interference 

of chaperones. Chaperones are known to shield aggregation-prone patches within a protein 

from the environment, allowing a protein to be folded correctly and to reduce aggregation of 

mutant proteins (Hartl and Hayer-Hartl, 2002). Therefore, we generated a peptide of D-amino 

acids with the same sequence. In contrast to the natural L-conformation, the stereo-isomer 

with an unnatural D-conformation is fully protease-resistant (Reits et al., 2003) and does not 

respond to the refolding capacity by the Hsp70/Hsp40 chaperone system (Bischofberger et al., 

2003). The 9-mer D-peptide accumulated much faster as compared to its L-variant (Figure 2C). 

Already at 2 hours after micro-injection, the D-peptide had almost completely accumulated in 

the perinuclear region (Figure 2C). Similar to the length-dependence, the differences in accu-

mulation speed between L- and D-peptides may be the result of interacting chaperones that 

delay accumulation. In conclusion, all peptidase-resistant peptides accumulate in the perinu-

clear region in time, but the accumulation rate is clearly dependent on both length and isoform 

of peptides. Increased length and L-amino acids may improve chaperone binding and delaying 

peptide clustering.

control heat shockA

C 0 2 4 6 16 20 24
hours after heat shock

Hsp70

B mergepeptideHsp70-GFP

Figure 3
Figure 3. Accumulation of 
peptidase-resistant peptides 
was not altered after expres-
sion of several chaperones. 
Mel JuSo cells micro-injected 
with the peptidase-resistant 
9-mer peptide were analyzed 
by confocal microscopy at 
37°C after 6 hours. (A) Either 
control cells or cells heat 
shocked for 15 minutes at 43°C 
were injected at 16 hours after 
inducing heat shock (upper 
panel). Heat shocked cells 
were harvested after heat 
shock at indicated time-points 
and upregulation of Hsp70 
protein levels was determined 
on Western blot. (B) Cells tran-
siently expressing GFP-tagged 
Hsp70 or control cells were 
micro-injected after 48 hours 
with the peptidase-resistant 
9-mer peptide. Scale bar: 20 
µm.
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ExPrEssion of HEat sHoCk ProtEins DoEs not affECt PEPtiDE 
aCCuMulation
To examine whether chaperones were able to affect accumulation rates of the 9-mer peptidase-

resistant L-peptide, cells were heat shocked during 15 minutes at 43°C to induce the expression 

of Hsps. Western blot analysis showed elevated levels of Hsp70 at 6 to 24 hours after the heat 

shock (Figure 3A, lower panel). Cells that were micro-injected at 16 hours after the heat shock 

showed however similar accumulation of peptides as control cells (Figure 3A, upper panel). To 

determine the effects of particular chaperones, we expressed Hsp40, Hsp70, Hsp40 and Hsp70 

together, or several small Hsps such as Hsp27 for 48 hours before micro-injection. None of 

these chaperones affected accumulation rates of peptidase-resistant peptides (Figure 3B upper 

panel; data not shown). These findings suggest that these chaperones are not involved in the 

accumulation of peptidase-resistant peptides. 

PEPtiDE aCCuMulations forM iMMobilE struCturEs
To examine whether peptide accumulation was irreversible, we tested the reversibility of 

peptide accumulations in two different ways. First, peptides were co-injected with fluorescent 

dextran of 70 kDa and cells were lysed with digitonin at 6 hours after micro-injection. Digitonin 

is a mild detergent and only disrupts the plasma membrane, leaving cell organelles intact 

(Adam et al., 1990). Fluorescence imaging in time using confocal microscopy showed that both 

cytoplasmic dextran and the free pool of peptides leaked out of cells (Figure 4A). In contrast, 

accumulated peptides showed only a minor reduction in fluorescence in time (Figure 4A). This 

suggests that peptides were sequestered into stable structures. 

