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Introduction and outline

up to the 1940’s, organisms were considered to be in a solid state. Building blocks 

like amino acids in proteins were suggested to remain in the body for life. once fully 

grown, nutrition taken in was considered to be exclusively used for energy consumption. 

However, the body is in a constant flux, as amino acids from nutrition are taken up and 

used as building blocks for new proteins, whereas other proteins are being degraded 

and secreted from the body. This dynamic state of the body was first described by 

Schoenheimer et al. [1], who feeded rats with radioactively labeled amino acids. The 

rats excreted 30% of the radioactivity, indicating that 70% of their daily intake of amino 

acids is incorporated into the body. these experiments indicated that the organism or 

even single cells are in a dynamic state and both synthesis and degradation of proteins 

is precisely balanced and tightly regulated. 

the majority of intracellular proteins are degraded by the proteasome which hydro-

lyzes proteins that are targeted for degradation via the covalent addition of ubiquitins in an 

ATP-dependent manner [2, 3]. Hydrolysis of peptide bonds produces energy, but ATP is neces-

sary to unfold proteins. The requirement of ubiquitins and thus ATP is high in cells, which 

makes the proteasome ubiqituin system complex and extremely energy consuming, but it is 

essential for correctly-regulated protein degradation. 

The proteasome degrades proteins into multiple peptide fragments generally ranging from 3 to 

22 amino acids in length [4]. These proteasomally released peptides are further recycled into 

single amino acids by a large pool of intracellular aminopeptidases with different affinities for 

amino acid sequences. However, not all peptides are degraded into single amino acids. The 

combinational processing of proteins by the proteasome and aminopeptidases allows a small 

fraction of peptides with a length of 9-11 amino acids to be used for MHC class I presenta-

tion. These peptides are transported into the endoplasmatic reticulum (ER) via the “transporter 

associated with antigen processing” protein (TAP) [5]. In the ER, the peptides are loaded on 

MHc class i molecules and transported via the golgi system to the plasma membrane. once at 

the plasma membrane, MHC class I molecules present the peptides to cytotoxic T-cells that can 

recognize alterations in the presented repertoire of peptides. As a result, the immune system 

can eliminate those cells that present novel peptides that are derived from cancer or viral 

proteins. In this process, peptidases play an essential role as they can either degrade peptides 

into amino acids or trim peptides to a correct length for presentation, thereby affecting the 

presented peptide repertoire. 

When peptidases fail to degrade peptides, these peptides accumulate and form hazardous 

aggregates in cells. Various neurodegenerative disorders are caused by accumulating protein 

fragments, including a group of nine neurodegenerative diseases that are caused by an 

expanded polyglutamine (polyQ) repeat within the disease-related protein. the wild-type 

proteins contain polyQ repeats below 40Q, whereas polyQ expansion over the threshold of 

40Qs results in disease. the age of onset and severity is correlated with the length of the 

repeat. Although the expanded polyQ protein itself is as efficiently degraded as the wild-type 

protein by the proteasome [6, 7], the expanded polyQ proteins are not completely degraded as 

the proteasome cannot cleave within the glutamine repeats [8, 9]. As a result, polyQ-containing 

fragments are released by the proteasome and need to be rapidly degraded by downstream 
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in chapter 2, we review the various functions of intracellular cytoplasmic peptidases. 

Most peptidases are known to N-terminally cleave peptides and are therefore affecting 

the MHC class I loading either by degradation of potential epitopes or by generating 

them from expanded precursors. besides peptidase activity, most peptidases have 

additional cellular functions and are involved in various cellular pathways such as the 

cell cycle and apoptosis. in chapter 3, we study the various functions of the peptidase 

TPPII in more detail. TPPII is a peptidase that can form exceptionally large complexes 

up to 6 MDa in size [13]. The complex formation is suggested to regulate the activity of TPPII. 

Moreover, TPPII displays both exopeptidase and endopeptidase activity, and the endopepti-

dase activity may have implications for antigen presentation and the clearance of aggregation-

prone peptides. In chapter 4, we design specific inhibitors and a fluorogenic substrate for TPPII 

in order to enable the study of its activity in vivo and in vitro. in chapter 5, we determine the 

role of the various cytoplasmic endopeptidases, including TPPII, in peptide degradation and 

the effect on presentation by various MHC class I alleles. In chapter 6, we mimick proteasomal 

generation of polyQ peptides in living cells and studied whether these peptides can initiate 

aggregation and toxicity as observed in polyQ disorders. In chapter 7, we explore the potential 

role of TPPII in degrading aggregation-prone, expanded polyQ peptides in relation to polyQ 

diseases. in chapter 8, we study the potential role of another peptidase, puromycin-sensitive 

aminopeptidase, in preventing aggregation of polyQ proteins and peptides in cultured cells, 

Drosophila and mice. Finally in chapter 9, we determine the role of cytoplasmic peptidases in 

the degradation of aggregation-prone Aβ
40 peptides, which are associated with neuronal cell 

death in Alzheimer’s disease. 

peptidases to prevent accumulation and aggregate formation. Identification of peptidases that 

can degrade these polyQ fragments may therefore lead to new therapeutical approaches to 

prevent polyQ aggregation. One of the most fascinating peptidases is tripeptidyl peptidase II 

(TPPII), which can degrade long peptides and may therefore be involved in antigen processing 

as well as degradation of aggregation-prone peptides. It has been suggested that complex 

formation may be a way of upregulating its activity [10]. The endopeptidase activity of TPPII 

is suggested to be complementary to the proteasome in generating new C-termini needed for 

anchoring in the MHc class i molecules [11, 12]. 

In conclusion peptidases, including TPPII, are essential for the generation of antigenic peptides 

and for the clearance of aggregation-prone proteasomally released peptides. In this thesis we 

show the importance of these two aspects.
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Proteasomal degradation is generally considered to be the end-point of a protein life 

cycle. However, downstream of the proteasome many peptidases are needed to assist in 

the complete degradation of a protein. In every cell the proteasomes release millions of 

peptides per minute, which can be hazardous to cells if not further recycled into amino 

acids. Proteasomes are assisted by a large heterogeneous group of peptidases that can 

degrade most peptides within seconds. However, a small pool of peptides are delib-

erately saved from degradation and translocated into the lumen of the endoplasmic 

reticulum. Here, they can bind MHC class I molecules which present these peptides 

extracellularly to the immune system. At the same time, peptides that escape degradation, 

may subsequently accumulate and initiate aggregation and toxicity, as suggested for particular 

neurodegenerative disorders. Therefore, peptidase activity needs to be balanced in order to 

allow some peptides to escape degradation for recognition by the immune system, whereas 

accumulation of aggregation-prone peptides needs to be prevented. Here, we describe the role 

of various intracellular peptidases in both the processing and degradation of peptides derived 

from proteins after hydrolysis by the proteasome.
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intracellular proteins are degraded by two pathways, the lysosomal autophagy pathway and the 

ubiquitin-proteasome system (UPS) [1]. Organelles and protein complexes are mainly engulfed 

by membranes into autophagosomes and degraded en masse after fusion with lysosomes [2], 

whereas most nuclear and cytosolic proteins are selectively targeted by the proteasome [3]. 

Selectivity is ensured by using ubiquitin moieties that label proteins, and the ubiquitinated 

proteins are subsequently recognized by the proteasome and degraded into peptides [4]. Most 

peptides are rapidly degraded into single amino acids by a large pool of peptidases [5], but 

some peptides escape complete degradation by peptidases in order to allow presentation by 

MHC class I molecules at the cell surface [6]. This epitope presentation allows the immune 

system to examine a sample of the intracellular protein content, and check whether peptides 

of viral origin are present. if that is the case, the cell will be destroyed to prevent further 

virus production and spreading. Peptidases play a crucial role in trimming the proteasomal 

peptides to a suitable length for MHC class I binding. However, the peptidases recognize many 

different amino acid sequences for cleavage. As a consequence, peptides are rapidly degraded 

and thas potential epitopes are often degraded, as well. This complex proteolytic intracellular 

machinery is described here, starting with the ingenious process of ubiquitination and protea-

somal degradation of proteins, followed by epitope generation or peptide degradation by 

peptidases. Finally, we describe how the UPS and peptidases are involved in the generation and 

degradation of aggregation prone peptides that are involved in neurodegenerative diseases. 

THE ORIGIN OF PEPTIDES: TARGETING PROTEINS FOR DEGRADATION by THE 
PRoteAsoMe 
Proteins of the cytoplasm and the nucleus, both long- and short-lived (including defective 

ribosomal products), are degraded by the UPS [7, 8]. The proteins are targeted for degradation 

by covalent binding of an ubiquitin moiety at lysine residues or at their free N-terminus [9]. 

The activation and subsequent binding of ubiquitin moieties to a protein is a tightly regulated 

process to prevent random degradation, and involves three sequential steps. First, the ubiq-

uitin moiety is attached to a cysteine group of a ligase, the ubiquitin-activating enzyme 1 (E1), 

in an ATP-dependent manner (figure 1). The covalenty bound ubiquitin is subsequently trans-

ferred to another ligase, the ubiquitin-activating enzyme 2 (E2). The E2 transfers the ubiquitin 

moiety to a specific protein substrate that is recognized by a third type of ligases, the ubiquitin-

activating enzyme 3 (E3). The resulting mono-ubiquitination of the protein can subsequently 

lead to multiple ubiquitins in a row, attached to a single protein, as the ubiquitin itself can 

become ubiquitinated at various internal lysine residues [10]. The sequential ubiquitination 

leads to poly-ubiquitination, either linear or branched [11]. The linear poly-ubiquitination at 

lysine 48 results in degradation of the protein by the 26S proteasome, whereas other types of 

ubiquitin chains may lead to other fates of the protein such as singal transduction, DNA repair, 

receptor endocytosis regulation or autophagic degradation [12-16]. In mammalian cells, only 

a dozen E1 ligases and approximately one hundred E2 ligases exist, whereas more than five 

hundred E3 ligases are required to allow specificity when targeting proteins for degradation 

[17] (figure 1A). 

The poly-ubiquitinated protein does not require transport to the proteasomal machinery, as the 
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proteasomes rapidly diffuse through the cytoplasm and nucleus [18]. Simple collision with the 

proteasome is therefore sufficient to allow interaction, unfolding and degradation [18]. Since 

the proteasomal active sites are deeply hidden inside a barrel-like structure, a proteasome-

activating (PA) complex is often required to allow entry of proteins into the proteasome. The 

PA700 or 19S (~900 kDa) cap is the best-studied regulatory complex, which can dock to each 

side of the proteasomal 20S (~700 kDa) barrel-like structure [19]. The 19S regulatory complex 

contains multiple subunits specialized in recognition and unfolding of the poly-ubiquitinated 

protein and is assembled by two sub-complexes [20]. The first complex is the lid that composes 

multiple Rpn (yeast nomenclature) proteins including Rpn11 which functions as a de-ubiqui-

tinating enzyme and is therefore essential for the degradation of poly-ubiquitinated proteins 

[21]. the second sub-complex of the 19s complex is the base that directly interacts with the 

20s proteasome and is connected to the lid via Rpn10 subunit. the base contains six AAA-type 

ATPases (Rpt 1-6) and four non-ATPases (Rpn 1/2/10/13). These proteins have distinct func-

tions despite high sequence similarities. Together, these proteins are involved in recognition 

of the ubiquitins, unfolding of the proteins and gate opening of the 20S proteasome [22, 23]. 

Recognition and unfolding of proteins by the 19S part of the proteasome requires ATP hydrol-

ysis, but subsequent proteolysis by the 20S proteasome is ATP independent. The eukaryotic 

20S proteasome is a cylindrical structure composed of four rings each consisting of seven 

subunits. the two outer rings are composed of alpha-subunits, and the two inner rings of 

beta-subunits. the alpha-subunits interact with the six base-subunits of the 19s cap [24]. three 

of the beta-subunits display different catalytic activities, namely chemotryptic (preference for 

hydrophobic residues), tryptic (preference for basic residues) and caspase-like (preference for 

acidic residues)[25]. The beta-subunits have an N-terminal threonine that is essential for cata-

lytic activity [26, 27] (figure 1b). 

The proteasome is in fact a large endopeptidase that can degrade large polypeptides that are 

delivered as unfolded proteins via the 19S cap. This compact catalytic cavity is similar to that 

of downstream peptidases with an active site deeply hidden inside the protein that is acces-

sible only for unfolded peptides. For example, bleomycin hydrolase is a ring-like hexamer, in 

which the catalytic site is oriented towards the inside of the ring. The inside cavity has an 

opening of only 22Å, preventing the entrance of folded proteins [28]. In contrast, proteases 

such as calpains and caspases can cleave folded proteins and their activity is tightly regulated, 

for example by maturation from the pro-enzymatic form into the active enzyme [29, 30].

THE PRIMARy ROLE OF PEPTIDASES: RAPID RECyCLING OF PROTEASOMAL 
PePtides    

Since the proteasome is present in both the nucleus and cytoplasm, peptides are released in 

both compartments as well. the nuclear pores form no barrier because of the small size of 

these peptides, allowing peptide diffusion between the nucleus and cytoplasm [31]. Diffusion 

of peptides from the nucleus to the cytoplasm is needed for their degradation. As the various 

peptidases are present in the cytoplasm only, encountering the diffusing peptides by collision. 

Depending on their catalytic mechanisms, peptidases are divided into six families: serine-, 

threonine-, cysteine-, aspartic-, glutamic-acid and metallo-peptidases, each again subdivided 
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into subgroups depending on their mechanisms of cleavage [32]. The peptidases of these fami-

lies use different amino acids or metal ions for cleavage of the peptide bonds, and have their 

own specificity for sequence and often peptide length. Altogether, the peptidase heterogeneity 

ensures rapid recycling of most peptides, which was demonstrated in living cells using micro-

injected quenched peptide substrates that became fluorescent upon degradation. The average 

half-life of most peptides is only a few seconds, indicating that the cell is well-equipped to deal 

with proteasomal protein degradation products [33]. 

Figure 1: The origin of peptides. a) The UPS. Ubiquitin is activated by an E1 ligase in an ATP-dependent 
manner, transferred to an E2 ligase and subsequently transferred to a protein substrate that is interacting 
with a specific E3 ligase. Mono-ubiquitinated protein substrates can be poly-ubiquitinated by repeating this 
pathway, leading to poly-ubiquitination. A minimum of four ubiquitins makes the protein a substrate for 
proteasomal degradation. B) The proteasome. Poly-ubiquitinated proteins are recognized and degraded by 
the 26s proteasome, which is composed of one or two 19s caps and the 20s proteasome core. the 19s cap 
consists of a lid and a base, with the lid containing various Rpn subunits that are involved in de-ubiquitination 
of protein substrates. the base is composed of six Rpt subunits which connect the 19s cap to the 20s barrel 
and facilitates translocation of the unfolded proteins to the 20S barrel. The 20S proteasome core contains 
28 subunits. The inner two rings are each composed of seven beta-subunits of which three have distinct 
catalytic activities. The active sites are located in the interior of the barrel-like 20S proteasome. Only unfolded 
proteins entering the 20S core are degraded. The cytokine IFNγ alters the composition of the proteasome. 
The catalytic subunits are replaced by immuno-subunits iβ1, iβ2 and iβ5, and as a consequence the cleavage 
specificity is altered. The 19S cap can be replaced by other proteasome activators such as the PA28 complex. 
The PA28 complex facilitates degradation in an ATP-independent manner and together with the 20S immuno-
subunits alter the peptide and epitope repertoire. 

A

B
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PEPTIDASES AND MHC CLASS I ANTIGEN PRESENTATION: A TWO-EDGED 
SWORD

Peptides released by the proteasome range in size from three to twenty-four amino acids [34] 

with an optimum of approximately ten amino acids. Since peptides presented by MHC class I 

molecules range in size from nine to eleven amino acids [35], the proteasomal products often 

require little trimming only by peptidases to fit MHC class I molecules. These peptidases are 

almost exclusively aminopeptidases that nibble off individual amino acids from the N-terminus. 

The C-terminus of these peptides is generally generated by proteasomes, whereas the correct 

N-terminus from extended peptides are subsequently generated by the heterogenous pool 

of aminopeptidases [36]. While most peptides are degraded into single amino acids, few 

trimmed peptides can escape degradation and are transported via the “transporter associ-

ated with antigen processing” protein (TAP) into the lumen of the ER [37-39]. TAP transports 

in an ATP-dependent manner peptides with a minimal length of nine amino acids into the ER 

lumen, and can be associated with a large ER-localized peptide loading complex which includes 

tapasin, ERp57, calreticulin and a newly-synthesized unloaded MHC class I protein [38-40]. 

Once in the ER, peptides are not protected from peptidases, as the ER-associated peptidases 

ERAP-1 (also called ERAAP) [41], and ERAP-2 can trim and degrade peptides in order to fit 

the peptide-binding groove of MHC class I [42, 43]. Here, N-terminal extensions containing 

a hydrophobic residue are preferred by eRAP-1, whereas eRAP-2 prefers basic residues in 

the N-terminal region [44]. Once trimmed correctly, the peptides are loaded into the groove 

of MHC class I molecules that are highly polymorphic in order to fit a diversity of peptides. 

especially the second n-terminal residue and to a lesser extent the c-terminal residue, which 

are the so-called anchor residues of the peptide, are important for binding to the MHC class I 

molecule [35]. Moreover, polymorphisms of the MHC class I molecule also affect the recogni-

tion and interaction of the loaded MHC class I molecules and cytotoxic T-cells.

Although all peptidases that are involved in the degradation of proteasomal products 

can contribute to epitope generation and degradation, some peptidases including thimet 

oligopeptidase (TOP), tripeptidyl peptidase II (TPPII), puromycin-sensitive aminopeptidase 

(PSA), bleomycin hydrolase (bH) and the IFNγ inducible leucyl aminopeptidase (LAP) have 

been studied in greater detail [6]. Some of these peptidases have even been suggested to be 

involved in the generation of alternative C-termini by endopeptidase activity, and may have 

increased specificity for peptides of a certain specific length [33, 45, 46] (figure 2, table 1). 

As far as we know the most important peptidase involved in the degradation of antigenic MHC 

class I epitopes is TOP (EC 3.4.24.15), which is a zinc-dependent endopeptidase that cleaves 

peptides in the range of six to seventeen amino acids [45, 47]. TOP preferably cleaves behind a 

hydrophobic residue [47] and can be specifically inhibited by Cpp-AAF-pAb and the more stable 

analogue JA-2 [48]. Since TOP degrades specifically peptides in the range of antigenic peptide 

lengths, it is mainly a destroyer of antigenic peptides. In agreement with this, degradation 

of several antigenic peptides, including the well-characterized SIINFEKL, was reduced by the 

TOP inhibitor Cpp-AAF-pAb in cell lysates [49]. In addition, presentation of epitopes generated 

from several minigenes and full-length proteins was reduced by overexpression of TOP [50]. 

Moreover, MHC class I levels at the cellmembrane were reduced after overexpression of TOP, 
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and was increased upon inhibition of TOP with siRNA [51]. 

LAP is involved in N-terminal trimming of antigenic peptides [52] as it removes single amino 

acids from the N-terminus of larger peptides and can generate the model epitope SIINFEKL 

[52]. Although LAP can generate specific epitopes, LAP-deficient mice showed no differences 

in MHC class I levels when compared to wild-type mice [53], suggesting that LAP activity is not 

essential for antigen processing. Alternatively, other peptidases may be able to compensate for 

loss of LAP activity, or other non-MHC class I pathways may be regulated in a LAP-dependent 

manner [53]. 

bH is a cysteine peptidase that forms a homohexameric complex of approximately 300 kDa 

[28]. bH was originally discovered as an enzyme responsible for the deactivation of the chemo-

therapeutic drug bleomycin (glycopeptide) in mouse livers [54]. bH is indeed often upregulated 

in many types of cancers. BH is normally involved in processing of proteasomally generated 

peptides like the N-terminally extended viral RGyVyQGL epitope [55]. Similar to LAP, bH is not 

essential since bH-deficient mouse embryonic fibroblasts (MEFs) present MHC class I epitopes 

as efficiently as wild-type MEF cells. Even a double knock-out of bH and LAP did not affect 

MHC class I peptide generation, suggesting that these peptidases are redundant in MHC class I 

presentation and are only essential for a few specific epitopes [56]. 

In contrast to LAP and bH, PSA was found to be mainly a destroyer of antigens, as PSA knock-out 

mice show increased levels of MHC class I in dendritic cells [57]. PSA is efficient in the degra-

dation of the Sendai virus nucleoprotein epitope FAPGNyPAL [49] and various N-terminally 

extended viral epitopes [55]. 

One of the most intriguing peptidases is TPPII, which displays both exopeptidase activity as 

it can cleave tripeptides from a free N-terminus (hence its name) and endopeptidase activity 

[58]. It has been suggested that TPPII is essential for the processing of all peptides above the 

length of fifteen amino acids [33, 59], and compensates for the maximum peptide size that can 

be degraded by most other exopeptidases. Since the proteasome generates fragments ranging 

from three to twenty-four amino acids [34], TPPII may even generate alternative C-termini 

of epitopes by its endopeptidase activity to generate specific subsets of antigenic peptides 

[60]. TPPII may act in concert with other aminopeptidases to generate particular epitopes, 

as was observed for TPPII in combination with PSA which were both required for trimming 

the n-extended Rui
34-42 epitope to its correct size [61]. Indeed, specific epitopes for HLA-A3, 

A11 and b35 were shown to be generated independently of the proteasome, and it has been 

suggested that the C-terminal ends of these epitopes are generated by TPPII [60, 62]. A specific 

example is the Hiv-nef
73-82 HLA-A3/A11-restricted epitope which is generated by tPPii but 

destroyed by the proteasome [63]. However, knock-down of TPPII did not result in a reduction 

but even an upregulation of MHC class I presentation in human cultured cells and in TPPII-/- 

mice [64-66], again indicating that the peptide degrading capacity of TPPII is much larger than 

its contribution to epitope generation.

Most cytoplasmic peptidases seem to be redundant in antigen processing and are mostly 

degraders of epitopes, indicating that the proteasome and downstream peptidases are prima-

rily focused on protein recycling. As a result, the MHc class i pathway has to compete with the 

recycling pathway to create a representative pool of peptides for presentation. Fortunately, 
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infection and inflammation improve antigen presentation by changes in proteasome and pepti-

dase activities, mediated by the cytokine IFNγ. IFNγ induces replacement of the 19S regulatory 

complex by the proteasome activator PA28 complex (also known as 11S regulatory complex). 

In addition, the catalytic active subunits β1, β2 and β5 of the 20S proteasome are replaced 

by the inducible immuno-subunits iβ1, iβ2 and iβ5 (LMP2, MECl1 and LMP7, respectively) 

which display different catalytic activities. The change of the 26S proteasome to the immuno-

proteasome has been suggested to improve generation of antigenic peptides for MHC class I 

presentation, for example by increasing the overall length of the generated peptides to suit 

MHC class I loading [67, 68]. So far, the only cytoplasmic peptidase that has been shown to be 

upregulated upon treatment with IFNγ is LAP, although elevated LAP activity does not lead to 

increased antigen presentation. However, since IFNγ induces TAP and MHC class I expression 

as well, more peptides can be rescued from degradation and translocated into the ER lumen 

for MHC class I binding. Once in the ER, antigen processing is also facilitated by IFNγ as the 

activity of ERAP-1 is upregulated, leading to trimming of substrates to a final length of nine 

amino acids [69].