Second, we measured the on/off rate of peptides using fluorescent recovery after photob-

leaching (FRAP) (Lippincott-Schwartz et al., 2001; Reits and Neefjes, 2001). At six hours after 

injection, a region of the cell (Figure 4B, region I) containing the accumulated peptides was 

bleached and the recovery of fluorescence was measured in time. The bleached region hardly 

showed any recovery of fluorescence, whereas the non-bleached areas showed almost no 

reduction in fluorescence (Figure 4B, region II and III). This finding suggests that the accumula-

tions were stable and peptides present in accumulations did not exchange with surrounding 

peptides. 

uPs CoMPonEnts anD CHaPEronEs arE not rECruitED to PEPtiDE 
aCCuMulations 
The irreversible nature of the peptide accumulations may represent aggregates, as observed in 

many neurodegenerative disorders. Most protein aggregates form inclusion bodies (IBs) that 

sequester chaperones and components of the UPS in time (Holmberg et al., 2004; Kim et al., 

2002). Therefore, we tested whether the peptide accumulations colocalized with GFP-tagged 

Hsp70, Ub and the proteasomal subunit LMP2 (Brown et al., 1993). LMP2 is incorporated into 

catalytically active proteasomes (Reits et al., 1997). Colocalization was not observed of any of 

the transfected constructs with peptide accumulations (Figure 3B, 5A-B), whereas GFP-tagged 

Hsp70, Ub and LMP2 colocalized with IBs induced by huntingtin-exon1-Q103 (Raspe et al., 
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2009). These findings indicate that peptide accumulations do not represent IBs. Peptides 

are normally degraded by aminopeptidases like puromycin-sensitive aminopeptidase (PSA) 

(Constam et al., 1995). No colocalization was observed either between peptide accumulations 

and GFP-tagged PSA (Figure 5C). Taken together, chaperones, components of the UPS, as well 

as aminopeptidases are not recruited to peptide accumulations. 

PEPtiDasE-rEsistant PEPtiDEs EnD uP in lysosoMEs
Since the accumulations did not represent classical IBs, electron microscopy (EM) was used to 

visualize the accumulated peptides at higher resolution. Only cells micro-injected with pepti-

dase-resistant peptides contained membrane-enwrapped structures (data not shown). We 

were not able to determine whether peptide accumulations colocalized with these membrane-

enwrapped structures using immunolabeling, because the peptide was lost during prepara-

tion of the cells for EM. Chemical fixation could not prevent this because of the small size 

of the peptide. Therefore, we performed correlative fluorescence and electron microscopy 
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Figure 4. Peptide accumula-
tions are immobile. (A) Mel 
Juso cells were injected with 
the peptidase-resistant 9-mer 
peptide (upper panel) together 
with 25 µg/mL dextran red of 
70kDa (lower panel). After 5 
hours, the plasma membrane 
was disrupted by mild lysis 
with 25 µM digitonin and fluo-
rescence was followed in time. 
(B) MelJuso cells were injected 
with the peptidase-resistant 
9-mer peptide and at 4 hours 
after injection region I was 
photo-bleached. Fluorescence 
recovery was measured in 
time in the indicated bleached 
(I) and non-bleached regions 
(II and III). Scale bar: 20 µm.
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(CLEM). Cells injected with peptides contained more electron dense structures in the peri-

nuclear region of the cell (arrow) than control cells (arrowhead) (Figure 6A). Overlaying the  

luorescent images with the corresponding EM images showed that the electron dense struc-

tures overlapped with most of the fluorescent spots (Figure 6B). Electron-dense structures in 

EM images often represent lysosomal organelles. To examine whether accumulated peptides 

were present within lysosomes, LysoSensor was added to injected cells. Colocalization of 

peptide accumulations and LysoSensor was observed (Figure 6C). Furthermore, peptide accu-

mulations were enwrapped by GFP-tagged lysosomal-associated membrane protein 1 (LAMP1) 

(Figure 6D). These findings indicate that peptidase-resistant peptides end up in lysosomes. 

PEPtiDasE-rEsistant PEPtiDEs Do not EnD uP in lysosoMEs Via 
MaCroautoPHaGy
Lysosomal uptake of peptidase-resistant peptides may be mediated by macroautophagy, as 

large protein complexes and aggregates can be cleared via this pathway. To determine the 

involvement of macroautophagy, we investigated whether the accumulated peptide structures 

recruited LC3, which is an autophagosomal marker (Kabeya et al., 2000). Since high expression 

of LC3 induces its aggregation (Kuma et al., 2007), we expressed low levels of LC3. When HeLa 

cells expressing GFP-tagged LC3 were monitored for 3 hours after peptide injection, a majority 

of the peptide spots colocalized with GFP-LC3 (Figure 7A). As huntingtin aggregates also recruit 

a LC3ΔG mutant that does not associate with autophagosomes (Tanida et al., 2008), we tested 

C

P
S

A
-G

FP
LM

P
2-

G
FP

B

Figure 5

A

G
FP

-U
b

mergepeptideGFP
Figure 5. Components of 
the UPS and peptidases are 
not sequestered in peptide  
accumulations. Mel Juso cells 
expressing GFP-tagged Ub 
(A), the proteasome subunit 
LMP2 (B) or the peptidase PSA 
(C) were micro-injected with  
the peptidase-resistant 9-mer 
peptide at 48 hours after 
transfection. Scale bar: 20 µm.
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A

B

C peptide mergeLysoSensor

D peptide mergeGFP-LAMP1

peptide EMphase

Figure 6

EM CLEMpeptide

Figure 6. Peptidase-resistant peptide accumulations end up in lysosomes. (A) HeLa cells were injected with 
the peptidase-resistant 9-mer peptide and fixed after 4 hours in 2% paraformaldehyde. Confocal and EM 
images of the same injected cells are compared. Arrow indicates a micro-injected cell and an arrowhead 
indicates a non-injected cell. Scale bar: 5 µm. (B) Overlay of a confocal image and the corresponding EM 
image of a representative cell. Red color in right panel represents accumulated peptides visualized in left 
panel. Scale bar: 5 µm. (C) Mel JuSo cells were micro-injected with the peptidase-resistant 9-mer peptide and 
lysosomes were stained after 5 hours with 1 µM LysoSensor Green. Scale bar: 20 µm. (D) HeLa cells expressing 
GFP-LAMP1 for 48 hours were micro-injected with peptidase-resistant peptides. Scale bar: 20 µm. 
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whether the colocalization to LC3 was specific. In contrast to functional LC3, GFP-LC3ΔG was 

not recruited to the peptide accumulations (Figure 7B). These findings suggest that uptake of 

peptide accumulations into lysosomes occurs by macroautophagy. 

The peptide accumulations still colocalized with GFP-LC3 when macroautophagy was inhib-

ited using Bafilomycin A1 (BafA1) (Figure 7C, upper panel). BafA1 inhibits lysosomal acidifi-

cation, thereby inhibiting degradation of the autolysosomal content (Klionsky et al., 2008). 

However, colocalization was strongly reduced when cells were treated with 3-methyladenine 

(3-MA) (Figure 7C, lower panel), which inhibits the formation of autophagosomes (Seglen and 

Gordon, 1982). However, the peptide still accumulated into spots in the perinuclear region that 

were LysoSensor positive (data not shown). This indicates that the accumulated peptides still 

end up within lysosomes despite inhibition of autophagosome formation. 

To examine this surprising observation in more detail, we used MEF cells that are macro-

autophagy-deficient (Atg5-/- MEFs), as Atg5 is an essential component in the formation of 

autophagosomes (Kuma et al., 2004; Mizushima et al., 2001). Similar to 3-MA-treated cells, 

Atg5-deficient cells still accumulated peptides into spots that colocalized with GFP-LAMP1 

(Figure 7D). The accumulation of peptides in Atg5-/- MEFs occurred in a comparable time span 

as in control MEFs (Figure 7E). Both 3-MA-treated cells and Atg5-/- MEFs showed no recruitment 

of LC3 to peptide accumulations (Figure 7C, E), whereas the peptide accumulations colocalized 

with LC3 in control MEFs (Figure 7E). WD-repeat protein interacting with phosphoinositides 

(WIPI-1) is the mammalian ortholog of Atg18 in S. cerevisiae (Proikas-Cezanne et al., 2004) and 

WIPI-1 puncta formation is an indication for macroautophagy (Proikas-Cezanne et al., 2007). 

Expression of GFP-WIPI-1 did not result in WIPI-1 positive puncta upon micro-injection of the 

peptide as well (Suppl. Figure 1). Together, these data suggest that cells use an alternative 

autophagic pathway to sequester these peptidase-resistant peptides within lysosomes.