OTHER FUNCTIONS OF PEPTIDASES     

Most cytoplasmic peptidases are being studied for their role in antigen processing, but some 

peptidases seem to have additional functions besides recycling or antigen processing. TOP [70, 71] 

and TPPII [72] were originally identified as neuropeptide-degrading enzymes, as these peptidases 

are not only cytoplasmic but also localized at the plasma membrane where they are involved 

in the degradation of neuropeptides. Previously-used names for PSA are enkephalin-degrading 

Figure 2: The fate of intracellular peptides: degradation or antigen presentation. Peptides generated by 
the 26s proteasome are almost exclusively degraded into single amino acids by a large pool of cytoplasmic 
aminopeptidases. Only a small fraction of these peptides escape complete degradation and are mainly N-
terminally processed to peptides of eight to eleven amino acids long, suitable for MHC class I loading in the 
ER. For these epitopes, the C-terminus is generally generated by the proteasome but alternatively other en-
dopeptidases, including TPPII, may generate the proper C-terminus of epitopes. The few peptides that have 
the correct length of eight to eleven amino acids can be transported to the eR by tAP and loaded on MHc 
class I molecules. These peptide loaded MHC class I molecules are subsequently transported via de Golgi 
apparatus to the membrane for presentation to cytotoxic T-cells. 
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enzyme [73] and neuropeptide-degrading enzyme [74], indicating the function in neuropep-

tide processing. PSA knock-out mice have less than 70% of mass compared to control mice, 

and show increased anxiety and reduced pain responses [75], indicating that PSA is involved 

in neuronal processes. A membrane-bound isoform of tPPii appears to be involved in 

degrading hormones involved in food saturation [76]. Fat storage was reduced in C.elegans 

upon RnAi interference of tPPii expression. the food intake was normal in these worms, 

thereby suggesting that adipogenesis (fat metabolism) was affected [77]. Heterozygous 

tPPii+/- mice were skinny as well and reduced fat storage was independent of peptidase 

activity as an inactive mutant of TPPII showed the same effect [77]. This suggests that TPPII 

has a second peptidase-independent activity, as has been suggested for many cytoplasmic 

peptidases [78]. For example, TPPII activity is required to induce cell-cycle arrest upon irra-

diation of cultured cells, which is due to an interaction between TPPII and p53 [79]. The 

absence of TPPII altered the function of p53 and NF-κb, but the mechanisms involved have 

yet to be revealed. A regulatory role for tPPii during mitosis has been suggested, as tPPiiKo 

thymocytes were less often in the g2/M cell-cycle phase, probably as a result of increased 

apoptosis [80]. 

A second example of a protein with additional functions besides peptidase activity is toP, 

which is involved in g-protein-coupled receptor signal transduction [81]. Peptides isolated 

from cells that express a catalytically-inactive toP often contain a putative protein kinase 

phosphorylation site. Phosphorylation of these peptides significantly altered degradation 

by catalytically-active toP [82]. Moreover, active toP degraded the unphosphorylated 

peptides, thereby increasing the g-protein coupled receptor signal transduction [81]. these 

data suggest a role for peptides in signal transduction and peptidases as possible regulators 

of these transduction pathways.

THE ROLE OF PEPTIDASES AND PROTEASES IN NEURODEGENERATIVE AG-
gRegAtion diseAses

Proteolysis is not only essential for degradation and subsequent recycling of amino acids, 

but the rapid degradation also prevents accumulation of potential aggregation prone proteo-

lytic fragments. Whenever protein degradation is compromised or when proteins become 

degradation resistant, proteins or fragments of proteins accumulate and form aggregates, 

which is a hallmark for many neurodegenerative diseases, including amyloid-β peptides in 

Alzheimer’s disease, α-synuclein in Parkinson’s disease, superoxide dismutase in amyotrophic 

lateral sclerosis and prion proteins in transmissible spongiform encephalopathies [83]. 

Polyglutamine (polyQ) disorders such as Huntinton’s disease (Hd), Kennedy’s disease and 

various spinocerebellar ataxia’s (scA’s) are characterized as well by aggregates composed 

of fragments of the disease-related proteins. Healthy individuals express these proteins 

with a glutamine repeat length below ~40 glutamines, an expansion of this repeat above 40 

glutamines initiates disease. the length of the polyQ repeat is inversely related to the age of 

onset of the disease [84]. in polyQ diseases, proteolysis plays an essential role in the aggre-

gation process, as in both patient material and in mouse Hd models, the inclusions contained 

mainly truncated huntingtin fragments [85, 86]. The N-terminal huntingtin fragments were 
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more toxic as compared to the full length protein [87-89], and nuclear localization of these frag-

ments resulted in increased toxicity [90, 91]. The proteolytic fragments of androgen receptor and 

ataxin-3 [92-94] are thought to initiate aggregation and toxicity as well. 

Proteases such as aspartyl proteases, calpains and caspases have been described to be essential 

for the generation of N-terminal huntingtin fragments and their toxicity. This phenomenon has 

caused much interest in inhibition of these proteases. 

Calpains are a family of intracellular cysteine proteases. The activity of calpains is regulated 

by calcium ions and calpains cleave preferably after hydrophobic residues (e.g. Tyr, Met, Val, 

Leu) [95-97]. These calpains generate N-terminal huntingtin fragments by cleavage at residues 

437, 469 and 536. The sizes of the fragments are 47 kDa, 50 kDa and 55 kDa, respectively [98]. 

Interestingly, Gafni and Ellerby [98] reported that the expanded form of huntingtin was more 

readily cleaved by calpains than the wild-type huntingtin. Moreover, HD patients had increased 

expression levels of calpains and the level of calpain expression correlated with the age of onset 

of the disease. 

Caspases are also cysteine proteases that are involved in N-terminal huntingtin fragment genera-

tion. Caspases 2, 3, 6, 7 and 8 all have specific cleavage sites within the N-terminus of huntingtin. 

The cleavage sites are found between residues 513 and 586 and cleavage results in fragments 

larger than those generated by calpains or the yet unidentified aspartic proteases [99, 100]. 

involvement of caspases in Hd was originally discovered by goldberg et al., [101]. Apopain, a 

synonym for caspase-3 was identified as a protease that specifically cleaves huntingtin, as the 

specific inhibitor of caspase-3, Ac-DEVD-CHO prevented the generation of huntingtin N-terminal 

fragments [101]. 

Two N-terminal huntingtin fragments cpA and cpb were found to be generated by a yet uniden-

tified aspartatic endopeptidase. These fragments were smaller than fragments produced by 

calpains and caspases. cpA resulted in nuclear inclusions whereas the slightly larger cpB frag-

ments resulted in cytoplasmic inclusions. After the generation of these cpA and cpb fragments, 

the proteasome is essential for the further clearance of these N-terminal fragments [89]. 

N-terminal fragments have been identified to be involved in several polyQ disorders, but the 

polyQ stretch itself is already sufficient to initiate aggregation. Synthetic peptides with 44 Q’s 

rapidly aggregate in vitro [102]. Interestingly, peptides below the disease-related threshold 

aggregate as well, although extremely slowly [102]. The application of synthetic peptides and 

computational simulations have shown that polyQ peptides need a nucleation center to initiate 

the actual aggregation process [102, 103]. Moreover, not only in vitro but also in vivo polyQ 

peptides alone, without flanking residues, are sufficient to initiate aggregation and toxicity [104]. 

The proteolytic polyQ fragments generated by calpains, caspases and the aspartatic endopepti-

dase are degraded futher by the proteasome [89]. However, degradation of expanded polyQ-

containing fragments is inefficient [105] which may be due to the degradation-resistant polyQ 

stretch. indeed, in vitro data of venkatraman and colleagues [106] showed that the proteasome 

can degrade the flanking sequences of a synthetic polyQ-containing peptide, but not the actual 

polyQ stretch. As a result, the proteasome releases (almost) pure polyQ peptides with few 

flanking residues into the cells upon degradation. this is the case for both wild-type and 

expanded polyQ-containing proteins. 



PEPTIDASES, SOME FINAL REMARKS

Peptidases are primarily involved in the degradation of peptides into single amino acids. 

However, they are also essential for many other cellular processes. These processes range from 

the generation of antigenic peptides to the regulation of the cell cycle and apoptosis. Most 

peptidases are redundant and mainly degraders of peptides and potential epitopes. However, 

some peptidases appear to have evolved a molecular ruler to generate peptides of optimal 

length for MHC class I loading, such as ERAP1. MHC class I loading is also stimulated by IFNγ 

which alters proteasome composition, TAP abundancy and the expression of several peptidases. 

To what extend the peptide repertoire is changed and how this affects the epitope presentation 

at the membrane is not yet well understood. Peptidases also draw increased interest in relation 

to aggregation diseases, which are often caused by proteolytic fragments that initiate aggrega-

tion and toxicity. For Alzheimer’s disease several peptidases have been identified to affect the 

Aβ-content [107, 108]. Peptidases in relation to polyQ diseases are having more attention as 

well. Understanding the regulatory mechanisms and what the substrates of peptidases and 

proteases are, is not only important for vaccinations against viruses and cancer but gives more 

information on how these peptidases can regulate the cell cycle, intracellular and extracellular 

signaling and clearance of aggregation-prone peptides or protein fragments as well.

The released polyQ peptides require further processing by downstream peptidases in order to 

prevent accumulation or aggregation. The peptidase PSA has been shown to efficiently degrade 

the non-expanded polyQ peptides, as was revealed by in vitro degradation of a synthetic peptide 

[46]. For therapeutic purposes, it is important to know whether PSA can also cleave expanded 

polyQ peptides, or whether other peptidases are able to target these polyQ peptides. If so, 

activation of these peptidases downstream of the proteasome may prevent aggregation and 

related toxicity (figure 3).

Figure 3: the toxic fragments hypoth-
esis: huntingtin but also other polyQ-
containing proteins are cleaved by 
many proteases, including calpains and 
caspases, at the c-terminal end from 
the polyQ stretch. the proteasome is 
not efficient in degrading the actual 
polyQ stretches of these fragments and 
releases almost pure polyQ stretches 
[106]. Downstream peptidases need to 
degrade the polyQ stretches, otherwise 
these aggregation-prone polyQ peptides 
initiate the formation of aggregates which 
in turn sequester longer polyQ-containing 
fragments.
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chapter 3

Protein degradation is as important for the viability of an organism as protein synthesis. 

The major pathway to degrade intracellular proteins is the ubiquitin-proteasome system. 

After cleavage of ubiquitinated proteins by the proteasome into multiple peptide frag-

ments, a large variety of aminopeptidases degrade these peptides into single amino 

acids. During evolution, this pathway became involved as well in the defense against viral 

infections, as a small fraction of peptides escape from degradation and are presented to 

the immune system as epitopes by MHc class i molecules at the cell surface, allowing 

recognition of infected cells. Here, the role of peptidases is a double-edged sword, as 

they can both degrade peptides but also trim peptides to a suitable length for presentation. 

Tripeptidyl peptidase II (TPPII) plays an important role in this process. It is one of the few 

peptidases that can degrade large peptide fragments, thereby both destroying epitopes but 

also generating specific epitopes. TPPII is an exceptionally large homomeric protein complex 

which also plays an essential role in various other cellular processes including apoptosis, fat 

storage, muscle wasting, and clearance of neurotransmitters. Manipulation of TPPII complex 

formation and TPPII activity may be a potential therapeutic tool to counter various diseases 

such as obesity, viral infections, cancers and several neurodegenerative diseases.
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TPPII SUbSTRATE SPECIFICITy AND COMPLEX FORMATION

Tripeptyl peptidase II is a 138 kDa aminopeptidase that can form exceptionally large homomeric 

complexes up to 6 Mda in size [1-4]. these complexes are even larger than the 26s protea-

some. The functions of TPPII in various intracellular processes as well as the effect of complex 

formation on TPPII activity remain disputed. TPPII is present in the cytoplasm and abundantly 

expressed in many tissues and has highest expression in the liver [5]. The molecule is highly 

conserved between species including mammalians, Drosophila [3] and Arabidopsis [6]. in addi-

tion to the cytoplasmic protein, a membrane-bound isoform of TPPII exists in neuronal cells [7]. 

TPPII was originally isolated as an extralysosomal aminopeptidase in the search for peptidases 

capable of degrading phosphorylated peptides [8]. TPPII appeared to cleave a peptide derived 

from hemoglobin into several tripeptides. The cleavage efficiency of a series of chromogenic 

tripeptides revealed that the peptidase has a broad substrate specificity [5]. Since a lysosomal 

tripeptidyl peptidase was already named tripeptidyl peptidase I [9], the newly discovered 

enzyme was named tripeptidyl peptidase II (TPPII). TPPII has exopeptidase and endopeptidase 

activity. TPPII cleaves off tripeptides as an exopeptidase and has a preference for cleavage after 

hydrophobic residues and cannot cleave after proline residues [5, 8]. This may be explained 

by the angle in the peptide backbone generated by the proline residue, limiting the accessi-

bility for TPPII. The fluorescent probe Ala-Ala-Phe-7-amido-4-methylcoumarin (AAF-AMC) was 

reported to be a selective fluorogenic substrate for TPPII, and is now widely used to determine 

TPPII activity [5]. 

besides removal of tripeptides from a free N-terminus, TPPII also has endopeptidase activity. 

Purified TPPII degraded an ovalbumin fragment mainly into tripeptides but larger peptides were 

also generated, apparently by endopeptidase activity [10]. The endopeptidase cleavage sites 

are mainly but not exclusively found after basic lysine and argenine residues [10]. Interestingly, 

TPPII as an endopeptidase can cleave after proline residues [11], whereas it cannot do that as 

an exopeptidase. Whereas the exopeptidase activity of TPPII against smaller peptides may be 

redundant as there are many other exopeptidases capable of hydrolyzing these small peptides, 

TPPII is essential for the degradation of larger peptides. Peptides exceeding 15 amino acids 

are mainly processed by TPPII [12, 13], suggesting that TPPII can cleave the larger peptides by 

endopeptidase activity after which exopeptidases can further process these smaller peptides 

[12]. 

Human TPPII is a 138 kDa protein consisting of 1249 amino-acids, but TPPII found in Drosophila 

[14] and Arabidopsis [6] has an additional C-terminal insert which increases the mass of the 

TPPII protein to 150 kDa. The different activities of TPPII may be regulated by the ability of 

tPPii to form large homomeric complexes up to 6 Mda in size. these complexes are composed 

of two stacks of assembled TPPII dimers, each consisting of ten dimers that are subsequently 

interacting with a second stack, thereby forming a twisted spindle-shaped structure as was 

shown by electron microscopy using purified TPPII from human erythrocytes or Drosophila 

[1-4]. Complex formation promotes exopeptidase activity of TPPII. The activity of the dimer is 

only 10% and that of the tetramer is already 54% of the activity of the single spindle-shaped 

complex, as determined by AAF-AMC hydrolysis [4]. The effect of TPPII complex formation on 

endopeptidase activity has not yet been determined. 
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It is unknown how complex formation does affect activity, but it may improve accessibility 

of the active site. The catalytic site is positioned at the N-terminus and is composed of the 

residues Asp44, His264, Asn362 and Ser449 [15, 16]. TPPII belongs to the subtilisin family of 

serine peptidases, but TPPII contains a 200 amino acids insert between Asp44 and His264 that 

is unrelated to other eukaryotic substilisin peptidases [17]. Intriguingly, a mutation at position 

252 (G252R) within this insert prevents spindle formation of TPPII, indicating that this addi-

tional domain is required for complex formation [17, 18]. The Glu331 C-terminal of the His264 

is important for substrate binding [19] as mutations of this residue reduce substrate affinity. 

Another glutamine at position 305 is also important for TPPII activity. Its mechanism is not 

understood, but it may affects substrate interaction or complex formation [19].

the c-terminal region does not align with any other known protein domain. A splice variant of 

mouse TPPII, that results in 13 additional amino acids in the C-terminal region, can even form 

complexes up to 10 MDa, suggesting involvement of the C-terminal region in complex forma-

tion as well [20, 21]. In addition, the C-terminus may have a peptidase-independent function 

as a catalytically-inactive TPPII resulted in phenotypical differences in mice, such as reduced fat 

storage [22]. Altogether, these findings indicate that TPPII complex formation can be affected 

in various ways and that this complex formation affects TPPII activity and substrate specificity.

THE ROLE OF TPPII IN MHC CLASS I PRESENTATION

Like many peptidases, the activity of TPPII has generally been studied in the context of antigen 

presentation. Most peptides generated by the proteasome are rapidly degraded into single 

amino acids, but some peptides can escape degradation and are translocated from the cyto-

plasm into the endoplasmatic reticulum (ER) and loaded onto MHC class I molecules. These 

MHC class I molecules are subsequently presented at the cell membrane for recognition by 

cytotoxic t-lymphocytes [23, 24]. 

MHC class I molecules are subdivided into multiple HLA classes depending on their prefer-

ence for so-called anchor residues. These are often the second and ninth residue of epitopes, 

consisting of nine amino acids, and are important for the specificity towards the binding groove 

of the various MHc class i molecules. the general view is that the proteasome generates 

C-termini of presented epitopes when degrading proteins, whereas aminopeptidases generate 

the n-terminus by trimming these proteasomal products to a suitable length for presenta-

tion [25]. For example, Levy et al. [26] showed that a combination of TPPII and puromycin-

sensitive aminopeptidase generated the correct N-terminus of a HLA-b51-specific epitope. 

Since TPPII can process large peptides and also displays endopeptidase activity, TPPII may also 

target large proteasomal products and generate alternative C-termini by its endopeptidase 

activity. Indeed TPPII can generate both the N- and C-terminus of the HLA-A11/A3 restricted 

Hiv-nef
73-82 epitope [11], which has a basic lysine residue at its c-terminus that is favoured by 

TPPII endopeptidase activity. As the N-terminal cleavage is behind a proline residue which is 

not favoured by TPPII exopeptidase activity, it should be generated by endopeptidase activity 

of TPPII as well. The generation of this epitope by TPPII would also explain how the protea-

some independent epitopes HLA-A3 and HLA-A11 may be generated, as HLA-A3/A11 favors 

basic anchor residues at the c-terminus of presented epitopes that may be generated via tPPii 
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endopeptidase activity [27] (SyFPEITHI database). 

An essential role of TPPII in antigen presentation was also demonstrated by the decreased 

levels of MHC class I molecules at the cell surface after inhibition of TPPII in Mel JuSo cells [12]. 

This does not necessarily indicate that all epitopes require processing by TPPII. Indeed, york 

et al., [13] showed that the widely used SIINFEKL epitope can be generated independently of 

TPPII as well. The flanking residues around the SINFEKL epitope may not be favored by TPPII. 

The presentation of several Choriomeningitis viral (LCMV) epitopes was not affected by inhibi-

tion or overexpression of TPPII either [28]. Moreover, HLA-b27 epitopes that are associated 

with autoimmune diseases including rheumatoid arthritis, were even increased upon TPPII 

inhibition [29]. HLA-b27 epitopes often contain an internal lysine residue that is favored by 

TPPII, and thus may lead to the degradation of the epitope. In contrast, Grauling-Halama et 

al. [30] showed that the generation of several Listeria monocytogenes epitopes required both 

proteasome and TPPII activity, indicating again an essential role for TPPII for particular anti-

gens. This role is supported by the finding of two EbV related epitopes that are proteasome-

independently but tPPii-dependently processed [31]. 

Conditional TPPII knock-out mice showed increased MHC class I presentation on most cell 

types [32]. This indicates a predominantly degradative function of TPPII in relation to MHC class 

i epitopes. However, it cannot be ruled out that the loss of tPPii is compensated by increased 

activity of other peptidases, as we have found increased degradation of various peptides in 

tPPii-/- MEFs (Raspe, unpublished observation). Similarly, TPPII knock-out increased H-2Kb and 

H-2db MHc class i cell surface expression in various cell types. in early stages, tPPii knock-out 

also caused higher MHC class II levels [32], which may be due to increased cross-presentation 

which has also been observed for the OVA epitope SIINFEKL in TPPII-/- cells [32]. However, 

cross-presentation of peptides derived from the cancer related Ny-ESO-1 protein needed func-

tional TPPII [33]. 

It can be concluded that the endopeptidase activity of TPPII is essential for the generation 

of particular epitopes, whereas TPPII mainly degrades epitopes with its high exopeptidase 

activity. Intriguingly, HLA-A11 and HLA-A3 are alleles that present epitopes that contain basic 

C-termini favored by TPPII, and presentation appears to be independent of the proteasome 

suggesting that these peptides are generated by TPPII [27, 34]. Future experiments should 

shed more light on the role of TPPII in MHC class I antigen processing, cross-presentation, and 

indicate whether increased or decreased TPPII activity improves recognition of tumor or viral-

related antigens (figure 1).

CAN TPPII COMPENSATE FOR LOSS OF PROTEASOMAL ACTIVITy?

tPPii not only competes with the proteasome to generate some of the c-termini of presented 

MHC class I epitopes, but it may even compensate for loss of proteasomal activity. Mouse El-4 

lymphoma cells survive continuous presence of a proteasome inhibitor by upregulation of a 

compensatory high molecular weight AAF-AMC-hydrolyzing protease [35], which was identi-

fied to be TPPII [10]. This suggests that increased TPPII activity compensates for the loss of 

proteasome activity. On the other hand, not all three catalytic sites of the proteasome were 

completely inhibited by the proteasome inhibitor, with the concentrations that were used [36]. 
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Chemotryptic-like activity was absent but the other catalytic sites showed residual activity. 

The amount of free ubiquitin returned to normal levels in proteasome-inhibited but TPPII-

overexpressing el-4 cells [36]. this suggests that the proteasome degraded proteins albeit with 

less efficiency. This reduced proteasome activity may result in the release of extended peptide 

fragments, too large for regular downstream proteolysis by exopeptidases. The increased 

activity of TPPII that can degrade large peptides [12, 13] would then be a compensatory mecha-

nism to prevent accumulation of these large peptide fragments (figure 1b). 

During muscle wasting, the UPS system is upregulated, including ubiquitin ligases and protea-

somal subunits. Wray et al. [37] hypothesized that as the proteasome cannot degrade proteins 

to single amino acids, downstream peptidases have to be upregulated as well under these 

conditions. Indeed, TPPII expression and activity are upregulated during sepsis-induced muscle 

wasting, where the catabolic response in skeletal muscles leads to increased degradation of 

proteins. Glucocorticoids are important mediators of sepsis-induced muscle proteolysis [37] 

and the increase in TPPII expression and activity can be blocked by glucocorticoid receptor 

antagonists. The mechanism of TPPII upregulation by glucocorticoids remains to be eluci-

dated but most likely glucocorticoids induce the ubiquitin-proteasome pathway, including 

downstream peptidases. In another muscle wasting model where degradation of myofibrillar 

proteins is induced by cancer cachexia, the activities of both the proteasome and TPPII were 

regulated in a parallel manner, suggesting that both enzymes are probably regulated by the 

same intracellular signaling pathways and transcription factors [38]. Furthermore, activation 

of the c-myc oncogene and subsequent expression of the c-myc transcription factor increases 

protein synthesis, but results also in the upregulation of TPPII in burkitt’s lymphoma and 

EbV-containing b-cells [39]. Interestingly in relation to the continuously proteasome inhibi-

tion by Glas et al. [35], these burkitt’s lymphoma cells were also resistant to apoptosis and 

did not show accumulation of ubiquitin conjugates after inhibition of the proteasome [39]. 

This suggests that TPPII can at least assist in the clearance of increased amounts of peptides 

released by the proteasome during muscle wasting and degrade these longer peptides when 

the proteasome is partially inhibited. Whether TPPII can rescue cell viability during complete 

proteasome inhibition remains elusive, but it is not very likely (figure 1).