PEPtiDasE-rEsistant PEPtiDEs arE DEGraDED in lysosoMEs
To examine whether uptake of peptidase-resistant peptides by lysosomes also leads to 

subsequent degradation by lysosomal proteases, we modified the peptide so that it only 

becomes fluorescent upon lysosomal degradation. In addition to a fluorophore, a Dabcyl 

quencher group was attached to another amino acid within the same peptidase-resistant 

peptide. When the peptide is degraded, the quencher is separated from the fluorophore, 

allowing the fluorophore to emit light (Reits et al., 2003). Since the peptide is N-terminally 

protected against degradation by aminopeptidases, it can only be degraded in lysosomes. At 

3 hours after introduction of quenched peptides into HeLa cells, fluorescent accumulations 

were visible in the perinuclear region of cells (Figure 8A, left panel). These accumulations 

were also LysoTracker positive (Figure 8B), indicating that peptidase-resistant peptides were 

indeed degraded in lysosomes. Addition of 3-MA to the cells before injection did not affect the  

appearance of fluorescent spots in the perinuclear region (Figure 8A, middle panel), confirming 

that these peptides do not need macroautophagy to end up in lysosomes. Lysosomal degrada-

tion was decreased by treating cells with BafA1 (Oda et al., 1991). Micro-injection of BafA1-

treated cells with the quenched peptide resulted in a reduced appearance of fluorescence in 



the perinuclear region (Figure 8A, right panel). These data suggest that the peptide is resistant 

against degradation in the cytoplasm, but upon entering the lysosome it becomes degraded. 

These findings suggest that the alternative route for clearance of peptidase-resistant peptides 

via lysosomes leads to efficient breakdown of the peptides.

d
IscussIo

n

Proteasomes within cells degrade millions of proteins per minute (Princiotta et al., 

2003). Therefore, aminopeptidases downstream of the proteasome recycle even larger 

amounts of peptides into amino acids. Recycling has to occur rapidly to prevent accu-

mulation of potentially hazardous peptides. Most peptides have a half-life of only a 

few seconds (Reits et al., 2003), but the sequence and secondary structure of peptides 

determines the rate of degradation (Raspe et al., manuscript in preparation). In the 

present study, we mimicked the generation of peptidase-resistant proteasomal peptides. 

These peptides accumulated into immobile structures in the perinuclear region of cells. 

Although the peptides were first present in both the cytoplasm and nucleus, peptides 

only accumulated within the cytoplasm. The colocalization of the peptide accumula-

tions and lysosomes suggests that peptidase-resistant peptides end up within lyso-

somes where they are subsequently degraded. This cellular process seems deliberately aimed 

to recycle the peptides by alternative means. 

Although the sequestration of peptides in the perinuclear region was dependent on an intact 

microtubule network, the formation of the LysoTracker-positive spots still occurred in cells with 

disrupted microtubules (data not shown). This suggests that the accumulation and membrane 

wrapping can occur everywhere in the cellular periphery. The most obvious pathway to be 

involved in the clearance of the peptides is macroautophagy. Indeed, we observed specific 

colocalization between the accumulated peptides and the autophagosome marker GFP-LC3. 

Colocalization was disrupted when a mutant LC3 was used, or when macroautophagy was 

impaired using either macroautophagy-deficient Atg5 knock-out cells or the macroautophagy 

inhibitor 3-MA. Surprisingly, accumulation of peptidase-resistant peptides in lysosomes 

was not prevented in macroautophagy-deficient cells or upon inhibition of autophagosome  

formation. The peptide accumulations did not colocalize to the autophagic marker GFP-WIPI-1 

either. Finally, whereas autophagosome-lysosome fusion requires an intact microtubule 

network (Ravikumar et al., 2005), the peptides did not need functional microtubules to end up 

in lysosomes. Together, these data indicates that an alternative autophagic pathway is involved 

in the clearance of peptide accumulations. Colocalization between peptide accumulations and 

LC3 is probably due to autophagosomal fusion with lysosomes.

Other known autophagic pathways, chaperone-mediated autophagy (CMA) and micro-

autophagy, are unlikely to be responsible for the clearance of peptidase-resistant peptides. 