THE ROLE OF TPPII IN CELL-CyCLE REGULATION, APOPTOSIS AND CARCINO-
genesis

upregulation of tPPii in for example Burkitt’s lymphoma indicates that tPPii is involved in 

carcinogenesis or cancer cell survival. indeed, tPPii appeared to be involved in the regula-

tion of apoptosis, which was first shown by Hilbi et al. [40]. Shigella flexneri bacteria can 

induce apoptosis of macrophages via caspase-1. induction of apoptosis by Shigella flexneri 

was prevented by inhibition of TPPII with the inhibitor AAF-CMK (chloromethylketone). In 

contrast, stravropoulou et al. [41] showed that several members of the inhibitors of apop-

tosis family (IAP), which prevent p53-mediated apoptosis, are upregulated when TPPII is 

overexpressed. Apparently, the exact mechanism of tPPii regulation of apoptosis remains 

to be established. tPPii activity can also regulate the cell cycle since overexpression of 

tPPii shortened the cell cycle, whereas downregulation of tPPii by RnAi increased the cell 
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cycle time [41]. TPPII overexpressing cells required less time for completion of mitosis and 

showed no mitotic arrest after treatment with nocodazole, a toxin that prevents mitotic 

spindle formation and induces cell cycle arrest [41]. that tPPii affects cell cycle checkpoints, 

is further supported by the upregulation of the expression of essential spindle checkpoint 

proteins such as BubR1 after tPPii overexpression. Again, the exact mechanisms of tPPii 

regulation of both apoptosis and cell cycle progression are unknown but may be part of a 

related pathway. 

to investigate which signaling pathways are affected by tPPii inhibition, a micro-array analysis 

was performed using cells with reduced tPPii expression by siRnA. Reduced tPPii expression 

resulted in downregulation of expression of proteins involved in the MAPK pathway, and 

upregulation of the expression of an inhibitor of this pathway, the PtPRR phosphatase [42]. 

inhibition of the MAPK signaling pathway by downregulation of tPPii is again an indication 

that tPPii is involved in cell cycle regulation. 

to examine the role of tPPii in carcinogenisis, Hong et al. [43] investigated the effect of tPPii 

in combination with ionizing γ-irradiation. Upon irradiation, TPPII rapidly translocated into 

the nucleus and prevented proliferation of damaged el-4 cells via mtoR [43]. As observed 

before, TPPII was also necessary for stabilization of p53. TPPII has a bRCA C-terminal repeat 

domain around position 725 that is often present in proteins involved in DNA damage 

signaling pathways [43]. translocation of tPPii from the cytoplasm to the nucleus upon 

γ-irradiation appeared to be dependent on the induction of reactive oxygen species, and is 

also required for nuclear p53 expression as well as caspase activation [44]. The most striking 

observation, however, was that mice with irradiated el-4 tumors that were treated with 

the serine peptidase inhibitor Z-gLA-oH showed total tumor rejection and no recurrence 

during three months after treatment, suggesting that tPPii inhibition prevented cancer cell 

proliferation. the actual mechanisms of tPPii inhibition deregulating cell division and tumor 

growth remains to be resolved, but this combinational therapy could be a valuable tool in 

cancer treatment [43]. 

since a constitutively homozygous knock-out of tPPii is not viable [22], both heterozygous 

mice [22] and conditional tPPii knock-out mice [32] have been generated. these mice or 

cell lines derived from the knock-out mice could not confirm the observations by Hong et al. 

[43]. Wild-type cells showed no TPPII translocation upon irradiation whereas TPPIIKo showed 

a normal p53-dependent cell cycle arrest [45, 46]. TPPIIKo fibroblasts did not show increased 

apoptosis either, whereas the tPPiiKo cd8+ t cells revealed increased levels of apoptosis upon 

irradiation [45]. However, TPPIIKo showed pronounced phenotypic changes [47]. Involution of 

the thymus was faster, numbers of peripheral t-lymphocytes were reduced and cell senes-

cence was increased [47]. Finally, TPPIIKo mice aged more rapidly and died earlier [47]. 

tPPii is a good example of the many processes, such as antigen processing, apoptosis and cell 

cycle regulation, which can be regulated by a single peptidase. Most likely tPPii is involved in 

one or more signaling pathways and either activation or down-regulation of tPPii alters the 

delicate balance in these pathways and thereby results in many phenotypically differences.
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DEGRADATION OF AGGREGATION PRONE POLyGLUTAMINE FRAGMENTS by TPPII
Several neurodegenerative diseases are hallmarked by the accumulation of aggregation prone 

peptides. In neurodegenerative polyglutamine diseases such as Huntington’s disease, the 

disease related protein contains an expanded polyglutamine repeat. Whenever this repeat is 

longer than 40 amino acids, proteolytic fragments of these proteins form undegradable aggre-

gates. venkatraman et al. [48] showed that the proteasome can degrade both expanded and 

non-expanded polyglutamine proteins. However, the proteasome appeared to be incapable to 

degrade the polyglutamine stretch itself. As a consequence, the proteasome releases almost 

pure polyglutamine peptides that are extremely aggregation prone and sequester other poly-

glutamine-containing fragments or proteins [49]. the polyglutamine stretches generated by 

the proteasome need to be degraded by downstream peptidases. bhutani et al. [50] inden-

tified one peptidase, puromycin-sensitive aminopeptidase, that can degrade non-expanded 

polyglutamine peptides in vitro. In addition, clearance of expanded polyglutamine stretches 

by puromycin-sensitive aminopeptidase occurs, unexpectedly, via induction of autophagy 

rather than via the “classical” peptidase activity (Menzies et al., manuscript in press, this 

thesis). However, TPPII can degrade polyglutamine peptides as a “classical” peptidase directly 

downstream of the proteasome (this thesis, chapter 7). Correct TPPII complex formation is 

essential for the clearance of these polyglutamine peptides. Wild-type human and mouse TPPII 

can degrade these peptides, whereas the G252R mutant and the mouse TPPII splice variant 

cannot (this thesis, chapter 7). This suggests that endopeptidase activity of TPPII increases the 

cleavage of the expanded polyglutamine peptides into smaller peptides that can subsequently 

be further degraded by other aminopeptidases (figure 1C).

INHIbITORS AND SUbSTRATES OF TPPII

To examine the role of TPPII in various cellular processes, activity probes and specific inhibitors 

are essential. The first selective TPPII inhibitor was developed more than a decade ago when the 

role of a membrane-bound isoform of TPPII involved in the degradation of neuronal peptides 

was examined. Cholecystokinins (CCKs) are a group of neuronal peptides involved in a variety 

of signaling processes in gut and brain, and degradation of CCKs affect saturation feelings and 

anxiety. Since cleavage of CCK8 to CCK5 and a tripeptide was executed by a membrane-associated 

TPPII [7], rational design and several optimization steps let to the tripeptide analogue-inhibitor 

butabindide [7, 51]. Unfortunately butabindide was reported to be rapidly inactivated in medium 

at 37°C because of an internal cyclization process to diketopiperazine [12, 52]. Cyclization was 

predicted to be prevented by altering the peptide back-bone to an imidazole [52]. However, this 

imidazole-butabindide is not commercially available. Another approach to prevent cyclization is 

to alter the reactive N-terminal amine (this thesis, chapter 4). 

The only substrate for measuring TPPII activity at this moment is AAF-AMC [5]. AAF-AMC is 

a good substrate to determine the activity of purified TPPII, but AAF-AMC is mainly hydro-

lyzed by bestatin-sensitive aminopeptidases and only for approximately 10% by TPPII in lysates 

(this thesis, chapter 4). Therefore, we are in the process of optimization of new fluorogenic 

substrates for TPPII that are also useful as a TPPII activity probe in crude cell lysates (this thesis, 

chapter 4). 
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TRIPEPTIDyL PEPTIDASE II: THE CURE FOR NEARLy EVERyTHING?

The ubiquitous expression of TPPII, the high homology between species and the lethality of 

tPPii knock-out mice indicate the importance of this huge homomeric protein complex for cell 

viability. However, it remains unknown whether TPPII can directly target particular proteins, 

thereby affecting cellular processes including cell cycle and apoptosis. Other major questions 

are whether TPPII is indeed a potential target for anti-cancer therapy, and whether TPPII is 

essential for MHC class I loading or is only involved in the generation of a small subset of 

epitopes. Some of these activities including its endopeptidase activity may also be dependent 

on complex formation of TPPII. Since TPPII is an essential protein for the degradation of 

peptides larger than 15 amino acids [12, 13], it may also be involved the degradation of 

the toxic proteolytic fragments in polyglutamine diseases, such as Huntington’s disease and 

Kennedy’s disease. improved clearance of these fragments by either increasing the expression 

of TPPII or manipulation of the activity via complex formation may be a potential mechanism 

to prevent accumulation of toxic protein fragments. Its role in cell cycle regulation, apoptosis, 

muscle wasting and tumor growth identifies TPPII as a multi-tasking and essential protein, but 

especially its different effects on all these processes makes it a difficult target for manipulation 

in order to generate a cure for the different disorders. 
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Figure 1: A) The protein degradation pathway. Polyubiquitinated proteins are degraded by the 26S protea-
some into multiple peptides. The majority of the peptides are directly degraded into single amino acids by a 
large heterogeneous pool of aminopeptidases. Some peptides are too large for direct degradation into single 
amino acids and need an additional cleavage by endopeptidases such as TPPII. An even smaller fraction 
of the proteasomal generated peptides are further processed by amino- and endo-peptidases to get the 
correct N- and C-terminus for MHC class I presentation. The endopeptidase TPPII can generate the correct 
N- and C-terminus of specific epitopes. B) Whenever the proteasome is partially inhibited, the proteasome 
generated peptides that are longer than normally. These extended peptides need an additional cleavage by 
the endopeptidase TPPII before they can be further processes by downstream peptidases. c) Polyglutamine 
containing proteins are degraded by the proteasome. However, the proteasome cannot cleave in the poly-
glutamine stretch itself and released almost pure polyglutamine peptides. These polyglutamine peptides are 
extremely aggregation prone and need to be rapidly cleaved by TPPII for downstream processing, to prevent 
the formation of degradation resistant aggregates. 
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Tripeptidyl peptidase II (TPPII) is a serine peptidase which is involved in various cellular 

processes including antigen processing, cell growth and clearance of cholecystokinin 

neuropeptides. However, the function of TPPII in these processes is difficult to study in 

lysates and in living cells due to the lack of specific fluorogenic substrates. In addition, 

commonly used inhibitors of TPPII either lack specificity or stability, whereas most siRNA 

approaches are inefficient due to the long half life of TPPII. butabindide is a reversible 

and specific inhibitor of TPPII but is instable as it becomes inactivated due to cycliza-

tion. To improve the stability of butabindide, we synthesized variants of butabindide 

that cannot cyclize. Moreover, we synthesized a butabindide variant that inhibits tPPii cova-

lently. The commonly used AAF-AMC substrate of TPPII turned out to be mainly hydrolyzed by 

aminopeptidases rather than TPPII. Therefore, we synthesized a specific fluorogenic substrate 

for TPPII based on butabindide that can be used in living cells and lysates to detect specifically 

TPPII activity. The novel fluorogenic substrate and TPPII inhibitors described here allow the 

study of TPPII activity in complex biological systems such as living cells and cell lysates.
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Tripeptidyl peptidase II (TPPII) is a cytoplasmic peptidase of 138 kD that can form homo-

meric complexes up to the exceptionally large size of 6 MDa [1-3]. Although its exact 

function in various cellular processes is still unclear, it is known that TPPII is involved 

in antigen processing [4-10], cell growth and carcinogenesis [11-13]. In addition, a 

membrane-bound isoform of TPPII is involved in the processing of neuropeptides [14]. 

Furthermore, it has been suggested that TPPII can compensate for loss of some protea-

somal activities, because continuous inhibition of the proteasome leads to upregulation 

of TPPII [15].

TPPII was first isolated from an extralysosomal fraction of rat liver [16], where its pepti-

dase activity was measured against a variety of 32P-labeled peptides. This study showed 

that TPPII removes tripeptides from the free N-terminus of larger peptides. The rate 

of cleavage varies considerably between peptides, but the tripeptidyl or exopeptidase 

activity prefers hydrophobic residues and cannot cleave after proline residues [16, 17]. besides 

exopeptidase activity, TPPII is also capable of cleaving peptides via endopeptidase activity [18], 

although this activity is approximately fifty times lower than TPPII’s exopeptidase activity. 

TPPII belongs to the subtilisin subgroup of serine peptidases when considering its sequence 

and the fact that TPPII can be inhibited by the general serine peptidase inhibitor phenyl-

methanesulphonyl fluoride (PMSF) [19]. Several TPPII inhibitors and substrates are available 

but often lack specificity for their use in cell lysates and living cells. The most widely used 

fluorogenic substrate for TPPII activity is Ala-Ala-Phe-4-methylcoumarin-7-amide (AAF-AMC), 

which was discovered when the degradation efficiency of several chromogenic and fluorogenic 

tripeptides was determined [17]. However, AAF-AMC is not specific for TPPII, as it can also be 

degraded by the proteasome and many aminopeptidases. 

The specificity of TPPII for its substrates can be affected by N-terminal modifications. For 

example, H-AAF-AMC (AAF-AMC) is degraded a thousand-fold faster by TPPII than by the 

proteasome, whereas Suc-AAF-AMC is degraded by TPPII and the proteasome at almost similar 

rates [2]. The inhibitor AAF-chloromethylketone (AAF-CMK) was developed on the basis of the 

AAF-AMC substrate and is generally used to inhibit TPPII activity. However, AAF-CMK is not 

selective for TPPII in a similar manner as AAF-AMC is not a specific substrate for TPPII. 

A more selective inhibitor of TPPII, butabindide, was designed by Rose et al. [14] on the basis 

of a purified membrane-bound isoform of TPPII. TPPII degrades the neuropeptide cholecysto-

kinin-8 (CCK-8), which is involved in food uptake, into CCK-5 and a tripeptide. The tripeptide 

analogue butabindide was developed as a reversible inhibitor of tPPii with a k
i of 7 nM, in vitro. 

This inhibitor is several magnitudes more potent than previously used inhibitory peptides [14, 

17]. Inhibition of TPPII by butabidide would be a valuable therapeutic approach for the preven-

tion or cure of obesitas. Unfortunately, butabindide proved to be unstable because it rapidly 

cyclizes to diketopiperazine under physiological conditions (pH 7.0, 37°C), rendering it inactive 

and useless as a TPPII inhibitor [20]. besides the aspecific AAF-CMK and instable butabindide 

inhibitors, various siRNAi approaches have been investigated to inhibit TPPII, which were either 

not efficient or lethal in cell lines [12] due to the stability of the long-lived TPPII protein and its 

essential function in various cellular processes. 

To determine the exact functions of TPPII in these cellular processes, we aimed to design both 
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AAF-AMC is hydrolyzed by various peptidases in cell lysates and living cells 

We first evaluated AAF-AMC as a TPPII substrate in Mel JuSo lysates in the presence 

of various concentrations of the TPPII inhibitor butabindide. The rate of AAF-AMC 

hydrolysis was delayed by increasing concentrations of butabindide, as indicated by the 

increase in t
1/2 (the timepoint at which 50% of the AAF-AMC is degraded) (figure 1A, 

b). The high concentrations of butabindide needed for substantial TPPII inhibition in 

cell lysates are in sharp contrast with its ic50 value of only 7 nM for purified TPPII [14, 

20]. This difference may reflect the instability of the inhibitor [20] which is also suggested by 

the delay in AAF-AMC breakdown during the first 60 minutes (figure 1A). It may also be due 

to AAF-AMC hydrolysis by other peptidases that are not inhibited by butabindide. To test this 

hypothesis, we incubated cell lysates with butabindide, bestatin (to inhibit various exopepti-

dases), or MG132 (to inhibit the proteasome) (figure 1C). Remarkably, the inhibitor bestatin 

showed the most profound inhibitory effect in cell lysates, reducing AAF-AMC hydrolysis by 

80%, whereas butabindide had only a minimal inhibitory effect (figure 1C). Moreover, 100 μM 

E64 (cysteine peptidase inhibitor) and just as butabindide did, 1 mM PMSF did not signifi-

cantly affect AAF-AMC hydrolysis (data not shown). A combination of bestatin and butabindide 

resulted in a further reduction of AAF-AMC hydrolysis (figure 1D). Since bestatin did not affect 

AAF-AMC degradation by purified TPPII (as is shown in figure 2), this suggests that not TPPII, 

but bestatin-sensitive peptidases account for the larger part of AAF-AMC hydrolyzing activity 

in cell lysates. MG132 also affected AAF-AMC hydrolysis, but not as much as bestatin did, 

suggesting that either the proteasome can hydrolyze AAF-AMC or that these high concentra-

tions of MG132 also inhibit other proteases/peptidases. A cocktail of bestatin, butabindide, 

E64 and MG132 resulted in complete inhibition of AAF-AMC hydrolysis (figure 1D), but again, 

E64 does not seem to be involved in its inhibition. 

To further prove that AAF-AMC is mainly hydrolyzed by bestatin-sensitive aminopeptidases, 

we compared AAF-AMC hydrolysis between wild-type mouse embryonic fibroblasts (MEF) cells 

and MEF cells derived from TPPII-/- mice. in both wild-type and tPPii-/- MEFs, the AAF-AMC 

hydrolysis was hardly inhibited by butabindide (figure 1E, F) and by the serinepeptidase 

inhibitor PMSF (data not shown). bestatin inhibited AAF-AMC hydrolysis in the wild-type MEFs 

strongly (figure 1E), in a similar manner as in Mel JuSo cell lysates (figure 1C). bestatin inhibited 

AAF-AMC hydrolysis completely in the TPPII-/- lysates (figure 1F). Together, these data indicate 

that AAF-AMC is mainly hydrolyzed by bestatin-sensitive aminopeptidases in cell lysates, and 

is therefore hardly useful to analyze TPPII activity when bestatin-sensitive peptidases are not 

inhibited.

a stable and specific inhibitor as well as a specific fluorogenic substrate for TPPII. Here, we 

show that although AAF-AMC is a good fluorogenic substrate for purified TPPII, the majority 

of AAF-AMC hydrolysis in cells is performed by bestatin-sensitive aminopeptidases rather than 

TPPII. Therefore, we developed a fluorogenic butabindide analogue (butabindide-AMC) that is 

far more specific for TPPII activity in lysates and in cell-based assays. To improve the inhibitory 

properties of butabindide, we designed and synthesized analogues of butabindide that contain 

either N-terminal alkyl moieties to prevent cyclization and butabindides that inactivate TPPII 

via covalent interactions.
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because AAF-AMC hydrolysis in lysates was mainly bestatin sensitive and we are interested in 

TPPII activity, we wondered whether TPPII itself can be inhibited by bestatin. Therefore, we 

purified TPPII from lysates of HEK293T cells that were transiently overexpressing human TPPII. 

When lysates were added to a Sephadex anion-exchange column and eluted with increasing 

concentrations of NaCl, the 400 mM NaCl eluate of the supernatant contained the highest 

AAF-AMC-hydrolyzing activity which was effectively inhibited by butabindide (supplemen-

tary figure S1A). The supernatant fractions were devoid of proteasomes, as the addition of a 

proteasome activity probe did not result in labeling of the supernatant fractions (supplemen-

tary figure S1b) [22]. The highest AAF-AMC-hydrolyzing fractions, eluted at 400 mM and 450 
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Figure 1: Hydrolysis of the fluorogenic substrate AAF-AMC by TPPII and bestatin-sensitive aminopeptidases 
in Mel JuSo lysates (a-d) and wild-type (e) and tPPii-/- mouse embryonic fibroblasts (MEF) lysates (f). a) 
AAF-AMC (100 μM) hydrolysis by Mel JuSo lysates incubated in the presence of 25 μM – 500 μM butabindide. 
B) Half life of AAF-AMC (100 μM) in the presence of 25 μM – 500 μM butabindide, as determined from figure 
1A. c) AAF-AMC (100 μM) hydrolysis in the presence or absence of 100 μM butabindide, 100 μM MG132 or 
100 μM bestatin. d) AAF-AMC (100 μM) hydrolysis in the presence of 100 μM bestatin, or 100 μM bestatin 
(best) and 100 μM butabindide (buta), or 100 μM bestatin (best), butabindide (buta) and 100 μM E64 or 
100 μM bestatin (best), 100 μM butabindide (buta), 100 μM E64 and 100 μM MG132. e) AAF-AMC (100 μM) 
hydrolysis by wild-type MEFs in the presence or absence of 100 μM butabindide, 100 μM bestatin or the 
combination of 100 μM butabindide (buta) and 100 μM bestatin (best). f) AAF-AMC (100 μM) hydrolysis by 
tPPii-/- MEFs in the presence or absence of 100 μM butabindide, 100 μM bestatin or the combination of 100 
μM butabindide (buta) and 100 μM bestatin (best).
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mM NaCl, were pooled and further purified by size-exclusion chromatography (supplementary 

figure S1C). The highest AAF-AMC hydrolyzing fraction number 18 was concentrated and run 

on a polyacrylamide gel. coomassie blue staining showed a band of approximately 138 kda 

(supplementary figure S1D), which is the correct size of the TPPII monomer and which was 

confirmed by mass spectrometry (data not shown). AAF-AMC hydrolysis by the purified TPPII 

fraction was efficiently inhibited by butabindide, whereas other protease inhibitors such as E64 

and MG132 did not affect AAF-AMC degradation (figure 2). Also addition of bestatin did not 

affect AAF-AMC degradation, indicating that the TPPII fraction was devoid of other AAF-AMC-

hydrolyzing peptidases. 

Design and synthesis of butabindide analogues 

The inhibitor butabindide can specifically inhibit TPPII, but the rapid cyclization of butabindide 

reduces its inhibitory capacity. therefore, we designed butabindide variants where the hydrogen 

groups of the n-terminal amine were replaced by methyl, ethyl or even larger side groups in 

order to prevent cyclization (supplementary figure S2A). In addition, we added reactive groups 

that were used earlier to generate covalent proteasome inhibitors, to generate tPPii inhibi-

tors that covalently interact with the catalytic site. These variants included Et2butabindide-

vinyl-sulfone (butabindide-vs), et2butabindide-vinylmethyl-ester (butabindide-vMe), and an 

et2boronic-ester-butabindide (boron-butabindide) as shown in supplementary figure S2A.

First, we determined the inhibitory effect of the different butabindides on the activity of 

AAF-AMC hydrolysis using lysates (without bestatin, supplementary figure S2b). The dimethyl-

butabindide (Me2butabindide) and diethyl-butabindide (et2butabindide) showed no inhibitory 

effect, whereas the larger side groups, such as the dibutyl-butabindide (bu2butabindide) and 

morpolino-butabindide, showed an inhibitory effect similar to the original butabindide (supple-

mentary figure S2b). Also the boron-butabindide had a distinct inhibitory effect on AAF-AMC 

hydrolysis. Next, we determined the inhibitory effect of the different butabindides, Z-GLA-OH, 

AAF-CMK and MG132 on the activity of AAF-AMC hydrolysis using purified TPPII (to exclude the 

activity of bestatin-sensitive peptidases). In contrast to the lysates, only butabindide, boron-

butabindide and AAF-CMK (at a concentration of 100 μM) showed significant inhibitory effects 

on AAF-AMC hydrolysis as measured after 60 minutes of incubation (table 1, supplementary 

table 1). These findings indicate that modifications introduced to the N-terminal amine of 

butabindide impair its inhibitory effect. 

the ic50 values for butabinde, boron-butabindide and AAF-CMK were ~12 nM, 90 nM and 1 
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Figure 2: AAF-AMC hydrolysis by purified TPPII. AAF-AMC (100 
μM) hydrolysis by purified TPPII in the presence or absence of 
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nM, respectively (figure 3A). boronic-ester and -acid moieties are usually applied to generate 

covalent proteasome inhibitors. To exclude cross reactivity with proteasomes, we also tested 

whether boron-butabindide inhibits purified proteasomes. Therefore, we pre-incubated puri-

fied proteasomes with the boron-butabindide and used the proteasome-specific LLVy-AMC 

substrate to measure proteasome activity. Only at concentrations exceeding 100 μM, protea-

some activity was affected, indicating that the boron-butabindide can be used at low concen-

trations to inhibit TPPII, without affecting the proteasome (figure 3A). To examine the mode 

of inhibition, we generated Lineweaver-burk plots at concentrations near the IC
50 values for 

butabindide, boron-butabindide and AAF-CMK (figure 3b). At these concentrations, the mode 

of inhibition was competitive for butabindide and AAF-CMK and uncompeptitive for boron-

butabindide (figure 3b). 

Knowing the ic
50 values of butabindide and boron-butabindide with purified TPPII, we next 

used these concentrations in cell lysates pretreated with bestatin to inhibit other AAF-AMC-

degrading peptidases. both butabindide and boron-butabindide showed similar IC50 curves 

in cell lysates as compared to purified TPPII IC50 curves (figure 3C, D), indicating that TPPII-

dependent AAF-AMC hydrolysis in lysates can be measured as long as the lysates are 

pretreated with bestatin. However, in the absence of bestatin, boron-butabindide still inhibited 

AAF-AMC hydrolysis at lower concentrations than butabindide, suggesting that at high concen-

trations boron-butabindide may partially inhibit bestatin-sensitive AAF-AMC-hydrolyzing 

aminopeptidases. 

To examine this possibility, we incubated lysates with various concentrations of boron-butab-

indide and measured hydrolysis of the general peptidase substrate L-AMC (figure 4A). At high 

concentrations, boron-butabindide inhibited L-AMC hydrolysis, whereas it inhibits TPPII at 

lower concentrations (~10 μM - 90 nM). However, preincubation with bestatin remains neces-

sary to measure a reliable TPPII-dependent effect of boron-butabindide on AAF-AMC hydrolysis. 

To assess whether boron-butabindide is also effective in living cells, we added butabindide or 

boron-butabindide to live cells at one or four hours prior to the addition of AAF-AMC in order 

to examine its stability. A one-hour pre-incubation with butabindide led to a 25% reduction 

in AAF-AMC hydrolysis, whereas 4 hours pre-incubation with butabindide reduced AAF-AMC 

hydrolysis by approximately 20% (figure 4b). In contrast, boron-butabindide reduced hydrolysis 

by 50% and 70% during one and four hours pre-incubation, respectively. 

Interestingly, the effect of boron-butabindide was comparable to the inhibitory effects of 

bestatin. Since addition of bestatin did not result in an additional inhibitory effect, boron-

butabindide may affect bestatin-sensitive peptidases involved in AAF-AMC degradation (figure 

4A). Together, this indicates that boron-butabindide specifically inhibit TPPII at low concentra-

tions (between 90 nM and 10 μM), or in lysates preincubated with bestatin, whereas boron-

butabindide affects other peptidases and the proteasome as well at higher concentrations 

(>100 μM) (figure 3b and 4A, b). 

Generation of butabindide-AMC as a specific fluorogenic substrate for TPPII activity

Since up to 80% of the AAF-AMC is degraded by peptidases other than TPPII (figure 1C), we 

aimed to design a more specific substrate to measure TPPII activity in living cells and cell lysates 

by coupling butabindide to the AMC moiety (butabindide-AMC) (supplementary figure S2A). In 
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Table 1: Hydrolysis of AAF-AMC after 60 minutes incubation in the presence of the various inhibitors (mean 
± SD of 3 experiments). butabindides were used at a concentration of 100 μM concentrations and AAF-CMK 
and MG132 in a concentration of 10 and 20 μM, respectively.   

Figure 3: AAF-AMC as TPPII substrate in the presence of bestatin to inhibit aminopeptidases. a) dose-response 
curve of the hydrolysis of AAF-AMC (100 μM) by purified TPPII in the presence of various concentrations 
of butabindide, boron-butabindide and AAF-CMK. IC50 values of purified TPPII are for butabindide ~12 nM, 
for boron-buta ~90 nM and for AAF-cmk ~1 nM. Suc-LLVy-AMC (100 μM) hydrolysis was determined in the 
presence of boron-butabindide by purified proteasome (black line). B) Lineweaver-burk plots for AAF-CMK, 
butabindide and boron-butabindide showing AAF-CMK and butabindide to be competitive inhibitors and 
boron-butabindide to be a uncompetitive inhibitor. The inhibitor concentrations were used as indicated in 
the presence of 100 μM AAF-AMC as fluorogenic substrate. c) dose-response curve for the hydrolysis of 
AAF-AMC by purified TPPII, Mel JuSo lysates and for Mel JuSo lysated pre-incubated with 10 μM bestatin in 
the presence of the indicated butabindide concentrations. d) Identical to C, except boron-butabindide was 
used instead of butabindide. 
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Inhibitor (100 μM)          Activity (%) SD
None 100 1.6

Butabindide 37 0.7
Me2-butabindide 123 1.3
Et2-butabindide 118 1.9
Boron-butabindide 31 0.6
Z-GLA-OH 89 8.4
AAF-CMK (10 μM) 26 0.9
MG132 (20 μM) 100 3.0

Table 1
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Figure 5: A) butabindide-AMC (100 μM) hydrolysis by wild-type mouse embryonic fibroblasts (MEF) in the 
presence or absence of 100 μM bestatin, 100 μM butabindide or 10 μM AAF-CMK. B) Butabindide-AMc 
(100 μM) hydrolysis by wild-type MEFs in the presence or absence of 20 μM MG132 or 1 mM PMSF. c) 
butabindide-AMC (100 μM) hydrolysis by wild-type MEFs and TPPII-/- MEFs. d) Butabindide-AMc hydrolysis 
(100 μM) by TPPII-/- MEFs in the presence or absence of 100 μM bestatin, 100 μM butabindide and 10 μM 
AAF-CMK. e) Confocal microscopical fluorescence images taken of Mel JuSo cells incubated in the presence 
of 100 μM butabindide-AMC after 0, 2, 30 and 120 seconds. The last image is a higher magnification of two 
cells after 120 seconds of incubation. 

Figure 4: Selectivity of boron-butabindide as inhibitor of L-AMC and AAF-AMC hydrolysis by purified TPPII 
and live Mel JuSo cells. a) Dose-response curve of the hydrolysis of 100 μM L-AMC by Mel JuSo lysates in the 
presence of the indicated concentrations of boron-butabindide (blue line). Dose-response curves of hydroly-
sis of AAF-AMC by purified TPPII (red), Mel JuSo lysates (yellow) and Mel JuSo lysates pre-incubated with 10 
μM bestatin (orange) (identical curves as in Fig. 3D). B) Percentage of AAF-AMC hydrolysis by Mel JuSo cells 
pre-incubated with the indicated concentrations of butabindide, boron-butabindide, bestatin, butabindide 
and bestatin or boron-butabindide and bestatin for one and four hours before 100 μM AAF-AMC was added. 
AMC fluorescence intensity was determined after 60 minutes incubation.
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wild-type MEF lysates the hydrolysis of butabindide-AMC was not affected by the inhibition of 

bestatin-sensitive aminopeptidases, whereas butabindide-AMC was inhibited (competitively) 

by butabindide and AAF-CMK (figure 5A). Next, we examined the effect of various inhibitors in 

order to evaluate the specificity of butabindide-AMC for TPPII (figure 5b). Preincubation with 

MG132 had no inhibitory effect, whereas the general serine peptidase inhibitor PMSF inhibited 

butabindide-AMC hydrolysis. Moreover, both 1 mM phenanthroline (metallopeptidase inhib-

itor) and 100 μM E64 had no inhibitory effect on butabindide-AMC hydrolysis (data not shown). 

in tPPii-/- cells ¬butabindide-AMC hydrolysis was slower than in the wild-type MEFs (figure 5C), 

whereas inhibition with butabindide had no effect (figure 5D). Interestingly, AAF-CMK had an 

inhibitory effect, again an indication that AAF-CMK is not a specific inhibitor of TPPII [23] (figure 

5D). When analyzed by confocal microscopy, addition of butabindide-AMC to living cells (figure 

5E), led to a rapid increase in fluorescence in the cytoplasm within minutes, suggesting that 

the cytoplasmic TPPII hydrolyzes this substrate (figure 5E, right panel). Together, these findings 

indicate that butabindide-AMC is a more selective fluorogenic substrate for TPPII activity than 

AAF-AMC, and can be used in lysates and living cell assays.

Unraveling the function of TPPII in various cellular pathways requires both specific fluor-

ogenic stubstrate and inhibitors that can be used in various assays, ranging from isolated 

peptidases to living cells and small organisms. While AAF-AMC is widely used as a fluor-

ogenic substrate for TPPII, we show that AAF-AMC is mainly hydrolyzed by bestatin-

sensitive aminopeptidases, both in lysates and in living cells. In order to measure TPPII 

activity in lysates and in living cells using AAF-AMC, preincubation with bestatin is a 

prerequisite, which has been done by Saric et al. [24] but not in many other studies. 

The lack of specificity of AAF-AMC may explain why many TPPII siRNA constructs show 

only little inhibitory effect on AAF-AMC hydrolysis (unpublished results). Another reason 

may be the long half live of TPPII. Anyway, the fluorogenic substrate butabindide-AMC 

turned out to be a more specific substrate for TPPII, as hydrolysis is not affected by other 

classes of inhibitors and can be used in the absence of bestatin.

To improve the inhibitory effects of the reported instable butabindide, we used two strategies. 

First, we planned to prevent cyclization by altering the N-terminal amine, which is opposite 

to the strategy used by breslin et al. [20], which prevented cyclization by adding imidazoles at 

the c-terminus of butabindide. these imidazol-butabindides have ic
50 values as low as 4 nM, 

but are for reasons unknown to us not yet commercially available. unfortunately, the butab-

indide variants protected at the N-terminus showed no improvement in TPPII inhibition either 

in cell lysates or with purified TPPII. An explanation may be that the hydrogen atoms from the 

N-terminal amine are normally used for hydrogen-bridge interactions with the amino acids 

Asp43 and Thr333 of TPPII [25]. Replacement of these hydrogen atoms by a methyl or ethyl 

group results in a butabindide that lacks these hydrogen-bridge interactions and thereby loses 

its specificity for TPPII. 

We also generated a group of butabindide analogues that contained various moieties that 

covalently bind to the active site of the interacting peptidase, a strategy which was previously 

used to synthesize irreversible proteasome inhibitors. Here, the boron-butabindide showed to 
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be a potent and semi-specific TPPII inhibitor at low concentrations, whereas other aminopepti-

dases were inhibited at higher concentrations as well. 

in conclusion, the butabindide analogues, boron-butabindide and butabindide-AMc can be 

used as a selective inhibitor and substrate, respectively, to determine the effects of TPPII on 

cellular processes such as antigen processing [6], cell growth and clearance of aggregation 

prone fragments [26-28]. 
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Chemicals and reagents
The following fluorogenic substrates were used: H-AAF-AMC (bachem, bubendorf, Switzerland), 
the general aminopeptidase substrate Leu-AMC, Ala-AMC and the proteasome-specific substrate 
LLVy-AMC (Peptide Inst., Osaka, Japan). The inhibitors AAF-CMK, E64, bestatin and MG132 were 
purchased from Enzo Life Sciences (Farmingdale, Ny, USA). The inhibitors Z-GLA-OH and PMSF were 
purchased from Bachem, butabindide from tocris Biosciences (ellisville, Mo, usA) and phenanthro-
line from sigma (st. Louis, Mo, usA). 

Synthesis of inhibitors and butabindide-AMC

See supplementary text and supplementary figure S2.

Cell culture and DNA constructs
Human embryonic kidney cells (HEK293T) and Mel JuSo fibroblasts were cultured in IMDM (Invitrogen, 
Carlsbad, CA, USA) supplemented with 10% fetal calf serum (FCS) and penicillin/streptomycin/L-glutamine. 
The cells were transiently transfected with Fugene6 (Roche, basel, Switzerland). TPP+/+ and tPPii-/- MEF cells 
were grown in DMEM (Invitrogen) supplemented with 20% FCS and L-glutamine. 
A human TPPII containing plasmid was kindly provided by Dr. birgitta Tomkinson (Uppsala University, 
Uppsala, Sweden). This construct has an arginine at position 252 which affects complex formation [21]. To 
obtain wild-type TPPII, QuickChange Site-Directed Mutagenisis (Stratagene, La Jolla, CA, USA) and primers 
(forward) 5’-cgttaatatatacgatgatggaaacctgctctccattgtg-‘3 and (reverse) 5’-cacaatggagagcaggtttccatctcg-
tatatattaacg-‘3 were used to restore the Arg to a Gly residue. The pcDNA3-hsTPPII-R252G mutant was 
confirmed by sequence analysis. butabindide-AMC hydrolysis in living cells was visualized in Mel JuSo cells 
using a confocal microscope (SP2; Leica, Mannheim, Germany) using a 63x objective and excitation at 405 
nm and emission at 460 nm.

Preparation of crude cell extracts
Mel JuSo cells were washed with phosphate-buffered saline (PbS, Invitrogen) and resuspended in 500 μl 
KMH-buffer (110 mM KAc, 2 mM MgAc, and 20 mM HEPES-KOH, pH 7.2) containing 100 μM digitonin. 
Cells were incubated for 30 minutes at 4°C, followed by centrifugation at 15 min, 20,800 xg at 4°C in a 
5417R centrigufe (Eppendorf, Walldorf, Germany) to remove all membrane and nuclear fractions. Protein 
concentrations were determined by the bradford colorimetric protein assay. Protein lysates (~10 μg) were 
suspended in PbS in 96-wells plates and pre-incubated with inhibitors for 30 minutes before fluorogenic 
substrates were added. AMC (100 μM) fluorescence was measured with a Polarstar Galaxy (bMG Labtech, 
Offenburg, Germany) using 390 nm excitation and 460 nm emission.

Purification of TPPII
HEK293T cells transiently overexpressing TPPII (160x106 cells) were collected in 20 mM Tris pH7.4, 1 mM 
DTT, 1 mM ATP and 10% glycerol, and fractionated by mechanical stress using a dounce cell homogenizer. 
Fractionated cells were centrifuged for 15 min, 3400 xg at 4°C in a beckman centrifuge (beckman Coulter, 
brea, CA, USA). both the pellet and supernatant were tested for AAF-AMC-hydrolyzing activity to detect 
TPPII activity. The supernatant was incubated in 2 g pre-activated (20 mM Tris pH 7.4) Sephadex-beads 
(anion exchange) (GE-healthcare, Waukesha, WI, USA) for 3 hours at 4°C. Proteins were eluted with in-
creasing NaCl concentrations in 20 mM Tris pH 7.4, 1 mM DTT, 1 mM ATP and 10% glycerol. The eluted 
fractions were assayed for AAF-AMC-hydrolyzing activity. The highest AAF-AMC-hydrolyzing fractions were 
further purified by size exclusion using a Sephadex G-100 column (GE-healthcare). Total protein content 
was analyzed on a 10% polyacrylamide gel by coomassie blue staining. Proteasome activity was determined 
with fluorescent proteasome probes as described [22], and the presence of TPPII protein was confirmed 
by mass spectrometry.  
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Butabindide analogues and butabindide-AMC synthesis

General
All reagents were commercial grade and were used as received unless indicated otherwise. toluene 
(tol.) (purum), ethyl acetate (etoAc) (puriss.), and light petroleum ether (Petet) (puriss.) were 
obtained from Riedel-de Haën and were distilled prior to use. Dichloromethane (DCM), dimethyl 
formamide (DMF), and dioxane (biosolve) were stored on 4 Å molecular sieves. Tetrahydrofuran 
(THF) (biosolve) was distilled from LiAlH4 prior to use. Reactions were conducted under an argon at-
mosphere. Reactions were monitored by TLC analysis by using DC-fertigfolien (Schleicher & Schuell, 
F1500, LS254) or Merck aluminium sheets precoated with silica gel 60 F254 with detection by 
UV absorption (254 nm), spraying with 20% H2so4 in ethanol, followed by charring at ~150°C; by 
spraying with a solution of (NH4)6Mo7o24c4H2O (25 g/L) and (NH4)4ce(so4)4c2H2o (10 g/L) in 10% 
sulfuric acid, followed by charring at ~150˚C; or by spraying with an aqueous solution of KMnO4 

(7%) and KOH (2%). Column chromatography was performed on Screening devices (0.040–0.063 
nm). LC/MS analysis was performed on a LCQ Advantage Max (Thermo Finnigan) equipped with 
an Gemini C18 column (Phenomenex), gradient 10% → 90% ACN/(0.1% TFA/H2O) in 15 minutes 
(System A) or on a Waters 2795 Seperation Module (Alliance HT), Waters 2996 Photodiode Array 
Detector (190 – 750 nm), an LCTTM Orthogonal Acceleration Time of Flight Mass Spectrometer 
and a Waters Atlantis T3 C18 column, 2.1 x 100 mm, 3 μM), gradient 5% buffer b (1% water, 0.1% 
formic acid in cH3CN) and 95% buffer A (1% CH3CN in 0.1% aqueous formic acid) to 95% buffer 

b and 5% buffer A in 20 min. (System b). HRMS were recorded on a LTQ Orbitrap (Thermo Finnigan). 
Nuclear magnetic resonance spectra (1H-nMR, 13c-nMR, cosY and HsQc) were determined in deuter-
ated methanol (Meod-d4, 1H reference δ 4.87 ppm; 13C reference δ 49.15 ppm) or deuterated chloroform 
(cdcl3, 

1H reference δ 7.26 ppm; 13C reference δ 77.00 ppm) using a bruker Avance-III 300 Spectrometer 
(300/75 MHz), bruker DPX-300 (300/75 MHz), bruker AV-400 (400/100 MHz) equipped with a pulsed field 
gradient accessory or a bruker AV-500 (500/125 MHz) at 298K unless indicated otherwise. Peak shapes 
in the nMR spectra are indicated with the symbols ‘d’ (doublet), ‘dd’ (double doublet), ‘s’ (singlet), ‘br s’ 
(broad singlet), ‘t’ (triplet) and ‘m’ (multiplet). Chemical shifts (δ) are given in ppm and coupling constants 
J in Hz. Optical rotations were measured on a Propol automatic polarimeter (sodium D line, λ = 589 nm).

Boc-Gly-AMC 1
boc-Gly-OH (240 mg, 1.37 mmol, 1 equiv.) was dissolved in DCM and cooled to 00C. EDC.HCl (131 mg, 685 
µmol, 0.5 equiv.) was added and the mixture was stirred for 2h. AMC (100 mg, 571 µmol, 0.42 equiv.) and 
DMAP (cat.) were added, followed by pyridine (0.5 mL), and the mixture was stirred 12 hr. EDC.HCl (262 
mg, 1.37 mmol, 1 equiv.) was added and the mixture was stirred for 6 hr. The mixture was extracted with 
1M aq. HCl (2x). Upon addition of sat. aq. NaHCO3, a precipitate formed. the dcM was removed in vacuo, 
after which filtration yielded the title compound (189 mg, quant.). 1H nMR (400 MHz, cdcl3/cd3od 1/1, 
v/v) δ ppm 1.48 (s, 9H), 2.45 (s, 3H), 3.96-3.91 (m, 2H), 6.21 (s, 1H), 7.55-7.49 (m, 1H), 7.59 (d, J = 8.61 Hz, 
1H), 7.72 (d, J = 1.93 Hz, 1H). 13c nMR (100 MHz, cdcl3/cd3OD 1/1, v/v) δ ppm 175.93, 161.76, 153.63, 
153.09, 151.50, 141.39, 124.90, 115.58, 112.37, 106.73, 79.90, 43.83, 27.70, 17.90.
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(2S)-1-(Boc-Abu)-indoline-2-carboxylic acid methyl ester 2
boc-Abu-OH (50 mg, 246 µmol, 1 equiv.) was dissolved in THF (5 mL) and cooled to -100°C. NMM (30 µL, 
271 µmol, 1.1 equiv.) and IbCF (35 µL, 271 µmol, 1.1 equiv.) were added and the mixture was stirred for 
30 min. A suspension of methyl (S)-indoline-2-carboxylate hydrochloride (58 mg, 271 µmol, 1.1 equiv.) and 
NMM (30 µ, 271 µmol, 1.1 equiv.) in DCM (20 mL) was added and the mixture was allowed to warm to RT 
o/n. The mixture was wahsed with 1M aq. HCl (2x), sat. aq. NaHCO3 (2x) and dried over na2so4. column 
chromatography (tol → 15% EA:tol) yielded the title compound (27 mg, 74 µmol, 30%). 1H nMR (400 MHz, 
cdcl3, rotamers) δ ppm 0.98 (t, J = 7.41, 7.41 Hz, 1.5H), 1.10 (t, J = 7.38, 7.38 Hz, 1.5H), 1.46-1.42 (m, 9H), 
1.89-1.57 (m, 2H), 2.11-1.98 (m, 0.5H), 3.12 (dd, J = 16.65, 3.83 Hz, 0.5H), 3.35 (d, J = 16.36 Hz, 0.5H), 3.49 
(dd, J = 16.55, 11.25 Hz, 0.5H), 3.61 (dd, J = 16.38, 10.74 Hz, 0.5H), 3.75 (s, 1.5H), 3.73 (s, 1.5H), 4.37 (dd, 
J = 14.04, 7.78 Hz, 0.5H), 5.04-4.94 (m, 1H), 5.24 (dd, J = 11.14, 4.00 Hz, 0.5H), 5.41 (dd, J = 25.98, 8.67 Hz, 
1H), 7.06 (dd, J = 14.39, 7.19 Hz, 1H), 7.29-7.12 (m, 2.5H), 8.26 (d, J = 8.11 Hz, 0.5H). 13c nMR (100 MHz, 
CDCl3, rotamers) δ ppm 171.06, 171.50, 171.31, 155.61, 155.12, 128.24, 128.00, 125.83, 124.52, 124.40, 
123.98, 117.44, 113.99, 79.48, 60.46, 60.26, 53.73, 53.28, 53.21, 52.44, 33.44, 31.21, 29.67, 28.31, 27.31, 
25.84, 9.69, 9.23. LC-MS system A: Rt (min): 8.82 (ESI-MS (m/z): 362.87 (M + H+)).

(2S)-1-(Boc-Abu)-indoline-2-carbohydrazide 3
Methyl ester 2 (27 mg, 74 µmol) was dissolved in MeOH (6 mL), add hydrazine monohydrate (200 µL, 4.4 
mmol, 60 equiv.) and the mixture was stirred o/n. The mixture was coevaporated with toluene (3x) and 
used without further purification. LC-MS system A: Rt (min): 5.77 (ESI-MS (m/z): 362.87 (M + H+)).

(2S)-1-(Boc-Abu)-indoline-2-carbonylglycine-aminomethylcoumarine (Boc-Buta-AMC) 4
boc-Gly-AMC 1 was dissolved in 1:1 TFA:DCM and stirred for 40 minutes before being coevaporated with 
toluene (3x). In a separate flask, (2S)-1-(boc-Abu)-indoline-2-carbohydrazide 3 (27 mg, 74 µmol) was 
dissolved in DMF at -30˚C. tbuONO (11 µL, 81 µmol, 1.1 equiv.) and HCl (52 µL 4M/dioxane sln, 207 µmol, 
2.8 equiv.) were added and the mixture was stirred for 3 hr. after which the starting material was consumed 
(TLC 10% methanol:DCM). Glycine-AMC TFA salt was dissolved in DMF and added to the reaction mixture 
and DiPEA (100 µL, 600 µmol, 8 equiv.) was added. The reaction mixture was allowed to warm to RT o/n 
before being concentrated. The residue was dissolved in DCM and washed with 1M aq. HCl (2x), sat. aq. 
naHco3 and H2o and the dcM was dried over na2so4. Column chromatography (DCM → 2% MeOH:DCM) 
yielded the title compound (30 mg, 53 µmol, 72%). 1H nMR (400 MHz, cdcl3:CD3OD 1:1, rotamers) δ ppm 
1.07 (t, J = 7.31, 7.31 Hz, 3H), 1.51-1.35 (m, 9H), 2.09-1.65 (m, 2H), 2.46 (s, 3H), 3.73-3.17 (m, 2H), 4.04-3.89 
(m, 1H), 4.39-4.06 (m, 2H), 4.98-4.83 (m, 0.5H), 5.25-5.04 (m,1), 6.17-6.07 (m, 0.5H), 6.22 (s, 0.5H), 7.11 
(t, J = 7.34, 7.34 Hz, 1H), 7.35-7.19 (m,b2.5), 7.51-7.40 (m,0.5H), 7.77-7.56 (m, 2H), 8.20-8.14 (m, 0.5H), 
7.98-7.87 (m, 0.5H). LC-MS system A: Rt (min): 8.31 (ESI-MS (m/z): 562.93 (M + H+)).
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TFA . Buta-AMC 5
boc-buta-AMC 4 (30 mg, 53 µmol) was dissolved in 1:1 TFA:DCM and the solution was stirred for 30 minutes 
before being concentrated with toluene (3x) to yield the title compound in quantitative yield. 1H nMR (400 
MHz, cd3OD) δ ppm 1.15 (t, J = 7.48, 7.48 Hz, 3H), 2.17-1.92 (m, 2H), 3.37-3.31 (m, 1H), 2.42 (s, 3H), 3.78 
(dd, J = 16.61, 10.99 Hz, 1H), 4.02 (d, J = 16.72 Hz, 1H), 4.20 (d, J = 16.82 Hz, 1H), 4.29 (t, J = 6.15, 6.15 Hz, 
1H), 5.20 (dd, J = 10.85, 2.75 Hz, 1H), 6.21 (s, 1H), 7.10 (t, J = 7.41, 7.41 Hz, 1H), 7.27-7.17 (m, 2H), 7.33 
(dd, J = 8.59, 1.28 Hz, 1H), 7.66 (d, J = 8.65 Hz, 1H), 7.92-7.88 (m, 1H), 8.23 (d, J = 8.07 Hz, 1H). 13c nMR 
(100 MHz, cd3OD) δ ppm 174.36, 169.60, 169.07, 163.26, 155.40, 155.26, 143.70, 143.27, 130.90, 128.71, 
126.72, 126.18, 125.78, 118.19, 117.15, 116.83, 113.57, 107.97, 62.17, 55.18, 44.09, 35.39, 25.54, 18.52, 
9.54. LC-MS system A: Rt (min): 5.24 (ESI-MS (m/z): 463.13 (M + H+)). HRMS: Calcd. For [C25H26n4o5+H+] 
463.19760 found 463.19742.