Protein degradation via CMA requires a CMA-recognition motif, KFERQ, which is recognized by 

the cytoplasmic chaperone hsc70. This chaperone-substrate complex binds to the lysosomal 

membrane protein LAMP-2A, where the protein unfolds and subsequently translocates across 

the lysosome membrane (Dice, 2007). Since none of the peptides used in our study contain 
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Figure 7. Accumulation of peptidase-
resistant peptides is independent of mac-
roautophagy. Micro-injected cells were 
analyzed by confocal microscopy at 37°C 
after 3.5 hours. (A) HeLa cells transiently 
expressing low levels of GFP-LC3 (B) or 
GFP-LC3ΔG were injected with the pepti-
dase-resistant 9-mer peptide at 48 hours 
after transfection. (C) HeLa cells transiently 
expressing GFP-LC3 were treated with 
100 nM BafA1 (upper panel) or 10 mM 
3-MA (lower panel) 2 hours prior to micro-
injection to inhibit macro-autophagy. (D) 
MEF Atg5-/- knock-out cells transiently 
expressing GFP-LAMP1 were injected with 
the peptidase-resistant 9-mer peptide. (E) 
Wild-type and Atg5-/- knock out MEFs tran-
siently expressing GFP-LC3 were injected 
with the peptidase-resistant 9-mer peptide 
at 48 hours after transfection. The smaller 
image represents a sequential zoom-in of 
the same cell. Scale bar: 20 µm.
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Figure 8

Suppl. Figure 1
GFP-WIPI-1 peptide merge

Figure 8. Peptidase-resistant peptides 
are degraded within lysosomes. 
(A) HeLa cells were injected with a 
quenched version of the fluorescent 
peptidase-resistant 9-mer peptide and 
imaged 3.5 hours after injection (left 
panel). To inhibit macroautophagy cells 
were treated with either 10 mM 3-MA 
to block autophagosome formation 
(middle panel), or 100 nM BafA1 to 
increase the lysosomal pH (left panel) 
at 2 hours prior to injection. (B) HeLa 
cells micro-injected with the quenched 
peptidase-resistant peptide were 
treated with 100 nM LysoTracker Red 
to visualize lysosomes and imaged 
after 3.5 hours. The smaller image 
represents a sequential zoom-in of the 
same cell. Scale bar: 20 µm.

the CMA-recognition motif, CMA is unlikely to be responsible for the lysosomal take-up of 

peptidase-resistant peptides. Microautophagy involves direct uptake of cytoplasmic compo-

nents into lysosomes by invagination of the limiting membrane of the lysosome (Martinez-

Vicente and Cuervo, 2007). Although we cannot exclude that microautophagy is involved, it 

seems unlikely that this pathway is responsible for the selective uptake of peptidase-resistant 

peptides in lysosomes. Since the lysosomal uptake of peptidase-resistant peptides does not 

seem to depend on the known autophagic pathways, we propose that a novel autophagic 

pathway is responsible for the delivery of these peptides in lysosomes. Because the accumula-

tion rate of peptidase-resistant peptides was different in various cell types, suggests that the 

accumulation of the peptide is not only due to its own intrinsic characteristics, but that cellular 

factors are involved in the accumulation and subsequent clearance of these peptides. 

Recently, a similar phenomenon was reported (Katayama et al., 2008) using a GFP-like 

protein, mRFP1, known to aggregate within cells. They show that the fluorescent dots in the 

cytoplasm were in fact lysosomes containing mRFP1, similar to the peptides used in our study. 

Disruption of Atg5, which prevents autophagosome formation, did not inhibit accumula-

tion of mRFP1 into lysosomes (Katayama et al., 2008). This indicates that the cell may have  

alternative clearance pathways that remove both proteins and peptides from the cytoplasm. 

Further research will focus on identifying cellular factors involved in the accumulation and 

targeting of the peptides to lysosomes.
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DNA constructs. The following constructs were obtained as described before: LMP2-GFP (Reits et 
al., 1997), GFP-Ub (Raspe et al., 2009), GFP-PSA (Raspe et al., manuscript in preparation), GFP-LC3 
(Kabeya et al., 2000), GFP-LC3ΔG (Tanida et al., 2008), and GFP-p50 dynamitin (Hoogenraad et al., 
2001). Hsp70-GFP was kindly provided by Harm Kampinga (University Medical Center Groningen, 
Groningen, The Netherlands), GFP-WIPI-1 by Serena Cerra (University Medical Center Groningen, 
Groningen, The Netherlands) and GFP-LAMP1 by Jacques Neefjes (The Netherlands Cancer 
Institute, Amsterdam, The Netherlands).