General Procedure for the coupling of BocIndolinecaboxylic acid. 
boc-(S)-Indoline-2-carboxylic acida (1 mmol) was dissolved in methylenechloride (5 mL) followed by the 
addition of DIC (1,25 equivalents), DIPEA (1,25 equivalents) and the corresponding amines i.e. 1-aminobu-
tane, leucinevinylsulphone TFA saltb , leucinevinylmethylester c TFA salt or leucineboronic acid pinane 
diol ester d TFA salt (1.1 equivalents). Reactions were stirred for three hours upon which TLC indicated 
complete consumption of bocIndolinecaboxylic acid in all cases. Crude reaction mixtures were extracted 
with ammoniumchloride, sat. bicarbonate and brine and dried over sodium sulfate, filtered and concen-
trated under reduced pressure. The residues were dissolved in little methylene chloride and purified by 
silica gel chromatography using a gradient of ethylacetate in toluene to afford the desired products in 
good yields (>80%) in all cases. LC-MS analysis (system b) confirmed homogeneous products in which the 
expected protonated singly charged ion was detected in all cases.

General procedure for Boc deprotection and condensation with chloroacetylchloride.
The derivatives coupled as described above (0.5 mmol each) were dissolved in little methylene chloride 
and TFA was added to remove the boc protecting group. After 10 minutes TFA was removed under reduced 
pressure, residues were taken up in toluene and concentrated once more. Methylene chloride was then 
added to dissolve the residue and and equal amount of saturated sodium bicarbonate solution was added. 
The resulting biphasic reaction mixture was stirred vigorously and cooled on ice. A solution of chloroacetyl 
chloride was then added in portions over a period of 1 hour (2 mmol chloroacetyl chloride is added in 
total) and the reaction mixture was stirred overnight. The methylenechloride phase was collected, dried 
over sodium sulphate, filtered and concentrated under reduced pressure. The desired chloroacetamides 
were obtained in high yield in all cases (>90%). Lc-Ms analysis (system B) of the products indicated no side 
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product formation and confirmed homogeneous products in which the expected protonated singly charged 
ion was detected in all cases. Note: it is important to directly convert amines after boc deprotection as we 
found that aromatization occurs to significant extents upon exposing the free amine to air.

General procedure for the substitution of chloroacetamides with dialkylamines, morpholine and piperi-
dine.
Chloroacetamides (typically 50 mg) were dissolved in little methylene chloride (1 ml) and a large excess 
of respective dialkyl amine, morpholine or piperidine was added (20 equivalents). Reactions were stirred 
overnight and concentrated under reduced pressure. Residues were dissolved in little acetonitrile and 
water containing 1% TFA and purified by reversed phase preparative HPLC purification. All fractions were 
analyzed by LC-MS system b and product peaks were pooled and lyophilized to afford the desired products 
in quantities ranging from 20 to 30 milligrams. Reanalysis of the lyophilized product by LC-MS system b 
confirmed homogeneous products in which the expected protonated singly charged ion was detected in 
all cases.

a Sato, S., Watanabe, H., Asami, M. Tetrahedron: Asymmetry 2000 (11), 4329-4340.
b leuVS; M. bogyo, J. S. McMaster, M. Gaczynska, D. Tortorella, A. L. Goldberg and H. Ploegh, Proc. Natl.   
Acad. Sci. U. S. A., 1997, 94,6629–6634.
c leuVME; T. Hintermann, K. Gademann, b. Jaun, D. Seebach, Helv. Chim. Acta., 2004, 81, 983-1002
d Adams, J.; behnke, M.; Cruickshank, A. A.; Dick, L. R.; Grenier, L.; Klunder, J. M.; Ma, J.-T.; Plamondon, L.; 
Stein, R. L. bioorg. Med. Chem. Lett. 1998, 8, 333–338. 
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Supplementary figure S1: A) TPPII was purified from HEK293T cells over-expressing human TPPII. AAF-AMC 
(100 μM) hydrolysis was measured in the presence or absence of butabindide in the various supernatant 
eluates with increasing concentrations of NaCl. B) Proteasomes and most proteins are in the pellet fraction 
as indicated by proteasome-specific probes and Coomassie blue staining. The supernatant fraction which was 
used for purification was devoid of proteasomes. c) AAF-AMC (100 μM) hydrolysis in the various fractions 
obtained from a size-exclusion column. d) The pooled fractions 17 to 19 were concentrated and run on a 
polyacrylamide gel. The arrow shows the proteins that were sliced out of the gel and identified as TPPII by 
mass spectrometry. 
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Supplementary figure S2: a) structures of all synthesized butabindides. B) Inhibitory effect of various but-
abindide analogues on AAF-AMC hydrolysis in lysates. The bars show from left to right concentrations of 
inhibitor in the range of 25 μM -500 μM, respectively.
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Supplementary table S1: AAF-AMC (100 μM) hydrolysis by purified TPPII after preincubation in the presence 
or absence of all the butabindide analogues, Z-GLA-OH, AAF-CMK and MG132, as determined as mean ± SD 
of 3 experiments.  

Supplementary table 1

Inhibitor Average activity (%) SD 
None 100 1.6

Butabindide 37 0.7
Me2-butabindide 123 1.3
Et2-butabindide 118 1.9
Pr2-butabindide 118 1.8
iPr2-butabindide 121 7.2
Bu2-butabindide 98 17.4
Morpholino-butabindide 114 1.8
Piperidyl-butabindide 112 2.1

Boron-butabindide 31 0.6
Butabindide-VMe 110 1.0
Butabindide-VS 119 0.3

Z-GLA-OH 89 8.4
AAF-CMK (10 μM) 26 0.9
MG132 (20 μM) 100 3.0
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The proteasome degrades proteins into multiple peptides which are further degraded 

into single amino acids by a large heterogeneous pool of aminopeptidases. However, 

a small fraction of these peptides escape complete degradation and are presented as 

antigens by MHC class I molecules to the immune system. For loading into the pocket 

of the MHC class I molecules, these antigens need a length ranging from 8 to 11 amino 

acids. The C-terminus of these antigens is often the original cleavage site made by the 

proteasome, whereas the N-terminus of the antigen is mainly generated by aminopepti-

dases. there are, however, several MHc class i molecules are suggested to bind an 

significant proportion of peptides that are generated independently of the proteasome. These 

peptides likely obtain their C-terminus via endopeptidase activities of cytoplasmic endopepti-

dases. Indeed, various reports describe the involvement of endopeptidases in antigen genera-

tion. Here, we explored the efficiency of cytoplasmic endopeptidases in degrading peptides 

in cell lysates, using quenched peptides that can only be degraded by endopeptidase activity. 

Peptides containing predominantly basic amino acids were rapidly degraded. This did not 

occur as previously suggested via the endopeptidase tripeptidyl peptidase II but via metallo-

endopeptidases such as nardilysin. Fragments up to 22 amino acids can be cleaved off from 

precursor peptides by the pool of metallo-endopeptidases. Therefore, they can generate alter-

native C-termini. Indeed, metallo-endopeptidases play an important role in peptide processing 

for the proteasome-independent HLA-A11 and -A3 MHC class I molecules that bind peptides 

with a basic c-terminus. 
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the 26s proteasome degrades the majority of nuclear and cytoplasmic proteins [1, 2] 

into peptides ranging in size from 3 to 22 amino acids [3]. These peptides are rapidly 

degraded by a large pool of downstream aminopeptidases into single amino acids 

[4-6]. However, not all peptides are completely degraded, as a small fraction escapes 

complete degradation and are translocated to the endoplasmatic reticulum (ER). In the 

ER, peptides can be further processed and loaded onto newly synthesized MHC class I 

molecules and transported to the plasma membrane for subsequent antigen presenta-

tion to cytotoxic T lymphocytes (CTL) [7]. Presented peptides, also called epitopes when 

recognized by CTL, range in size from 8 to 11 amino acids. Potential epitopes generated 

by the proteasome have often already the correct C-terminus for binding to MHC class 

I molecules. On the other hand, the N-terminus is often extended and need additional 

processing by aminopeptidases [8]. 

besides aminopeptidases, the cytoplasm also contains several endopeptidases. Unlike 

aminopeptidases, endopeptidases do not cleave single-, di-, or tri-peptides from a free 

N-terminus but can cleave further away from the N-terminus. Some peptidases such as tripep-

tidyl peptidase II (TPPII) display both exo- and endopeptidase activities [9, 10]. The proteasome 

has three different catalytic activities namely chemotryptic, tryptic and caspase-like [11], and 

can generate C-termini with many different residues but the proteasome cannot account for 

all epitopes with basic c-termini that are loaded onto MHc class i molecules [12]. therefore, 

endopeptidases have to generate alternative C-termini with basic C-terminal residues and 

Tenzer et al. [12] suggested that the endopeptidase TPPII would make these C-termini. 

Interestingly, several MHC class I molecules present peptides that are proteasome-independ-

ently generated, including HLA-A11, -A3 and -A68 [13]. These MHC class I molecules often 

present peptides with a basic residue at the C-terminus for binding into the groove of the MHC 

class I molecule [13]. TPPII is mainly an exopeptidase that cleaves off tripeptides from the 

N-terminus with a preference for large aromatic residues [14-16], whereas the TPPII endopepti-

dase activity prefers basic residues [10]. TPPII is also able to cleave peptides exceeding 15 

amino acids [5, 17]. TPPII may therefore be important for the generation of the C-termini of 

proteasome independently generated HLA-A11, -A3 and -A68 epitopes [12]. 

Other cytoplasmic peptidases that display endopeptidase activity include the metallo-

endopeptidase thimet oligopeptidase (TOP), which can degrade peptides ranging from 6 to 

17 amino acids [18, 19]. TOP preferentially cleaves 3 or 6 amino acids from the C-terminus of 

a peptide [20] and is reported to mainly degrade potential epitopes [21]. However, since TOP 

can cleave between arginine residues [22], it may generate HLA-A3 and -A11 epitopes. the 

cytoplasmic metallo-endopeptidase nardilysin also has a high preference for di-basic residues 

[23, 24]. Therefore, nardilysin may also be the peptidase that generates the basic C-termini of 

HLA-A11 and -A3 epitopes. 

There are also various cytoplasmic endopeptidases that target other non-basic amino acids, 

including prolyl oligopeptidase, neprilysin and insulysin. Prolyl oligopeptidase is a serine-

endopeptidase specialized in the cleavage after proline residues [25], whereas neprilysin is 

a metallo-endopeptidase that is highly homologues to TOP but does not cleave in between 

argenine residues [22]. Finally, insulysin is also a metallo-endopeptidase that cleaves behind 
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various residues but less efficient behind basic residues [26]. It is therefore unlikely that these 

endopeptidases are responsible for the generation of alternative basic C-termini for HLA-A3 

and -A11 epitopes. 

Here, we explore the efficiencies of cytoplasmic endopeptidases in the degradation of peptides 

with different sequences and lengths, and determined their potential role in the generation of 

alternative C-termini for epitopes. To measure endopeptidase activities, we used quenched 

peptides that become fluorescent upon degradation and which have uncleavable D-amino 

acids at the N-terminus to prevent degradation by exopeptidase activities. basic residues 

between the quencher and fluorophore were rapidly degraded, whereas other residues were 

degraded more slowly. We also show the effect of flanking residues on the cleavage efficiencies 

of endopeptidases to cleave behind a basic residue, and the maximum size of fragments that 

can be generated from precursor peptides. Finally, we show the impact of various endopepti-

dases on the generation of HLA-A11 and -A3 epitopes. 

 

Cytoplasmic endopeptidases preferrably cleave basic residues

To determine the efficiency of intracellular endopeptidase activity for degrading 

different peptide sequences, we used quenched peptides that become fluorescent upon 

degradation of an internal peptide sequence (figure 1A). Similar to quenched peptides 

that we developed to determine overall intracellular peptidase activity [5], we modi-

fied peptides so that they can only be cleaved by endopeptidases. Therefore, a repeat 

of identical cleavable amino acids was flanked by undegradable sequences of D-amino 

acids at both the N- and C-terminus to prevent exopeptidase activity (figure 1A). When we 

generated these endopeptidase-specific fluorogenic substrates with increasing lengths of iden-

tical amino acids, we observed that an increase in lysine residues dramatically improved degra-

dation of the substrates when measured in cell lysates (supplementary figure S1A, b). Hardly 

any degradation was observed of peptides containing only two lysine residues in between the 

quencher and fluorophore. 

Therefore, we performed experiments with endopeptidase-specific fluorogenic substrates 

containing 8 identical amino acids between the flanking D-amino acid sequences. Peptides 

containing the basic residues arginine (R) and lysine (K) were rapidly degraded, whereas 

peptides containing 8 histidines (H), glutamines (G), threonines (T), prolines (P) or alanines (A) 

were degraded a hundred-fold slower (figure 1b). Peptides composed of glycine (G), leucine (L) 

or tyrosine (y) showed hardly any degradation (figure 1b). This selection of amino acids repre-

sents most classes of amino acids except for acidic amino acids. We also wanted to test acidic 

stretches but we were unable to synthesize peptides containing repeats of glutamic acid or 

aspartatic acid (data not shown). Together, this shows that intracellular endopeptidases prefer 

peptides consisting of the basic amino acids arginine and lysine, and to a lesser extent the basic 

residue histidine and various other amino acids. 

Since efficient cleavage likely increases the rate of C-terminus generation of epitopes by 

endopeptidases, we next examined which endopeptidases were responsible for the degrada-

tion of these peptides. Especially the rapidly degradable basic peptides were of interest, as 

their cleavage should result in alternative C-termini of epitopes for HLA-A3 and -A11 MHC class 
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I molecules. We distinguished 5 different classes of potential peptidases that are inhibited by 

broad specificity inhibitorsof the aspartic, cysteine, serine, threonine and metallo-peptidases 

[27, 28]. The only known threonine peptidase in eukaryotic cells is the proteasome and can 

be inhibited by MG132 [2, 29], whereas aspartic, cysteine, serine, and metallo-peptidases 

can be inhibited by pepstatin A, E64, phenylmethylsulfonyl fluoride (PMSF) and phenanthro-

line, respectively. We also used bestatin as a general exopeptidase inhibitor and Ala-Ala-Phe-

chlorometylketone (AAF-CMK) as an aspecific TPPII inhibitor [9]. As shown in figure 1C, the 

degradation of the two rapidly degradable basic peptides (R, K) and histidine (H) were mainly 

inhibited by the metallo-peptidase inhibitor phenanthroline, whereas other non-basic fluoro-

genic peptides were mainly inhibited by AAF-CMK (figure 1C). 

To examine which phenanthroline-sensitive metallo-peptidase was degrading the basic peptides, 

we first inhibited the metallo-endopeptidase TOP using Cpp-Ala-Ala-Phe-pAb. Pre-incubation 

of cell lysates with Cpp-Ala-Ala-Phe-pAb did not affect degradation of argenine (R)- and lysine 

(K)-containing peptides but inhibited the degradation of basic histidine (H)-containing peptides 

(figure 1D). The second potential candidate we tested was the metallo-endopeptidase nardi-

lysin, which needs at least two neighboring basic amino acids within a peptide sequence for 

cleavage [30]. Since there is no specific inhibitor for nardilysin, we lowered nardilysin expres-

sion using nardilysin-specific siRNA. Degradation of the arginine (R)- and lysine (K)-containing 

peptides was examined in the siRNA-treated cell lysates. Downregulation of nardilysin expres-

sion resulted in a decrease in degradation of these peptides as compared to the control 

siRNA-treated cells, suggesting that nardilysin is the peptidase responsible for degradation of 

the basic peptides (figure 1E). In addition, purified nardilysin was effective in degrading the 

peptides, which could again be inhibited by phenanthroline (figure 1F). 

Together, these data indicate that peptides containing the basic residues, lysine and arginine, 

are rapidly degraded by endopeptidases such as the metallo-endopeptidase nardilysin. Since 

other amino acid sequences were much more slowly degraded by endopeptidases, alternative 

c-termini are most likely composed of a lysine or arginine residue.  

Metallo-endopeptidases can cleave peptide fragments up to 22 amino acids from a free N-ter-

minus 

Endopeptidases preferrably cleave in between or after basic residues (figure 1b) but for the genera-

tion of alternative C-termini for potential epitopes it is also necessary to cleave at least 9 amino 

acids away from the N-terminus. Therefore, we questioned how far the endopeptidases can cleave 

within a peptide.

To examine the maximum size of the cleavage fragment to be generated by these endopeptidases we 

generated several 27-mer quenched peptides with increasing numbers of undegradable N-terminal 

D-amino acids (figure 2A). Peptides with 6, 12, 15 or 18 D-amino acids at the N-terminus were 

still degraded by phenatroline-sensitive endopeptidases, whereas the peptide with 23 D-amino 

acids was hardly degraded and no longer phenatroline sensitive (figure 2A, b). Next, we generated 

peptides containing the favored lysine at positions 20, 21, 22 and 23 (figure 2C). Whereas peptides 

with a lysine up to position 22 were still degraded, peptides with the lysine at position 23 were 

hardly degraded (figure 2D). This indicates that endopeptidases can generate peptides with a basic 

C-terminal residue up to 22 amino acids from the N-terminus in the precursor peptide. 
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Figure 1: Cytoplasmic endopeptidases prefer basic residues. a) Schematic representation of the quenched 
peptide used to measure endopeptidase activities. The peptide contains N- and C-terminal non-degradable 
D-amino acids (indicated in yellow) to prevent exopeptidase activity by amino- or carboxy-peptidases. The 
quencher (dabcyl; Q) and fluorophore (fluorescein; star) are separated by 8 identical and degradable L-amino 
acids (indicated in green), here shown as 8 lysines. Cleavage of these peptides by endopeptidases separates 
the quencher and fluorophore resulting in increased fluorescence. B) Representative graph of hydrolysis of 
several peptides with 8 identical residues. Peptides consisting of basic residues lysine (K8) and arginine (R8) 
were rapidly degraded and the production of fluorescence reached a plateau within 10-20 minutes. Peptides 
composed of histidines (H8), glutamines (Q8), threonines (T8), prolines (P8) and alanines (A8) were degraded 
at a much slower rate and reached a plateau over a hundred-fold slower. Some peptides were not degraded 
at all, such as those consisting of glycine (G8), leucine (L8) and tyrosine (y8) peptides. c) The effect of various 
protease and peptidase inhibitors on the hydrolysis of fluorogenic peptides, showing mainly an effect of the 
metallo-peptidase inhibitor phenanthroline, and to a lesser extent an effect of AAF-CMK. d) Effect of TOP 
inhibition on the degradation of the basic peptides K8, R8 and H8 in lysates preincubated with 100 μM of the 
TOP inhibitor Cpp-AAF-pAb. Fluorescence intensity of the non-inhibited lysates was set at 100%. The mean of 
three separate experiments ± sd are shown. e) Degradation of the basic K8 and R8 peptides in lysates treated 
with siRNA against nardilysin. The fluorescence intensitiy of the control siRNAi-treated cells was set at 100%. 
the mean of three separate experiments ± sd are shown. f) The basic peptides K8 and R8 were incubated 
with purified nardilysin with or without the addition of 1 mM phenanthroline. Non-inhibited degradation of 
these peptides by purified nardilysin is set at 100%. The mean of three separate experiments ± SD are shown.
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Figure 2: Endopeptidases cleave off fragments up to 22 amino acids from the N-terminus. a) Schematic rep-
resentation of the 27-mers consisting of increasing amounts of N-terminal D-amino acids (indicated in yellow) 
and the quencher (Q) and fluorophore (star). All 27-mers except for the 23D 27-mer show an increase in fluo-
rescence. B) Peptides containing either 18 D-amino acids or 22 D-amino acids at the N-terminus were added 
to Mel JuSo lysates in the presence or absence of 1 mM phenanthroline. c) Schematic representation of 
four fluorogenic peptides with a preferred lysine (K) for cleavage at position 20, 21, 22 and 23 (red residues). 
All peptides except for the K23 peptide showed an increase in fluorescence. d) Degradation curves of the 
peptides with a lysine at position 22 and 23, as shown in C, measured in Mel JuSo lysates. 
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C-terminal flanking amino acids affect the degradion efficiency by endopeptidases

Since the basic lysine and arginine residues were highly favored by cytoplasmic endopepti-

dases, we next examined whether the c-terminal residue following this basic amino acid 

would affect cleavage efficiency. Peptides generated from proteins seldomly show a repeat of 

identical residues (as shown in Figure 1) and we wondered what the contribution of various 

residues c-terminal of a single basic residue was (figure 3A). not only would this be a better 

representation of the intracellular peptide pool, it would also give us a better insight in which 

endopeptidases are capable of generating the c-terminus of different HLA-A11/A3-restricted 

epitopes.   

We generated various quenched peptides which contained a single basic residue and 

various flanking C-terminal residues between the quencher and fluorophore. The N- and 

C-terminus were again composed of undegradable peptide sequences of D-amino acids to 

exclude exopeptidase activity, and the cleavable sequence was further composed of slowly-

degraded alanine and glycine residues (figure 3A-c). interestingly, the degradation speed of 

peptides containing a basic residue was affected by flanking residues, with acidic residues (d, 

e) reducing the speed of degradation. Also large hydrophobic residues such as phenylalanine 

(F) reduced degradation, whereas smaller or more basic residues increased the speed of 

degradation (figure 3B, c). 

to determine which classes of peptidases were degrading these peptides containing a single 

basic residue, we tested the effect of several peptidase inhibitors on the degradation of these 

peptides. The degradation of most of these peptides were inhibited by both AAF-CMK and 

phenanthroline (figure 3d), in contrast to peptides with 8 basic residues which were mainly 

phenanthroline sensitive (figure 1c). Moreover, the dibasic peptides RR, RK and RH were, 

unexpectedly, not only phenanthroline sensitive but also AAF-CMK sensitive. We expected 

that these peptides would be degraded by the phenanthroline-sensitive nardilysin, but these 

peptides were inhibited by AAF-CMK as well. because AAF-CMK inhibited the degradation of 

these peptides, we assumed that tPPii was the peptidase responsible for the degradation. 

therefore, we applied butabindide as a selective inhibitor of tPPii [31]. However, butab-

indide showed no inhibitory effect (supplementary figure s2). Moreover, the toP inhibitior 

Cpp-AAF-pAb had no inhibitory effect either (supplementary figure S2). 

Incubation with both AAF-CMK and phenanthroline showed additive effects, suggesting 

that at least two different endopeptidases can target these basic residues in peptides. Here, 

nardilysin is again one of the peptidases involved as the dibasic peptides (RK, RR) were 

rapidly degraded by purified nardilysin in a phenanthroline-dependent manner (figure 3g). 

However, nardilysin is probably one of the many endopeptidases that are phenanthroline 

sensitive in cell lysates (figure 3e).

because both AAF-CMK and phenanthroline had an inhibitory effect on the hydrolysis of 

peptides, we expected that these peptides are degraded by a heterogeneous pool of 

endopeptidases. therefore, we inhibited the degradation of the rapidly-degraded RK peptide 

and the slowly-degraded RT peptide with either phenanthroline or AAF-CMK or in combina-

tion. the inhibitors had an additive effect, confirming that these peptides are degraded by 

several classes of endopeptidases (figure 3F).
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MhC class I presentation of hlA-A3 and -A11 peptides is dependent on metallo-endopepti-

dase activity.