Peptide synthesis. The various fluorescent peptides were synthesized by solid phase strate-
gies using an automated multiple peptide synthesizer (SyroII; MultiSyntech). At the position in the 
peptides where a fluorescent label should be incorporated, a cysteine was first coupled during 
solid phase synthesis. Subsequently, a fluorescein (Fl) or tetramethylrhodamine (TMR) label was 

introduced by covalent coupling of fluorescein-5-iodoacetamide (5-IAF; Fluka) or tetramethylrhodamine-
5-iodoacetamide dihydroiodide (5-TMRIA; Invitrogen) to this cysteine. Alexa Fluor 488 was coupled in 
a similar way using Alexa Fluor 488C5 maleimide (Invitrogen). To prevent degradation by aminopepti-
dases, the N-terminus of peptides was blocked with a 2-naphtylsulfonyl (2-NaphSul) group. The D-amino 
acid fluorescent peptide was synthesized as a peptide amide. Quenching of Alexa488 fluorescence was 
performed by a dabcyl group that had been introduced in the peptides by coupling of Fmoc-L-Lys(Dabcyl)-
OH (NeoMPS). All peptides were purified by size exclusion chromatography and RP-HPLC (>95% pure). All 
peptides showed the expected molecular mass as determined by mass spectrometry (Maldi Tof, Voyager; 
ABI).

List of peptides used: peptidase-resistant 9-mer peptide: [2-NaphSul-TDNKTERY(C-fluorophore)]; 9-mer 
peptide: [TDNKTERY(C-fluorophore)/(C-Fl)/(C-TMR)]; shuffled peptidase-resistant 9-mer peptide: [2-NaphSul-
YTERNDKT(C-fluorophore)]; hydrophilic peptidase-resistant 9-mer peptide: [2-NaphSul-SYNDATKQ(C-fluor-
ophore)]; peptidase-resistant 25-mer peptide: [2-NaphSul-TDNKTERYTDNKTERYTDNKTERY(C-fluorophore)]; 
peptidase-resistant 33-mer peptide: [2-NaphSul-TDNKTERYTDNKTERYTDNKTERYTDNKTERY(C-fluoro-
phore)]; D-amino acid peptide: [TDNKTERY(C-fluorophore)] (all D-amino acids); Quenched peptide-resist-
ant peptide: [2-NaphSul-TDN(K-Dabcyl)TERY(C-Al488)].

Cell culture and transfection. The human melanoma cell line Mel JuSo was cultured in Iscove’s Modified 
Eagle Medium (IMDM; Gibco) supplemented with 10% fetal calf serum (FCS) and 25 mM Hepes, penicillin/
streptomycin/glutamine (Gibco). Wild-type mouse embryonic fibroblasts (MEFs) and Atg5-/- MEFs (Kuma et 
al., 2004) were cultured in Dulbecco’s Modified Eagle Medium (DMEM; Gibco) supplemented with penicil-
lin/streptomycin/glutamine. Both cultures were maintained at 37°C in an atmosphere of 5% CO2. HeLa cells 
were cultured in DMEM supplemented as described. Cultures were maintained at 37°C in an atmosphere 
of 10% CO2.

Cells were dissociated using trypsinization and plated onto glass coverslips (24mm; Fisher Scientif-
ic) in 6-well plates. Cells were transiently transfected at 24 hours after plating and at 48 hours prior to  
micro-injection. All cell types were transfected using a mixture of 1 µg DNA and 3 µL FugeneHD (Roche) in 
OptiMEM (Gibco).

Cells were treated with the following compounds: 10 µg/mL nocodazole (Sigma), 10 mM 3-methylad-
enine (3-MA; Sigma), 100 nM BafilomycinA1 (BafA1; Sigma), 25 µM Digitonin (Sigma), 1 µM LysoSensor 
Green DND-189 (Invitrogen), 100 nM LysoTracker Red DND-99 (Invitrogen), and 1 µg/mL Hoechst 33342 
(Sigma).

Micro-injection and confocal microscopy. For living cell analysis, cells were seeded onto glass 
coverslips at 24 hours before micro-injection to obtain 40-60% confluency at time of injection. Cells were 
injected on a heated xy stage using a semi-automatic micro-injection apparatus (Eppendorf) and a Leica IRB 
inverted fluorescence microscope. Usually, 50-75 cells were injected with 1 mM peptide in a physiological 
micro-injection buffer (120 mM Kglutamate, 40 mM KCl, 1 mM MgCl2, 1 mM EGTA, 200 mM CaCl2, 10 mM 
Hepes, and 40 mM mannitol, pH 7.2), containing 25 μg/mL Texas Red or Fl labeled Dextran-70 (Invitrogen) 
as an injection marker. Confocal analysis of living cells was performed using a Leica TCS SP2 confocal system 
equipped with an Ar/Kr laser with a 63x objective. For FRAP analysis, part of the accumulated peptides was 
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bleached at full laser power and fluorescence recovery was measured and compared with fluorescence in 
the non-bleached part and cytoplasm.

Correlative light- and electron microscopy. For correlative light and electron microscopy (CLEM), HeLa 
cells were seeded onto 35 mm glassbottom dishes with grid (Mattek P35G-2-14-grid) and micro-injected 
with peptidase-resistant peptides. At 4 hours after injection, cells were fixed in 2% paraformaldehyde in 0.1 
M Na-cacodylate buffer (pH 7.4) for 10 minutes. After fixation, cells were washed in 0.1 M Na-cacodylate 
buffer (pH 7.4) and confocal image stacks were made from a number of injected cells at a resolution of 100 
nm in the x- and y-direction and 480 nm in the z-direction. After confocal imaging, cells were fixed again for 
1 hour in 2% glutaraldehyde in 0.1 M Na-cacodylate buffer (pH 7.4), washed in distilled water, osmicated for 
30 minutes in 1% OsO4 in water and washed again in distilled water. For contrast enhancement in the EM, 
cells were blockstained overnight in 1.5% aqueous uranyl acetate. Dehydration was done through a series 
of ethanols and the part of glassbottom dish with the injected cells was embedded in epon LX-112 (Ladd) 
by putting a beem capsule filled with epon on top of the cells. After polymerization, the beem capsule with 
epon, containing the cells and an imprint of the grid, was removed from the glassbottom dish. Ultrathin 
sections of 80 nm of the area with the injected cells were cut on a Reichert EM UC6 with a diamond knife, 
collected on formvar coated grids and stained with uranyl acetate and lead citrate. Sections were examined 
with a Fei Technai-12 EM. In general, 6 EM sections correspond to 1 optical confocal section.

Immunoblotting. Cells were harvested at indicated time points after heat shock and lysed with 
ice-cold 2x Tris-buffer (100 mM Tris-HCl pH 7.5, 300 mM NaCl, 10 mM EDTA; pH 8.0, 1% Triton X-100) 
supplemented with complete mini protease inhibitor cocktail (Roche) and phosphatase inhibitor cocktail 
(Sigma). Cell lysates were incubated for 30 minutes on ice and centrifuged for 15 minutes at 14,000 rpm 
at 4°C. Protein concentrations were determined using the Bradford protein assay (BioRad). Ten µg of 
protein lysate in sample buffer (3 mM Tris-HCl pH 6.8, 5% glycerol, 1% SDS, 2.5% 2-mercaptoethanol, 
0.05% (w/v) bromophenol blue) was boiled for 5 minutes at 98°C and loaded on 15% SDS-PAGE gels. After  
electrophoresis, proteins were transferred onto a 0.2 µm pore size nitrocellulose membrane filter (Sch-
leicher & Schuell) and blocked in 5% dry milk (Protifar Plus; Nutricia) in Tris-buffered saline (TBS) containing 
0.1% Tween-20. Western blots were incubated with primary antibodies against Hsp70/Hsc70 (1:1,000; Cal-
biochem) and β-actin (1:10,000; Sigma) and subsequently with horeseradish peroxidase (HRP)-conjugated 
secondary antibodies, anti-rabbit (1:10,000; Sigma) or anti-mouse (1:10,000; DAKO). Signal was visualized 
using Lumi-lightPLUS westernblotting substrate (Roche) and detected on film.
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Supplemantary Figure 1. HeLa cells 
expressing GFP-WIPI-1 were injected with 
peptidase-resistant peptides at 48 hours 
after transfection. Scale bar: 20 µm.
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