We used quenched peptides to determine the overall degradation capabilities of cytoplasmic 

endopeptidases and showed that only peptides containing the basic lysine and arginine resi-

dues were rapidly degraded. these residues were mainly targeted by phenanotroline-sensi-

tive endopeptidases including nardilysin. to examine whether these phenanotroline-sensi-

tive peptidases are essential for presentation of HLA-A3 and HLA-A11 epitopes which are less 

dependent on proteasome activity [10], we inhibited these peptidases in K562 single allele-

expressing cells [32]. these cells express either HLA-A2, -A11, -A3 or -B8 MHc class i mole-

cules, of which HLA-A11 and -A3 epitopes require a basic lysine or arginine at the C-terminus. 

As a control we used HLA-A2 which needs a leucine or valine at the ninth c-terminal position, 

whereas the HLA-B8 needs an internal lysine for anchoring in the MHc class i molecules. As 

a result, HLA-B8 epitopes are probably destroyed by the same endopeptidase that is respon-

sible for the generation of HLA-A3 and -A11 epitopes. 

to examine the effects of endopeptidase inhibition on MHc class i expression, we used an 

acidic wash protocol which depletes presented epitopes from MHc class i molecules at the 

cell surface [5, 33]. Recovery of MHC class I molecules at the cell surface is mainly due to newly 

generated peptides that are loaded on MHC class I molecules in the ER and subsequent trans-

port to the plasma membrane, enabling the use of peptidase inhibitors to show their effect 

on epitope generation and subsequent MHC class I levels (figure 4A). Next to phenanthroline 

to inhibit the metallo-peptidases, we used Mg132 to inhibit proteasomes and butabindide 

to inhibit tPPii for four hours following the acidic wash. the recovery of all HLA classes was 

increased in the presence of butabindide (figure 4B), as previously reported for overall MHc 

class I levels [34] and for specific epitopes [35, 36]. This indicates that TPPII mainly destroys 

epitopes, and that the role of its endopeptidase activity to generate potential c-termini is 

overshadowed by its exopeptidase activity. similarly, the aminopeptidase inhibitor bestatin 

resulted in an increase of antigen presentation (supplementary figure s3), supporting 

that the role of bestatin-sensitive aminopeptidases in generating correct n-termini from 

n-terminally extended epitopes is again overshadowed by their epitope-degrading activi-

ties. in contrast, the proteasome inhibitor Mg132 reduced antigen presentation in all single 

allele-expressing cells, since most if not all peptides are derived from proteins degraded by 

the proteasome [2, 37, 38]. Intriguingly, inhibition of both the proteasome and TPPII resulted 

in increased antigen presentation as compared to proteasome inhibition alone in HLA-A11 

and -A3 expressing cells, whereas there was no additive or compensating effect for HLA-A2 

and –b8 epitopes. Inhibition of phenanthroline-sensitive peptidases reduced antigen presen-

tation for HLA-A2 and A11/A3, but increased the presentation of HLA-B8 epitopes containing 

internal lysine residues. this suggests that phenatroline-sensitive metallo-endopeptidases 

are responsible for the generation of basic c-termini for HLA-A11/A3 epitopes and degrade 

epitopes presented by HLA-B8 (figure 4B). 
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Figure 3: Effect of flanking amino acids on cleavage after a basic residue. a) Schematic representation of the 
peptides with one cleavable basic arginine residue (R, in red) flanked at the C-terminus by different amino 
acids (indicated by “X”, in orange). B) Representative degradation curves of several peptides, containing a 
single basic argenine (R) residue or A, and various C-terminal flanking residues (R, A, F, D or A). c) Quantifica-
tion of the degradation rate (Hydrolysis) for all peptides tested with the basic argenine (R) or A, C-terminally 
flanked by different residues at the “X” position. The mean of 5 separate experiments ± SEM are shown. 
d) Peptides with different residues at position “X” were added to Mel JuSo lysates preincubated with the 
indicated inhibitors. Note that the y-axis is set to 100% for non-inhibited lysates of each individual peptide, 
and therefore does not correspond to the absolute rate of degradation. e) Addition of the rapidly-degraded 
RR and RK peptides to purified nardilysin with or without addition of phenatroline. Fluorescence intensity of 
the non-inhibited lysates is set at 100%. f) Peptides containing a RK and RT sequence were added to lysates 
preincubated in the presence of 1 mM phentroline, 5 μM AAF-CMK or both inhibitors. The fluorescence 
intensity of the non-inhibited peptides was set at 100%
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 the c-termini of most epitopes presented by MHc class i are generated by the protea-

some [8]. However, HLA-A11- and -A3-restricted epitopes that contain a basic residue 

at the c-terminus are considered to be generated independently of the proteasome 

[12, 13]. Several cytoplasmic peptidases show endopeptidase activities, including TPPII, 

nardilysin and TOP. Intriguingly, these peptidases have a high preference for basic 

residues as if to compensate for the low proteasomal affinity for basic residues [30]. 

We used quenched peptides that contain D-amino acids to prevent degradation by 

exopeptidases. An unmodified N-terminus was required as even a small naftylsulfonyl 

group at the N-terminus [4] prevented degradation of quenched peptides by endopepti-

dases (data not shown). Surprisingly, only basic residues were efficiently targeted by 

endopeptidases including nardilsysin and TOP. 

The second finding was that the endopeptidases have a size limit to generate peptides from 

precursor peptides of 22 amino acids at the N-terminus. Interestingly, this is also the size 

limit of peptides generated by the proteasome, indicating that endopeptidases can generate 

epitopes from the C-terminal parts of proteasomal peptide products. Here, the flanking 

C-terminal residue affects the efficiency of cleavage and thereby determine after which basic 

residue within a peptide cleavage occurs. 

Nardilysin was one of the endopeptidases identified to degrade these basic sequences. However, 

we suspect that several endopeptidases can target the same peptides as also AAF-CMK-sensitive 

endopeptidases were involved. Apparently, there is redundancy in the clearance of peptides 

which is underscored by the limited effect of inhibition of particular peptidases on MHC class 
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Figure 4: The effect of several in-
hibitors on the recovery of MHc 
class i molecules at the plasma 
membrane. a) K562 single allele-
expressing cells were treated with 
an acidic wash to remove loaded 
MHc class i molecules from the cell 
surface. Repopulation due to newly 
generated epitopes loaded on MHc 
class i molecules was measured at 4 
hours after recovery in the presence 
or absence of inhibitors. B) the 
effect of 20 μM MG132, 100 μM 
butabindide, Mg132 in combina-
tion with butabindide and 1 mM 
phenanthroline on peptide gen-
eration and recovery of MHC class 
I presentation of HLA-A2, -A3, -A11 
and -B8 MHc class i molecules. the 
red dotted line is the level of MHC 
class i recovery of the non-inhibited 
cells and set at 100%. data are the 
mean ± sd of 4 separate experi-
ments.
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I presentation [17, 39-41]. TPPII is aspecifically inhibited by AAF-CMK, but we observed no 

inhibitory effect on endopeptidase-specific cleavage of fluorogenic substrates upon TPPII inhi-

bition with the more selective inhibitor butabindide [31]. Moreover, lysates from TPPII-/- mouse 

embryonic fibroblast degraded the peptides at similar speed or even faster than lysates of 

wild-type MEFs (data not shown), suggesting an increased activity by another compensating 

endopeptidase and a limited role for TPPII in degrading peptides by its endopeptidase activity.

The limited role of TPPII’s endopeptidase activity was also confirmed by examining the effects 

of TPPII on MHC class I levels. TPPII inhibition resulted in increased MHC class I presentation 

for all single allele-expressing K562 cells used in the experiments. Apparently, the exopeptidase 

activity of TPPII is much faster in degrading the epitopes from the N-terminus than its endopepti-

dase contribution to generation of alternative C-termini [9]. The relatively slow degradation by 

endopeptidases was also the limitation why most experiments were performed in cell lysates 

instead of living cells, as degradation of micro-injected peptides was too slow for measure-

ments (data not shown). Nevertheless, TPPII endopeptidase activity may still be essential for 

the generation of particular epitopes as shown for the HLA-A3/A11-restricted Hiv-Nef epitope, 

where the essential C-termini are generated by TPPII [10]. In contrast, metallo-endopeptidases 

such as nardilysin seem to be involved in generating alternative C-termini for antigen presenta-

tion, as inhibition by phenanthroline reduced levels of MHC class I molecules that depend on 

epitopes with basic C-termini, whereas it increased the presentation of HLA-b8 epitopes. These 

HLA-B8 epitopes normally contain an internal lysine residue that can be targeted by metallo-

endopeptidases, leading to the degradation of HLA-b8 epitopes. Although HLA-A11 and -A3 

epitopes are often described as proteasome independent [13], we observed a reduction in 

HLA-A11 and -A3 presentation after inhibition of the proteasome with MG132 (figure 4b) which 

is most likely due to the requirement of peptide generation by the proteasome and subsequent 

targeting of these peptides by endopeptidases to generate alternative C-termini. 

In conclusion, we have shown that endopeptidases preferrably cleave in between basic resi-

dues. Endopeptidases need a free N-terminus and can cleave up to 22 amino acids from the 

N-terminus. Peptidase cleavage after a basic residue is affected by its C-terminal flanking 

residues and there is redundancy in the degradation of these peptides. Finally, C-termini of 

HLA-A3/A11 restricted epitopes are generated by metallo-endopeptidases and not as previ-

ously hypothesized by tPPii [12].
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Compounds and chemicals

The following chemicals were used: 1,10-phenanthroline (1 mM; Sigma, St. Louis, MO, 

USA), Pepstatin A (5 μM; Sigma), AAF-CMK (5 μM; Tebu-bio, Le-Perray-en-yvelines, France), 

bestatin (10 μM; Tebu-bio), butabindide oxalate (100 μM; Tocris biosciences, Ellisville, MO, 

USA), E64 (100 μM; Enzo Life Sciences, Farmingdale, Ny, USA), MG132 (20 μM; Enzo Life 

Sciences), phenylmethylsulfonyl fluoride (PMSF) (1 mM; bachem, bubendorf, Switzerland) 

and Cpp-AAF-pAb (100 μM; bachem). The W6/32-FITC and W6/32-APC antibodies against 

MHc class i were purchased from sigma. 

Cell lines and cell culture

Mel JuSo, Hek293T and K562 single allele-expressing cells [32] were grown in IMDM medium 

(Invitrogen, Carlsbad, CA, USA) with 10% fetal calf serum (FCS) and appropriate concentrations 

of penicillin, streptomycin and L-glutamine. Non-targeting and nadrilysin specific siRNA pools of 

4 siRNAs were purchased from Thermo Scientific (Waltham, MA, USA; M-005980-02-0005) and 

Hek293t cells were transfected with oligofectamine (invitrogen). 

Synthetic peptides

The various fluorescent peptides were synthesized using Fmoc chemistry as described before [5]. 

Internally quenched peptides were used that have a dabcyl quencher linked to a lysine and the 

fluorescein-5-iodoacetamide to a cysteine residue. Exopeptidase activity by aminopeptidases was 

prevented by using uncleavable D-amino acids at the N-terminus [4, 5]. Carboxy-peptidase activity, if 

present in cell lysates, was prevented again by using D-amino acids at the C-terminus of the peptide. 

Mel JuSo and Hek293T cells were mildly lysed with digitonin to obtain cytoplasmic fractions free of 

lysosomes. The cytosolic fraction was separated from the nuclear fraction and organelles by centrifu-

gation (15 min, 20,800 xg, 4 °C) and protein concentrations were determined the bradford assay. The 

lysate was diluted in the presence of the appropriate inhibitors in 200 μl PbS in a flat-bottom 96-well 

plate (Greiner, Kremsmünster, Austra). The increase in fluorescence with excitation at 485 nm and 

emission at 520 nm was measured in a fluorescence plate reader (Polarstar Galaxy, bMG Labtech, 

Offenburg, Germany) for 200, 600 or 800 minutes, depending on the speed of degradation. Absolute 

values were normalized after 60 or 120 minutes of incubation depending on the degradation rate. 

Acidic wash and FACS analysis

MHC class I molecules of the K562 cells were stripped from the membrane with an acidic wash (66 

mM NaH2PO4, 131.5 mM citric acid, pH 3.50, 2 min at 0 °C) as described before [5, 33]. Cells recov-

ered for four hours in IMDM (Invitrogen) + 10% FCS in the presence of the indicated inhibitors. K562 

cells were after 4 hours recovery, in the absence or presence of the indicated inhibitors, immunos-

tained for MHC class I molecules using W6/32 antibodies conjugated with fluorescein isothiocyanate 

(FITC) or allophycocyanin (APC) in a dilution of 1:50 (Sigma). Flow cytometry was performed using 

a LSRII cell sorter (bD biosciences, Franklin Lakes, NJ, USA). Non-recovered cells were stored at 4°C 

directly after the acidic wash treatments and immunostained for MHC class I molecules. Moreover, 

non-acidic wash-treated cells were immunostained for MHC class I molecules as a positive control.
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rES Supplementary figure S1: a) Schematic representation of the protected peptides. The peptides 
were uncleavable due to the D-amino acids sequences. Only the lysines sequences in between 
quencher and flourophore could be hydrolyzed. B) Degradation curves of the peptides shown in 
figure S1A. Increasing the number of degradable lysines from 2 to 6 increased the rate of degrada-
tion. 
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Supplementary �gure 2Supplementary figure S2: Peptides containing RR, 
RQ, RF and RD sequences were added to lysates 
preincubated in the presence or absence of 100 μM 
TPPII inhibitor butabindide and 100 μM TOP inhibitor 
Cpp-AAF-pAb. The fluorescence intensity of the non-
inhibited lysates was set at 100%. 
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chapter 6

Several neurodegenerative disorders, including Huntington’s disease, are caused by 

expansion of the polyglutamine (polyQ) tract over 40 glutamines in the disease-related 

protein. Fragments of these proteins containing the expanded polyQ tract are thought 

to initiate aggregation and represent the toxic species. Although it is not clear how 

these toxic fragments are generated, in vitro data suggest that proteasomes are unable 

to digest polyQ tracts. To examine whether the resulting polyQ peptides could initiate 

aggregation in living cells, we mimicked proteasomal release of monomeric polyQ 

peptides. These peptides lack the commonly used starting methionine residue or any 

additional tag. Only expanded polyQ peptides seem to be peptidase-resistant, and their accu-

mulation initiated the aggregation process. As observed in polyQ disorders, these aggregates 

subsequently sequestrated proteasomes, ubiquitin and polyQ proteins in time, and recruited 

Hsp70. The generated expanded polyQ peptides were toxic to neuronal cells. Our approach 

mimics proteasomal release of pure polyQ peptides in living cells, and represents a valuable 

tool to screen for proteins and compounds that affect aggregation and toxicity.
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Numerous neurodegenerative diseases are manifested by the accumulation and aggre-

gation of intracellular proteins. These diseases include polyglutamine (polyQ) expansion 

disorders such as Huntington’s disease (HD), spinal bulbar muscular atrophy (SbMA) and 

various spinocerebellar ataxia’s (scAs). PolyQ disorders are dominantly inherited and 

caused by expansions of cAg repeats. normally, the disease-related proteins involved 

contain sequences of 6-40 glutamine repeats, but expansion of these tracts to 40-300 

repeats leads to disease. the age of onset of the disorder is inversely correlated with the 

repeat length of the polyQ tracts (reviewed by (Orr and Zoghbi, 2007). 

The presence of proteolytic protein fragments harbouring a polyQ tract in aggregates 

(DiFiglia et al., 1997; Goti et al., 2004; Li et al., 1998; Schmidt et al., 1998) has led to the 

‘toxic fragment hypothesis’, which states that proteolytic fragments of polyQ-expanded 

huntingtin (Cooper et al., 1998), androgen receptor (Merry et al., 1998) or certain 

ataxins (Haacke et al., 2006; Ikeda et al., 1996; young et al., 2007) initiate protein aggregation 

and induce neuronal toxicity. Full length polyQ proteins aggregate, but at a much slower rate 

than their proteolytic fragments (Merry et al., 1998). These fragments can be generated by 

proteases such as caspases, aspartic endopeptidases, calpains and the proteasome (Gafni et al., 

2004; Goldberg et al., 1996; Graham et al., 2006; Lunkes et al., 2002; Wellington et al., 1998). 

Accumulation of these proteolytic fragments may therefore function as a nucleation centre 

that sequesters full-length polyQ proteins in time. The proteasome can degrade both wild-type 

and expanded forms of most polyQ proteins, as was demonstrated in cultured cells and animal 

models (bence et al., 2001; Jana et al., 2005). Surprisingly, polyQ-expanded proteins are not 

degraded to completion by the proteasome both in vitro and in vivo (Holmberg et al., 2004; 

venkatraman et al., 2004). venkatraman and colleagues (2004) showed that isolated protea-

somes cannot digest polyQ tracts present within a protein, which will result in the release of 

polyQ peptides. While flanking amino acids may be removed by exo-peptidases, the polyQ 

tracts themselves accumulate when not efficiently cleared by downstream peptidases.

To examine the fate of these polyQ peptides downstream the proteasome, we mimicked 

proteasomal generation of polyQ peptides in living cells. If polyQ peptides are degradation-

resistant upon release into the cytoplasm, they may subsequently accumulate and initiate 

aggregation. Most studies investigating polyQ disorders use polyQ constructs that contain 

a starting methionine and/or fusion tags like fluorescent proteins. These polyQ constructs, 

including polyQ-GFP, huntingtin exon-1 or their short-lived variants, do not represent polyQ 

peptides generated by the proteasome. To mimic pure polyQ peptide generation, we gener-

ated a fusion protein containing green fluorescent protein (GFP), ubiquitin (Ub) and polyQ 

peptides (GFP-Ub-polyQ). This fusion protein efficiently releases non-tagged polyQ peptides 

upon cleavage by Ub C-terminal hydrolases (Johnson et al., 1995). We show that upon release, 

only polyQ peptides of disease-related lengths accumulated inside cells, and initiated intracel-

lular protein aggregation. Proteasomes were rapidly sequestered, followed by ubiquitinated 

proteins, and associated chaperones, as has been observed in various polyQ disorders (Haacke 

et al., 2006; Holmberg et al., 2004; Kim et al., 2002). Also various proteins containing either 

wild-type or expanded polyQ stretches were sequestered (Haacke et al., 2006; Perez et al., 

1998). In addition, accumulation of expanded polyQ peptides led to neuronal toxicity. 
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PolyQ-expanded peptides accumulate and induce intra-cellular aggregates

To examine the fate of proteasomal-released polyQ-peptides in living cells, we gene-

rated fusion proteins of fluorescently-tagged Ub with polyQ peptides of wild-type and 

disease-related lengths. Upon expression, the C-terminal polyQ peptide will be effi-

ciently released from GFP-Ub by immediate cleavage via Ub C-terminal hydrolases 

(Johnson et al., 1995). As a result, the generated polyQ peptide does not contain a 

starting methionine residue, which may affect degradation properties because of simi-

larities with the N-terminus of a full-length protein (bachmair et al., 1986). Also no tags (such 

as fluorophores or antibody epitopes) were directly attached to the polyQ peptide. As Ub was 

fluorescently tagged, the fluorescence intensity reflected the amount of generated polyQ 

peptides. PolyQ peptides of 16, 65 or 112 glutamine residues were fused to GFP-Ub resulting in 

GFP-Ub-Q16, GFP-Ub-Q65 and GFP-Ub-Q112, respectively (Figure 1A). 

Expression of the different GFP-Ub-polyQ proteins and subsequent release of polyQ peptides 
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Figure 1. PolyQ-expanded peptides induce intracellular aggregates. (A) Schematic representation of GFP-
Ub-polyQ (Q16, Q65 and Q112) fusion proteins and the generation of polyQ peptides upon synthesis and 
cleavage by ub c-terminal hydrolases. (B) Cytosolic cell lysates of HEK293T expressing the different GFP-
Ub-polyQ fusions were immunoblotted against GFP (left) or Ub (right) 48 hours after transfection. GFP-Ub 
migrated at the same height for all three fusion proteins, indicating efficient cleavage of polyQ from GFP-Ub. 
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Transfection efficiencies were lower for expanded polyQ peptide constructs. (c) Subsequent staining with 
an antibody against polyQ (1C2) revealed only the presence of polyQ peptides in cells expressing GFP-Ub-
Q65 and GFP-Ub-Q112, and not of GFP-Ub-Q16. The asterisk indicates potential oligomeric structures. 
(d) Confocal images of GFP-Ub and the various GFP-Ub-polyQ distributions in Mel JuSo cells. GFP-Ub-Q16 
showed a Ub distribution similar to free GFP-Ub, whereas a high percentage of cells expressing GFP-Ub-Q65 
and GFP-Ub-Q112 showed Ub redistribution into aggregates. Scalebar ~ 5 µm. (e) Percentage of transfected 
HEK293T cells exhibiting fluorescent aggregate at 48 and 72 hours after transfection of cells (data are mean 
± SEM of 3 different experiments). The amount of aggregates in cells expressing expanded polyQ peptides 
increased both in time and with polyQ length. (f) GFP-Ub was present in a ring around the aggregate induced 
by GFP-Ub-Q112 (left panel) that had a fibrillar structure at the ultrastructural level (middle panel), similar 
to structures induced by non-cleavable GFP-Q65 (right panel). Scalebar ~ 1 µm. (G) Filter retardation assay 
showed entrapment of aggregates in HEK293T cells expressing GFP-Ub-Q65, GFP-Ub-Q112 and httex1-Q103-
GFP after immunostaining using the 1C2 antibody. In contrast, GFP is only present when the non-cleavable 
fusion protein httex1-Q103-GFP is used (h) Confocal images of cells expressing GFP-Ub or the various GFP-
Ub-polyQ constructs after immunostaining using antibodies against polyQ (1C2). Mel Juso cells expressing 
GFP-Ub or GFP-Ub-Q16 showed no polyQ staining. Cells expressing GFP-Ub-Q65 and GFP-Ub-Q112 showed 
cytoplasmic polyQ staining when no aggregates were present. the presence of aggregates depleted the 
cells of free polyQ peptides, preventing polyQ staining. The arrows indicate an aggregate. Scalebar ~ 5 µm. 
(I) Protease K treatment dissolved the protein shells around the polyQ aggregate, resulting in labeling the 
outside of the aggregation core with the anti-polyQ antibody 1C2. Scalebar ~ 5 µm. (J) The Q-binding peptide 
QbP1-CFP was redistributed into aggregates induced by RFP-Ub-Q112. The arrow indicates the presence of a 
visible aggregate by phase contrast. Scalebar ~ 5 µm.
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RFP-Ub derived from RFP-Ub-Q112 resulted in identical 
redistribution into aggregates. (B) Proteasomes labeled 
with LMP2-GFP colocalized with the core of aggregates 
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the core. LMP2-GFP was freely distributed in nucleus 
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induced by RFP-Ub-Q112, and formed an additional ring 
around the Ub-positive polyQ peptide aggregate. (d) 
Upon transfection with GFP-Ub-Q112 or httex1-Q103-
GFP together with the proteasomal subunit β7-RFP, cells 
were immunostained for endogenous Hsp70. The protea-
some was within the aggregate core, surrounded by ub 
and an additional ring of chaperones. Scalebar ~5 μm.
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were analyzed 48 hours after transfection. Western blot analysis demonstrated the presence 

of GFP-Ub (36kDa) separated from all polyQ proteins (Figure 1b, left panel). In addition, a large 

Ub conjugate was present, as shown before for GFP-Ub (Dantuma et al., 2006). No additional 

bands were detected that could represent uncleaved GFP-Ub-polyQ proteins. Efficient cleavage 

was also observed when the Western blot was analyzed for Ub (Figure 1b, right panel). These 

results indicate that all polyQ peptides were efficiently cleaved from the GFP-Ub protein. 

Subsequent immunoblotting against polyQ using the antibody 1C2 (Trottier et al., 1995) 

showed that polyQ peptides were present in the GFP-Ub-Q65 and GFP-Ub-Q112 lanes (Figure 

1C). The mobility on SDS-PAGE of expanded polyQ peptides was different from their calculated 

molecular masses, as has been observed before for polyQ-containing proteins (Holmberg et 

al., 2004; Servadio et al., 1995). Some additional high molecular mass bands were present, 

which may represent oligomeric polyQ structures as these bands are GFP and Ub negative 

(Figure 1b). The absence of Q16 peptides in cells expressing GFP-Ub-Q16 indicates that small 

Q peptides are efficiently cleared from the cytoplasm. It is unlikely that small Q peptides are 

not recognized by the 1C2 antibody, since a Q16-GFP fusion protein was recognized by the 1C2 

antibody with almost equal efficiency as expanded GFP-polyQ fusions (supplementary material 

Figure S1A). Accumulation of Q65 and Q112 peptides, but not of Q16 peptides, suggests that 

expanded polyQ peptides were not efficiently degraded in living cells. To our knowledge, these 

peptides are the first group of peptides to be found to be resistant to degradation. 

Since proteolytic protein fragments containing polyQ tracts are more prone to aggregation 

than the full-length protein, we examined whether the accumulation of Q65 and Q112 peptides 

initiated aggregate formation. We observed a similar intracellular distribution of GFP-Ub in cells 

transfected with either GFP-Ub or GFP-Ub-Q16. GFP-Ub was enriched in the nucleus, but was 

also present in the cytoplasm and on vesicles (Figure 1D), similar to the distribution of endog-

enous Ub (Dantuma et al., 2006; Qian et al., 2002). In contrast, expression of GFP-Ub-Q65 

and GFP-Ub-Q112 resulted in the appearance in either the nucleus or cytoplasm of distinct 

intracellular structures decorated with fluorescent Ub in a high percentage of the transfected 

cells. The number of cells containing these structures increased both in time and with polyQ 

length (Figure 1E). To investigate whether the length-dependency of aggregate formation 

also held true for polyQ lengths nearby the threshold, we expressed GFP-Ub fused to polyQ 

peptides of 33 or 48 glutamine residues. Whereas GFP-Ub-Q33-expressing cells showed no 

aggregates, cells expressing GFP-Ub-Q48 had aggregates, although in a much lower percentage 

of cells than those expressing Q65 or Q112 peptides (supplementary material Figure S1b, data 

not shown). GFP-Ub fluorescence was usually present in a ring around a dark core, indicating 

that Ub was recruited (Figure 1F). At the ultrastructural level, this structure was found to 

have a radiating dense core similar to aggregates formed by non-cleavable GFP-polyQ fusion 

proteins (Figure 1F) and expanded huntingtin (Qin et al., 2004). In cells expressing Q65 and 

Q112 peptides, these dense structures were resistant to SDS and selectively trapped in a filter-

retardation assay (Wanker et al., 1999). Immunostaining using 1C2 showed that the trapped 

structures contained polyQ peptides (Figure 1G), similar to huntingtin exon-1 Q103 (httex1-

Q103-GFP) (Wanker et al., 1999). This suggests that expanded polyQ peptides induce intracel-

lular SDS-resistant aggregates. Although Httex1-Q103-GFP was also positive for GFP, no GFP 
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was present on filter trap with the GFP-Ub-polyQ constructs, indicating efficient cleavage of 

the GFP-Ub-polyQ fusion proteins (Figure 1G). Analysis of the soluble and insoluble fractions of 

cell lysates showed no uncleaved GFP-Ub-Q112 fusion proteins in either fraction (supplemen-

tary material Figure S1C)To confirm the presence of polyQ peptides in intracellular aggregates, 

we immunostained cells expressing Q16, Q65 or Q112 peptides with 1C2. As expected, no 

polyQ peptides were detected in cells expressing GFP-Ub or GFP-Ub-Q16 (Figure 1H). However, 

cells transfected with GFP-Ub-Q65 or GFP-Ub-Q112 showed two patterns of polyQ staining, 

dependent on the presence of aggregates. When aggregates were not present, polyQ staining 

was mainly cytoplasmic, whereas GFP-Ub localization was predominantly nuclear. by contrast, 

cells containing polyQ peptide aggregates were not recognized by the antibody 1C2 (Fig 1H, 

arrows indicate an aggregate). A similar difference in immunostaining was obtained using the 

anti-polyQ antibody MW1 (Ko et al., 2001) (supplementary material Figure S1D). The absence 

of polyQ staining in cells containing aggregates was likely due to the dense aggregate structure 

and its surrounding protein layers that may shield the polyQ core. indeed, pretreatment with 

proteinase K degraded shielding proteins and resulted in positive immunostaining of polyQ 

peptide aggregates (Figure 1I), as has been observed previously for huntingtin aggregates 

(Qin et al., 2004). To further confirm that the aggregates contain polyQ peptides, we used 

a cyan fluorescent protein (CFP) tagged Q-binding peptide (QbP1) which selectively binds to 

polyQ aggregates (Nagai et al., 2000). QbP1 showed a cytoplasmic distribution pattern when 

expressed alone or together with RFP-Ub or RFP-Ub-Q16 (data not shown). However, cells 

harboring aggregates initiated by Q112 peptides showed binding of QbP1 to aggregates (Figure 

1J). Taken together, these results indicate that expanded polyQ peptides are not efficiently 

degraded and subsequently initiate formation of aggregates that display all characteristics of 

disease-related polyQ aggregates.

PolyQ peptide aggregates recruit proteasomes, ubiquitin and chaperones

Aggregates formed by expanded polyQ proteins often sequester proteins involved in the 

ubiquitin proteasome system (UPS) and also chaperones (Holmberg et al., 2004; Kim et al., 

2002). We examined whether aggregates induced by expanded polyQ peptides showed a 

similar sequestration of UPS components. GFP-Ub was present in a ring around the aggre-

gates (Figure 1F). Absence of Ub in the aggregate core can be explained by the lack of lysine 

residues in polyQ peptides, thereby excluding ubiquitination of the polyQ peptides. The  

presence of GFP-Ub around the core was not due to inefficient cleavage of GFP-Ub-polyQ, since 

no uncleaved GFP-Ub-polyQ fusions could be detected by SDS-PAGE (Figure 1b and supplemen-

tary material Figure S1C) and filtertrap (Figure 1G). In addition, co-expression of GFP-Ub with 

RFP-Ub-Q112 showed a similar sequestration of both fluorescently-tagged Ub proteins into 

aggregates (Figure 2A), indicating efficient cleavage. This suggests that the presence of GFP-Ub 

is due to ubiquitination of sequestered proteins.

We examined whether proteasomes colocalized with polyQ aggregates in our model, by 

co-expressing the different RFP-Ub-polyQ constructs with GFP-tagged immuno-proteasomal 

subunit LMP2. LMP2 is efficiently incorporated into active proteasomes (Reits et al., 1997). 

Notably, LMP2-GFP was present in the core of polyQ aggregates, suggesting that proteasomes 

were recruited to aggregates even before Ub sequestration (Figure 2b). A similar recruitment 
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merged was observed when using the constitutive 

proteasome subunit β7 (Figure 2D). This 

finding most likely reflects a proteasomal 

attempt to degrade accumulating polyQ 

peptides. The sequestered proteasomes 

and ub seemed irreversibly trapped, which 

was revealed with fluorescence recovery 

after photobleaching (FRAP) to determine 

on/off rates of the sequestered molecules 

(Reits and Neefjes, 2001). Upon photob-

leaching of one half of an aggregate, 

no exchange between the sequestered 

proteasomes or ub and the surroundings 

was observed (supplementary material 

Figure S2A). This indicates that the protea-

some became immobilized, as has been 

previously observed (Holmberg et al., 

2004). 

We also examined whether chape-rones 

such as Hsp70 were bound to polyQ aggre-

gates, as has been observed in polyQ 

diseases (Kim et al., 2002; Matsumoto 

et al., 2006). Upon co-transfection of the 

different RFP-Ub-polyQ fusion proteins 

with GFP-tagged Hsp70, we observed an 

additional ring-like structure of Hsp70-GFP 

around the Ub-positive aggregate (Figure 

2C). FRAP analysis revealed that Hsp70 

was not irreversibly trapped in the aggre-

gate (supplementary material Figure S2A), 

consistent with previous observations 

(Kim et al., 2002; Matsumoto et al., 2006). 

To compare the composition of aggregates 

initiated by Q112 peptides with aggre-

gates formed by polyQ-expanded hunt-

ingtin exon-1, cells were transfected with 

either GFP-Ub-Q112 or httex1-Q103-GFP 

together with β7-RFP-tagged proteas-
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nostained for endogenous Hsp70. Triple 

color analysis showed that the core of the 

aggregate was positive for proteasomes 

Figure 3. Sequestration of glutamine-containing 
proteins into polyQ peptide aggregates. Mel 
Juso cells were transfected with the indicated 
constructs and imaged at 48 hours after trans-
fection. (a) Expression of RFP-Ub-Q112 led to 
the sequestering of httex1-Q103-GFP into polyQ 
aggregates. (B) httex1-Q25-GFP became seques-
tered into polyQ peptide aggregates when cells 
were co-transfected with RFP-Ub-Q112. (c) 
The non-cleavable fusion protein Q16-GFP was 
diffusely distributed in cytoplasm and nucleus 
of cells expressing RFP-Ub-Q16, but colocalized 
with aggregates induced by RFP-Ub-Q112. (d) 
The Q-containing transcription factor TbP1 was 
recruited to aggregates induced by RFP-Ub-
Q112 peptides, but only when the polyQ peptide 
aggregate was localized in the nucleus. scalebar 
~ 5 µm.
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(red). This core was surrounded by Ub or httex1-Q103-GFP (Greene et al.). Finally, Hsp70 was 

present within the most outer layer of the aggregate (blue) (Figure 2D). This suggests that 

various proteins associate at different stages or with different affinities during aggregate forma-

tion. The presence of GFP-Ub and httex1-Q103 in a similar layer may suggest the recruitment 

of ubiquitinated proteins and polyQ proteins in this stage of aggregate formation. Since aggre-

gates initiated by expanded polyQ peptides also contained Ub, proteasomes and chaperones as 

has been described before, our model faithfully mimics aggregate formation in polyQ diseases.
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Figure 4. PolyQ peptides induce aggregates and toxicity in neuronal cells. (A) confocal images of n2A neu-
roblastoma (upper panel) and immortalized SThdh+/+ striatal cells (lower panel) showed diffuse cytoplasmic, 
nuclear and vesicular distribution of Ub in cells expressing GFP-Ub or GFP-Ub-Q16. GFP-Ub was sequestered 
into aggregates when cells were transfected with GFP-Ub-Q65 or GFP-Ub-Q112. (B) Loss of GFP-Ub coincided 
with cell death induced by GFP-Ub-Q112 expression as visualized by PI uptake. Timescale is 30 minutes 
between images taken by automated fluorescence microscopy. (c) Loss of GFP-positive cells was determined 
by FACS analysis 24 (red) or 48 (blue) hours after transfection (mean ± SEM of 3 different experiments, each 
in triplicate). GFP-Ub-Q112 showed a significant increase in neurotoxicity in N2A neuroblastoma cells when 
compared to GFP-Ub or GFP-Ub-Q16 (p<0.05, two-tailed unpaired t-test). Scalebar ~ 5 µm.
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Sequestering of glutamine-containing proteins into polyQ peptide aggregates

The presence of httex1-Q103 in ring-like structures around the aggregate and not within the 

core (Figure 2D) suggests recruitment of large polyQ fragments into aggregates in a later 

stage. To examine this hypothesis, we co-expressed RFP-Ub-Q112 and httex1-Q103-GFP. 

Indeed, we found that httex1-Q103-GFP was sequestered into aggregates induced by polyQ 

peptides (Figure 3A). In addition, the aggregation rate of httex1-Q103-GFP was also dramati-

cally increased when Q112 peptides were present (supplementary material Figure S2b), which 

suggests that polyQ peptides initiate aggregates that accelerate huntingtin aggregation. Similar 

results were obtained with truncated polyQ-expanded ataxin-3 (Atx3-Q85-GFP) and the SbMA-

related truncated androgen receptor with a Q84 repeat (AR-Q84-GFP) (data not shown). 

Aggregates induced by disease-related polyQ proteins also sequester the wild-type protein 

expressed by the non-expanded allele (busch et al., 2003; Haacke et al., 2006). We examined 

whether polyQ peptide aggregates also sequester non-expanded, wild-type polyQ proteins. The 

non-expanded httex1-Q25-GFP remained freely distributed in cells that co-expressed either 

RFP-Ub or RFP-Ub-Q16 (supplementary material Figure S2b). In contrast, httex1-Q25-GFP was 

recruited into polyQ peptide aggregates when co-transfected with RFP-Ub-Q112 (Figure 3b 

and supplementary material Figure S2b). A similar entrapment of wild-type truncated ataxin 

3 (Atx3-Q28-GFP) (supplementary material Figure S2C) and the truncated androgen receptor 

(AR-Q19-GFP) was observed (data not shown). This sequestration of wild-type polyQ proteins 

may therefore lead to loss of function. Sequestering of non-expanded polyQ proteins was not 

limited to disease-related proteins, as other polyQ proteins were recruited into aggregates 

initiated by polyQ peptides, including Q16-GFP (Figure 3C), and also the Q-stretch containing 

transcription factor TbP1 when nuclear aggregates were present (Figure 3D). 

PolyQ peptides induce aggregates and toxicity in neuronal cells

To examine whether polyQ peptides also initiate aggregate formation in neuronal cells, we 

transiently transfected N2A neuroblastoma cells with the various GFP-Ub-polyQ constructs. 

N2A cells transfected with either GFP-Ub-Q65 or GFP-Ub-Q112 developed aggregates similar 

to those present in non-neuronal cells (Figure 4A), whereas GFP-Ub-Q16-expressing cells 

showed an Ub distribution comparable to GFP-Ub alone. Since HD mostly affects striatal cells, 

we also used immortalized sthdh+/+ striatal cells (Trettel et al., 2000), which similarly generated 

intracellular aggregates when transfected with GFP-Ub-Q65 or Q112 (Figure 4A). Many cells 

rounded up after expression of expanded polyQ peptides, suggesting toxicity, although this 

did not correlate with the presence of GFP-Ub-positive aggregates. To determine whether the 

expressed polyQ peptides were toxic, the viability of transfected N2A cells was tested using 

propidium iodide (PI). Expression of expanded polyQ peptides resulted in increased numbers 

of PI-positive cells (data not shown). However, hardly any double-positive cells were observed. 

This is presumably explained by the fact that uptake of PI into polyQ peptide-expressing cells 

was often preceded by loss of GFP fluorescence (Figure 4b) as observed before (Arrasate and 

Finkbeiner, 2005). because loss of fluorescence seemed to be associated with cell death, we 

used another approach to quantify polyQ peptide-induced toxicity. To determine changes in 

the number of GFP-Ub-positive cells with time, we used FACS analysis and compared cell popu-

lations expressing the different GFP-Ub-polyQ proteins at 24 and 48 hours after transfection. 
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Proteolytic fragments containing expanded polyQ tracts are more aggregation-prone 

than original full-length proteins, as has been shown for huntingtin (Cooper et al., 

1998), androgen receptor (Merry et al., 1998), ataxin 3 (Haacke et al., 2006) and ataxin 

7 (young et al., 2007). Recently, it was also postulated that an expanded polyQ fragment 

was expressed in SCA8. because anti-sense transcription resulted in polyQ inclusions 

(Ikeda et al., 2007). These data suggest that polyQ fragments may be fundamental in 

initiating aggregation. However, it has been shown that expanded polyQ proteins are 

efficiently targeted to the proteasome (Holmberg et al., 2004), which can degrade entire 

proteins with the exception of polyQ tracts (Venkatraman et al., 2004). Degradation 

by the proteasome may result in the release of polyQ peptides, whose flanking amino 

acids may be removed by exo-peptidases. It is unknown whether the resulting pure polyQ 

peptides are rapidly degraded by peptidases. If resistant, their subsequent accumulation may 

initiate aggregation and toxicity as observed in polyQ disorders. In order to examine this toxic 

fragment hypothesis, we mimicked intracellular proteasomal polyQ peptide generation as 

closely as possible by fusing pure polyQ peptides to GFP-tagged Ub. Although Ub-polyQ fusions 

have been used before, these polyQ fragments also included either GFP tags (Kaytor et al., 

2004; Verhoef et al., 2002) or additional amino acids including a starting methionine residue 

(Marsh et al., 2000). Expression of our constructs resulted in the efficient release of “naked” 

polyQ peptides due to immediate cleavage by Ub C-terminal hydrolases. This was shown by 

SDS-PAGE, in which a GFP-Ub band was present at the same position irrespective of the original 

construct (Figure 1b), by a filter retardation assay (Figure 1G) and examination of the insoluble 

fraction (supplementary material Figure S1C) and different intracellular locations of GFP-Ub 

and polyQ peptides (Figure 1H). Since the released polyQ peptides do not contain a starting 

methionine or additional tags, they closely resembled peptide generated by the proteasome. 

All previous studies have relied on expression of polyQ fusions that did include such features, 

which can significantly alter the in vivo behavior of polyQ fragments. Starting methionines will 

make the peptides resemble the N-terminus of proteins, possibly affecting the rate of degrada-

tion (bachmair et al., 1986). Fluorescent tags contain lysine residues, which can serve as targets 

for ubiquitination and subsequent degradation by the proteasome. The intracellular release of 

monomeric polyQ peptides is also closer to the in vivo situation than the addition of synthe-

sized polyQ peptide aggregates to cells (yang et al., 2002). 

We showed that only polyQ peptides with polyQ repeat lengths similar to disease-related 

peptides accumulated in the cell and initiated aggregation. The characteristics of aggregates 

induced by expanded polyQ peptides were similar to those of aggregates initiated by expression 

There was no difference in GFP-Ub fluorescence between cells expressing either GFP-Ub or 

GFP-Q16 with time. However, a significant decrease in fluorescence was observed in cells 

expressing GFP-Ub-Q112 when compared to GFP-Ub or GFP-Ub-Q16 (p<0.05), indicating that 

expression of Q112 peptides induced cell death (Figure 4C). GFP-Ub-Q65 had a mild, although 

not significant, effect on cell death. Taken together, these results showed that expanded polyQ 

peptides form aggregates and become toxic to neuronal cells.
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of expanded polyQ-containing proteins (Holmberg et al., 2004; Kim et al., 2002; Perez et al., 

1998; Qin et al., 2004). These characteristics include sequestration of proteasomes, Ub and 

other polyQ-containing proteins such as TbP, and the presence of Hsp70. Although previous 

studies only speculated on the effect of proteasomal release of polyQ peptides in living cells, 

we show here that ‘proteasomal-derived’ expanded polyQ peptides by themselves are suffi-

cient to accumulate and initiate aggregation. Accumulation of expanded polyQ peptides is toxic 

to neuronal cells, but it remains to be established which particular step in aggregate formation 

is toxic. The toxicity seems to be induced by necrosis instead of apoptosis, as no apoptotic 

markers such as annexin 5 or activated caspases were detected (data not shown). The toxic 

species may be either small polyQ peptide oligomers or large polyQ aggregates. Further studies 

are required to determine whether the proteasome can indeed generate similar polyQ peptides 

from different polyQ proteins. If so, these released polyQ peptides may be the common feature 

of the different polyQ disorders. 

based on our findings, we propose a model in which expanded polyQ peptides are resistant 

to degradation, and their accumulation leads to intracellular polyQ aggregates (Figure 5). 

Proteasomes are rapidly recruited into the polyQ core, possibly in a final attempt to degrade 

the expanded polyQ peptides. Subsequently, other proteins are sequestered and ubiquiti-

nated, perhaps due to (partial) unfolding. These events also lead to the binding of chaper-

ones like Hsp70 that may recognize denatured proteins. All these events result in concentric 

ring-like structures formed around the aggregate (Figure 5). Essential proteins are depleted 

from the cell, contributing to cellular dysfunction. We conclude that polyQ peptides may be 

fundamental in initiating aggregation and sequestration of different types of proteins including 

Figure 5. Model of polyQ peptide aggregate formation and sequestering of uPS components. upon protea-
somal degradation of polyQ proteins, pure polyQ peptides are released into the cytoplasm, where peptidases 
should recycle them into amino acids. Expanded polyQ peptides show resistance to degradation, leading 
to accumulation and initiation of aggregate-formation. Proteasomes are rapidly recruited in an attempt to 
degrade the fragments. In time, other proteins including various polyQ proteins are irreversibly sequestered, 
which become subsequently ubiquitinated. Finally, chaperones like Hsp70 are recruited, possibly as seques-
tered proteins become partly unfolded.

Figure 5
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polyQ proteins. Although FRAP experiments indicated that UPS components were immobilized, 

we could not detect proteasomes or Ub in the SDS-insoluble fraction of cell lysates (data not 

shown) or on filter traps (Figure 1G). This suggests that the recruited UPS components can still 

be solubilized. 

We were able to detect expanded polyQ peptides containing Q65 or Q112 on Western blot and 

by immunostaining in fixed cells, but we were unable to detect any Q16 peptides. These short 

polyQ peptides are most likely rapidly degraded by downstream peptidases like PSA (bhutani 

et al., 2007) that can digest short polyQ peptides and perhaps also extended peptides with less 

efficiency. Alternatively, a technical explanation for this result might be poor staining by the 

antibody 1C2. It has been suggested that anti-polyQ antibodies do not detect the polyQ peptide 

itself, but interact with the secondary structure created by the expanded polyQ peptide (Li et 

al., 2007). Nonetheless, we showed that the 1C2 antibody was able to recognize a Q16 peptide 

fused to GFP with almost equal efficiency as GFP-Q65 and GFP-Q112 proteins. Similarly, the 

polyQ-antibody MW1 was able to detect a Q16-GFP fusion protein but no Q16 peptides derived 

from GFP-Ub-Q16 (data not shown). This shows our inability to detect Q16 peptides is not likely 

to be caused by the intrinsic inability of 1C2 to recognize this peptide species. Thus, our inability 

to detect any Q16 peptides in cells expressing GFP-Ub-Q16 is most likely due to rapid and 

efficient degradation of non-expanded polyQ peptides. During the preparation of this article, 

work has been published that suggests that isolated proteasomes are able to cleave multiple 

times within a short polyQ-containing peptide (Pratt and Rechsteiner, 2008). They argued that 

Venkatraman and colleagues (2004) underestimated the amount of cleaved polyQ-fragments 

as a consequence of their mass-spectrometry methods. However, their conclusion was also 

based on other experiments such as Western blot analysis of polyQ protein products generated 

by proteasomes, and are in line with the conclusions by Holmberg and colleagues (2004). the 

experiments of Pratt and Rechsteiner (2008) were done in the presence of a mutated PA28γ 

subunit, which alters proteasomal access and specificity to peptides. In addition, although 

isolated proteasomes may be able to cleave short polyQ peptides, our observation that Q65 

and Q112 peptides readily aggregate suggests that the proteasome cannot efficiently degrade 

expanded polyQ peptides and thus cannot prevent their accumulation. 

PolyQ aggregation is commonly visualized using full-length or truncated polyQ-proteins that are 

GFP-tagged, which therefore represent proteins that require degradation by the proteasome. 

When such GFP-tagged proteins are degraded by the proteasome, this results in the release 

of non-fluorescent polyQ peptides that will initiate aggregation and subsequently sequester 

GFP-tagged fragments or full-length polyQ proteins in time. Visualization of aggregation using 

GFP-tagged polyQ proteins thus represents a later stage in aggregate formation and does not 

reveal much about the initiation of aggregation. Long- or short-lived polyQ proteins have been 

used to link degradation to aggregation kinetics, where long-lived GFP-polyQ (Michalik and Van 

broeckhoven, 2004; Verhoef et al., 2002) and GFP-tagged polyQ-expanded huntingtin exon1 

(Kaytor et al., 2004) fusion proteins were compared to short lived variants. in these studies, 

proteasomal degradation of short-lived expanded polyQ proteins resulted in reduced forma-

tion of GFP-positive aggregates compared to their long-lived counterparts. Strikingly, toxicity 

was higher in cells expressing the short-lived expanded huntingtin-exon1 when compared to 
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Plasmid Constructs. Ub was generated by PCR from GFP-Ub (Dantuma et al., 2006) with forward 
primer 5’-CCCGAGCTCAGATGCAGATCTTCGTGAAG-3’ and reverse primer 5’-CTCGGGCCCT-
CACCCACCTCTGAGACGG-3’ and ligated into EGFP-C1 (Clonetech). The resulting construct GFP-Ub 
was again generated by PCR with forward primer 5’- CGCGGATCCATGGTGAGCAAGGGCGAG-3’ and 
a reverse primer 5’-CGGGAATTCCTGCAGCCCACCTCTGAGACGGAG-3’, and ligated into Ub-X-GFP-
Q16/65/112 (Verhoef et al., 2002) where the Ub-X-GFP insert was replaced by GFP-Ub, resulting 
in GFP-Ub-Q16/Q65/Q112. This procedure was required to remove the restriction site Psti present 
between GFP and Ub, since Psti was also required for Ub-polyQ ligation. The usage of restriction 
sites required the presence of some flanking amino-acids, resulting in an N-terminal Leu residue 
and a Glu-Thr-Ser-Pro-Arg sequence at the C-terminus. GFP was exchanged for mRFP to generate 

the different RFP-Ub-polyQ fusions. The alternative polyQ peptide lengths of Q33 and Q48 were generated 
by re-transformation of GFP-Ub-Q65, leading to altered polyQ lengths. Q16-GFP was generated by inserting 
a Q16 repeat (derived from Ub-M-GFP-Q16) in front of GFP. Huntingtin exon-1 was kindly provided by 
Ron Kopito (stanford university, stanford usA), Ataxin-3 by Henry Paulson (university of Michigan, Ann 
Arbor, USA), androgen receptor by Paul Taylor (University of Pennsylvania, Philadelphia, USA), GFP-Ub, 
RFP-Ub, Ub-M-GFP-polyQ (used to express GFP-polyQ) and β7-RFP by Nico Dantuma (Karolinski Insitutet, 
Stockholm, Sweden), Hsp70-GFP by Harm Kampinga (University Medical Center Groningen, Groningen, the 
Netherlands), TbP1 by Rick Morimoto (Northwest University, Evanston, USA) and QbP1-CFP by yoshitaka 
Nagai (Osaka University, Osaka, Japan). 
Transfections, cell-culture and toxicity assay. Human embryonic kidney cells (HEK293T) and Mel JuSo fi-
broblast cells were cultured in Iscove’s Modified Dulbecco’s Medium (IMDM; Gibco) supplemented with 
10% FCS and penicillin/streptomycin/L-glutamine. The cells were transiently transfected with Fugene6 
(Roche) and analyzed at indicated time-points after transfection. Mouse STHdh+/+(Q7) cells (kindly provided 
by Marcy MacDonald) (Trettel et al., 2000) and N2A neuroblastoma cells were cultured in DMEM supple-
mented with 10% FCS and penicillin/streptomycin/L-glutamine. Neuronal cells were transiently transfected 
with Lipofectamine 2000 (invitrogen). Mouse stHdh+/+(Q7) cells were incubated at 32°C. For toxicity mea-

long-lived version (Kaytor et al., 2004). Our model can explain this unexpected finding: short-

lived polyQ proteins are more rapidly degraded than long-lived proteins, resulting in aggrega-

tion-prone and toxic polyQ peptides. However, such aggregates remain invisible as GFP fluores-

cence of the short-lived proteins is lost due to rapid breakdown, preventing its incorporation in 

the aggregates. Consequently, this has probably led to an underestimation of the real number 

of aggregates formed by short-lived proteins in these studies. the increased toxicity was in 

fact presumably caused by higher levels of generated polyQ peptides. The reduced toxicity 

in GFP-positive cells found by Verhoef and colleagues (2002) may similarly be explained by 

preferential loss of fluorescence by toxic fragments, since only toxicity of GFP-positive cells 

were analyzed.

Our method mimicking proteasomal release of polyQ peptides is also a valuable tool to investi-

gate a number of important questions concerning the role of polyQ peptides in HD and related 

neurodegenerative disorders. It enables us to identify proteases or peptidases that can target 

intracellular polyQ peptides in vivo, providing a strategy to prevent accumulation of toxic polyQ 

peptides. Similarly, the role of alternative degradation pathways, such as autophagy, in clear-

ance of polyQ aggregates can be investigated. Our approach may also be useful in screening 

for compounds that affect aggregation and decrease toxicity. We expect that the outcome of 

such studies using this tool, which expresses polyQ peptides in living cells, holds true for all 

expanded polyQ disorders.
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surements, N2A cells were analyzed by FACS LSRII for GFP fluorescence 24 or 48 hours after transfection, 
and the percentage of GFP-positive cells was quantified.
Western blot analysis. cytosolic extracts were generated by lysing cells with 0.1% triton X-100 for 30 
minutes on ice, and supernatant was used after spinning down the lysate. 20 µg of cytosolic protein lysates 
were separated by 18% sds-PAge and transferred to Protan nitrocellulose membranes. Membranes were 
blocked in 5% dry milk (Protifar Plus, Nutricia) in TbS containing 0.3% Tween-20 and probed with 1:1000 
anti-GFP (Molecular Probes), 1:100 anti-Ub (Sigma) or the anti-polyglutamine 1C2 (MAb1574, Millipore). 
Polyclonal Horseradish Peroxidase (HRP)-conjugated secondary antibodies, anti-rabbit (Sigma) or anti-
mouse (DAKO) were used at a 1:10.000 dilution to detect the primary antibodies in conjunctions with 
Lumi-lightPLUS Westernblotting substrate (Roche). Preparation of SDS-soluble and SDS–insoluble protein 
fractions was described before (Carra et al., 2008). briefly, cells were trypsinized, homogenized, and heated 
for 10 min at 99°C in sample buffer [70 mM Tris pH 6.8, 1.5% SDS, 20% glycerol] supplemented with 50 
mM dithiothreitol (DTT) 72 hours after transfection. Cell lysates were centrifuged for at least 30 minutes 
at 20,800 g at room temperature. bromophenol blue (0.05%) was added to supernatants, which were 
the SDS-soluble fraction. The pellets, the SDS-insoluble fractions, were dissolved in 100% formic acid, 
incubated 30 minutes at 37°C, lyophilized overnight in a speed vac (Eppendorf), and resuspended in a 0.25 
of the volume of sample buffer containing 0.05% bromophenol blue. Samples were separated on either 
18% SDS-PAGE (anti-polyQ), or 12.5% SDS-PAGE (anti-GFP) and further treated as for Western blots. 
Fluorescence, confocal and electron microscopy. HeK293t cells were transfected with indicated con-
structs and the percentages of aggregates were scored using an inverted fluorescence microscope (Leica 
DMR). For imaging, Mel Juso cells were transiently transfected with the indicated constructs and images 
were obtained using a confocal microscope (Leica SP2) using a 63x objective. Note that some pictures 
show ‘over-exposed’ fluorescent aggregates in order to visualize non-sequestered, cytoplasmic staining. 
For immunostaining, Mel Juso cells were fixed with 4% paraformaldehyde and permeabilized using 0.1% 
Triton X-100 in PbS containing 1% FCS and stained with the primary antibodies 1C2 or MW1 (Ko et al., 
2001) (1:1000), followed by goat anti-mouse Cy3 labeling (Jackson ImmunoResearch Laboratories). The 
MW1 antibody developed by Jan Ko, Susan Ou and Paul Patterson (Ko et al., 2001) was obtained from the 
developmental studies Hybridoma Bank under the auspices of the nicHd and maintained by the univer-
sity of Iowa. For endogenous Hsp70 labeling, Mel Juso cells were stained for Hsp70/Hsc70 (Calbiochem, 
1:200) followed by anti-mouse AlexaFluor 633 (Invitrogen). For electron microscopy, Mel Juso cells were 
embedded in situ. Preceding fixation, cells were washed briefly in 20 mM PbS (pH 7.4). Fixation was done in 
a mixture of 4% paraformaldehyde, 1% glutaraldehyde in 0.1 M Phosphate buffer (pH 7.4) for 60 minutes. 
After fixation cells were washed in distilled water, osmicated for 60 minutes in 1% OsO4 in water, washed 
again in distilled water, dehydrated through a series of ethanol baths and embedded in LX-112. After po-
lymerization the plastic was removed and small parts of the Epon block containing the cells were prepared 
for ultra-thin sectioning. Ultra-thin sections were cut, collected on formvar coated grids and stained with 
uranyl acetate and lead citrate. Sections were examined with a Philips EM-420 electron microscope. 
Filter retardation assay. Filter retardation assays were performed as described before (Wanker et al., 
1999). briefly, 72 hours after transfection, HEK293T cells were lysed for 30 minutes on ice in Nondinet P-40 
(NP-40) buffer [100 mM TrisHCl, pH 7.5, 300 mM NaCl, 2% NP-40, 10 mM EDTA, pH 8.0], supplemented with 
complete mini protease inhibitor cocktail (Roche) and phosphatase inhibitor cocktail (Sigma). After cen-
trifugation 15 minutes at 20,800 g at 4°C, cell pellets were resuspended in benzonase buffer (1 mM MgCl2, 
50 mM Tris-HCl; pH 8.0) and incubated for 1 hour at 37°C with 250U benzonase (Merck). Reactions were 
stopped by adding 2x termination buffer (40 mM EDTA, 4% SDS, 100 mM DTT). Aliquots of 30 μg protein 
extract were diluted into 2% SDS buffer (2% SDS, 150 mM NaCl, 10 mM Tris pH 8.0) and filtered through 
a 2 μm cellulose acetate membrane (Schleicher and Schuell) pre-equilibrated in 2% SDS buffer. Filters 
were washed twice with 0.1% SDS buffer (0.1% SDS, 150 mM NaCl, 10 mM Tris pH 8.0) and subsequently 
blocked in 5% dry milk in TbS. Captured aggregates were detected by incubation with 1C2 antibody and 
further treated as for Western blots. Alternatively, GFP fluorescence of trapped aggregates was analysed 
by LAs3000.
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Supplementary Figure S1. (a) The anti-polyQ antibody 1C2 recognizes both short (Q16-GFP and 
GFP-Q16) and expanded (GFP-Q65 and GFP-Q112) polyQ-tracts fused to GFP with almost equal effi-
ciencies. (B) The expression of GFP-Ub-Q33 did not induce aggregates, but the expression of GFP-Ub-
Q48 led to aggregate formation in a low percentage of cells after 72 hours of transfection. (c) PolyQ 
peptides derived from GFP-Ub-Q112 were present in both the soluble and insoluble fraction of trans-
fected cells, these peptides are not positive for GFP, indicating efficient cleavage of GFP-Ub-Q112. 
(d) Cells transfected with GFP-Ub-Q112 showed only immunostaining with the anti-polyQ antibody 
MW1 when aggregates were not present, similarly as observed with the antibody 1C2 (Figure 1E). 
Scalebar ~ 5 µm.
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Supplementary Figure S2. (A) FRAP analysis of polyQ-induced aggregates showed recovery of fluores-
cence upon photo-bleaching of Hsp70, indicating a high on/off rate, whereas Ub and proteasomes were  
irreversibly sequestered. (B) The rate of aggregation of httex1-Q103-GFP was enhanced when co-expressed 
with RFP-Ub-Q112 (left panel). While httex1-Q25-GFP is freely distributed in cells co-expressing RFP-Ub or 
RFP-Ub-Q16, httex1-Q25-GFP was redistributed to aggregates initiated by RFP-Ub-Q112 (right panel). A 
representative graph shows the percentage of cells containing huntingtin-positive aggregates at three time 
points after transfection. (c) Atx3-Q28-GFP distribution was affected by the presence of polyQ peptide ag-
gregates, leading to sequestering into aggregates induced by RFP-Ub-Q112. Scalebar ~ 5 µm.

Su
PPlEM

EN
TATy FIG

u
rES



101

Mimicking proteasomal release of polyglutamine peptides initiates aggregation and toxicity

Acknowledgements

We would like to thank Silvia Coolen and Suzanne van der Horst for assisting experiments 

and Derk Amsen, Jacob Aten, Ron van Noorden, Sean Diehl and Dineke Verbeek for care-

fully reading the manuscript. this study was funded by a grant from the Hereditary disease 

Foundation, a VENI grant from NWO-ZonMW, a grant from the Hersenstichting and the Dutch 

Cancer Foundation KWF.

Arrasate, M. and Finkbeiner, S. (2005). Au-
tomated microscope system for determining 
factors that predict neuronal fate. Proc Natl 
Acad Sci U S A 102, 3840-5.

Bachmair, A., Finley, D. and Varshavsky, A. 
(1986). in vivo half-life of a protein is a func-
tion of its amino-terminal residue. Science 
234, 179-86.

Bence, N. F., Sampat, r. M. and Kopito, r. r. 
(2001). Impairment of the ubiquitin-proteas-
ome system by protein aggregation. Science 
292, 1552-5.

Bhutani, N., Venkatraman, P. and Goldberg, A. 
l. (2007). Puromycin-sensitive aminopeptidase is 
the major peptidase responsible for digesting poly-
glutamine sequences released by proteasomes dur-
ing protein degradation. Embo J 26, 1385-96.

Busch, A., Engemann, S., lurz, r., okazawa, h., le-
hrach, h. and Wanker, E. E. (2003). Mutant huntingtin 
promotes the fibrillogenesis of wild-type huntingtin: 
a potential mechanism for loss of huntingtin function 
in Huntington’s disease. J Biol Chem 278, 41452-61.

Carra, S., Seguin, S. J., lambert, h. and landry, J. 
(2008). Hspb8 chaperone activity toward poly(Q)-
containing proteins depends on its association with 
bag3, a stimulator of macroautophagy. J Biol Chem 
283, 1437-44.

Cooper, J. K., Schilling, G., Peters, M. F., herring, W. 
J., Sharp, A. h., Kaminsky, Z., Masone, J., Khan, F. A., 
Delanoy, M., Borchelt, D. r. et al. (1998). truncated 
N-terminal fragments of huntingtin with expanded 
glutamine repeats form nuclear and cytoplasmic ag-
gregates in cell culture. Hum Mol Genet 7, 783-90.

Dantuma, N. P., Groothuis, T. A., Salomons, F. A. and 
Neefjes, J. (2006). A dynamic ubiquitin equilibrium 
couples proteasomal activity to chromatin remod-
eling. J Cell Biol 173, 19-26.

DiFiglia, M., Sapp, E., Chase, K. o., Davies, S. W., 
Bates, G. P., Vonsattel, J. P. and Aronin, N. (1997). 
Aggregation of huntingtin in neuronal intranuclear 
inclusions and dystrophic neurites in brain. Science 
277, 1990-3.

Gafni, J., hermel, E., young, J. E., Wellington, C. l., 

hayden, M. r. and Ellerby, l. M. (2004). Inhibition of 
calpain cleavage of huntingtin reduces toxicity: accu-
mulation of calpain/caspase fragments in the nucle-
us. J Biol Chem 279, 20211-20.

Goldberg, y. P., Nicholson, D. W., rasper, D. M., Ka-
lchman, M. A., Koide, h. B., Graham, r. K., Bromm, 
M., Kazemi-Esfarjani, P., Thornberry, N. A., Vaillan-
court, J. P. et al. (1996). Cleavage of huntingtin by ap-
opain, a proapoptotic cysteine protease, is modulat-
ed by the polyglutamine tract. Nat Genet 13, 442-9.

Goti, D., Katzen, S. M., Mez, J., Kurtis, N., Kiluk, J., 
Ben-haiem, l., Jenkins, N. A., Copeland, N. G., Kaki-
zuka, A., Sharp, A. h. et al. (2004). A mutant ataxin-3 
putative-cleavage fragment in brains of Machado-
Joseph disease patients and transgenic mice is cy-
totoxic above a critical concentration. J Neurosci 24, 
10266-79.

Graham, r. K., Deng, y., Slow, E. J., haigh, B., Bissada, 
N., lu, G., Pearson, J., Shehadeh, J., Bertram, l., Mur-
phy, Z. et al. (2006). cleavage at the caspase-6 site is 
required for neuronal dysfunction and degeneration 
due to mutant huntingtin. Cell 125, 1179-91.

Greene, M. K., Maskos, K. and landry, S. J. (1998). 
Role of the J-domain in the cooperation of Hsp40 with 
Hsp70. Proc Natl Acad Sci U S A 95, 6108-13.

haacke, A., Broadley, S. A., Boteva, r., Tzvetkov, N., 
hartl, F. u. and Breuer, P. (2006). Proteolytic cleav-
age of polyglutamine-expanded ataxin-3 is critical 
for aggregation and sequestration of non-expanded 
ataxin-3. Hum Mol Genet 15, 555-68.

holmberg, C. I., Staniszewski, K. E., Mensah, K. N., 
Matouschek, A. and Morimoto, r. I. (2004). Ineffi-
cient degradation of truncated polyglutamine pro-
teins by the proteasome. Embo J 23, 4307-18.

Ikeda, h., yamaguchi, M., Sugai, S., Aze, y., Naru-
miya, S. and Kakizuka, A. (1996). expanded poly-
glutamine in the Machado-Joseph disease protein 
induces cell death in vitro and in vivo. Nat Genet 13, 
196-202.

Ikeda, y., Daughters, r. S. and ranum, l. P. (2007). 
bidirectional expression of the SCA8 expansion muta-
tion: One mutation, two genes. Cerebellum, 1-9.

Jana, N. r., Dikshit, P., Goswami, A., Kotliarova, 

refereN
ceS



102

chapter 6

S., Murata, S., Tanaka, K. and Nukina, N. (2005). 
co-chaperone cHiP associates with expanded poly-
glutamine protein and promotes their degradation by 
proteasomes. J Biol Chem 280, 11635-40.

Johnson, E. S., Ma, P. C., ota, I. M. and Varshavsky, A. 
(1995). A proteolytic pathway that recognizes ubiqui-
tin as a degradation signal. J Biol Chem 270, 17442-56.

Kaytor, M. D., Wilkinson, K. D. and Warren, S. T. 
(2004). Modulating huntingtin half-life alters poly-
glutamine-dependent aggregate formation and cell 
toxicity. J Neurochem 89, 962-73.

Kim, S., Nollen, E. A., Kitagawa, K., Bindokas, V. P. 
and Morimoto, r. I. (2002). Polyglutamine protein 
aggregates are dynamic. Nat Cell Biol 4, 826-31.

Ko, J., ou, S. and Patterson, P. h. (2001). New anti-
huntingtin monoclonal antibodies: implications for 
huntingtin conformation and its binding proteins. 
Brain Res Bull 56, 319-29.

li, M., Miwa, S., Kobayashi, y., Merry, D. E., yamamo-
to, M., Tanaka, F., Doyu, M., hashizume, y., Fisch-
beck, K. h. and Sobue, G. (1998). nuclear inclusions 
of the androgen receptor protein in spinal and bulbar 
muscular atrophy. Ann Neurol 44, 249-54.

li, P., huey-Tubman, K. E., Gao, T., li, x., West, A. 
P., Jr., Bennett, M. J. and Bjorkman, P. J. (2007). The 
structure of a polyQ-anti-polyQ complex reveals 
binding according to a linear lattice model. Nat Struct 
Mol Biol 14, 381-7.

lunkes, A., lindenberg, K. S., Ben-haiem, l., Weber, 
C., Devys, D., landwehrmeyer, G. B., Mandel, J. l. 
and Trottier, y. (2002). Proteases acting on mutant 
huntingtin generate cleaved products that differen-
tially build up cytoplasmic and nuclear inclusions. 
Mol Cell 10, 259-69.

Marsh, J. l., Walker, h., Theisen, h., Zhu, y. Z., Field-
er, T., Purcell, J. and Thompson, l. M. (2000). expand-
ed polyglutamine peptides alone are intrinsically cy-
totoxic and cause neurodegeneration in Drosophila. 
Hum Mol Genet 9, 13-25.

Matsumoto, G., Kim, S. and Morimoto, r. I. (2006). 
Huntingtin and mutant SOD1 form aggregate struc-
tures with distinct molecular properties in human 
cells. J Biol Chem 281, 4477-85.

Merry, D. E., Kobayashi, y., Bailey, C. K., Taye, A. A. 
and Fischbeck, K. h. (1998). Cleavage, aggregation 
and toxicity of the expanded androgen receptor in 
spinal and bulbar muscular atrophy. Hum Mol Genet 
7, 693-701.

Michalik, A. and Van Broeckhoven, C. (2004). Pro-
teasome degrades soluble expanded polyglutamine 
completely and efficiently. Neurobiol Dis 16, 202-11.

Nagai, y., Tucker, T., ren, h., Kenan, D. J., henderson, 
B. S., Keene, J. D., Strittmatter, W. J. and Burke, J. r. 

(2000). Inhibition of polyglutamine protein aggrega-
tion and cell death by novel peptides identified by 
phage display screening. J Biol Chem 275, 10437-42.

orr, h. T. and Zoghbi, h. y. (2007). Trinucleotide re-
peat disorders. Annu Rev Neurosci 30, 575-621.

Perez, M. K., Paulson, h. l., Pendse, S. J., Saionz, S. J., 
Bonini, N. M. and Pittman, r. N. (1998). Recruitment 
and the role of nuclear localization in polyglutamine-
mediated aggregation. J Cell Biol 143, 1457-70.

Pratt, G. and rechsteiner, M. (2008). Proteasomes 
cleave at multiple sites within polyglutamine tracts: 
activation by PA28gamma(K188E). J Biol Chem 283, 
12919-25.

Qian, S. B., ott, D. E., Schubert, u., Bennink, J. r. and 
yewdell, J. W. (2002). Fusion proteins with COOH-
terminal ubiquitin are stable and maintain dual func-
tionality in vivo. J Biol Chem 277, 38818-26.

Qin, Z. h., Wang, y., Sapp, E., Cuiffo, B., Wanker, E., 
hayden, M. r., Kegel, K. B., Aronin, N. and DiFiglia, 
M. (2004). Huntingtin bodies sequester vesicle-asso-
ciated proteins by a polyproline-dependent interac-
tion. J Neurosci 24, 269-81.

reits, E. A., Benham, A. M., Plougastel, B., Neefjes, 
J. and Trowsdale, J. (1997). Dynamics of proteasome 
distribution in living cells. Embo J 16, 6087-94.

reits, E. A. and Neefjes, J. J. (2001). From fixed to 
FRAP: measuring protein mobility and activity in liv-
ing cells. Nat Cell Biol 3, E145-7.

Schmidt, T., landwehrmeyer, G. B., Schmitt, I., Trot-
tier, y., Auburger, G., laccone, F., Klockgether, T., 
Volpel, M., Epplen, J. T., Schols, l. et al. (1998). An 
isoform of ataxin-3 accumulates in the nucleus of 
neuronal cells in affected brain regions of SCA3 pa-
tients. Brain Pathol 8, 669-79.

Servadio, A., Koshy, B., Armstrong, D., Antalffy, B., 
orr, h. T. and Zoghbi, h. y. (1995). Expression analy-
sis of the ataxin-1 protein in tissues from normal and 
spinocerebellar ataxia type 1 individuals. Nat Genet 
10, 94-8.

Trettel, F., rigamonti, D., hilditch-Maguire, P., 
Wheeler, V. C., Sharp, A. h., Persichetti, F., Cattaneo, 
E. and MacDonald, M. E. (2000). dominant pheno-
types produced by the HD mutation in STHdh(Q111) 
striatal cells. Hum Mol Genet 9, 2799-809.

Trottier, y., lutz, y., Stevanin, G., Imbert, G., Devys, 
D., Cancel, G., Saudou, F., Weber, C., David, G., Tora, 
l. et al. (1995). Polyglutamine expansion as a patho-
logical epitope in Huntington’s disease and four dom-
inant cerebellar ataxias. Nature 378, 403-6.

Venkatraman, P., Wetzel, r., Tanaka, M., Nukina, N. 
and Goldberg, A. l. (2004). Eukaryotic proteasomes 
cannot digest polyglutamine sequences and release 
them during degradation of polyglutamine-contain-



103

Mimicking proteasomal release of polyglutamine peptides initiates aggregation and toxicity

ing proteins. Mol Cell 14, 95-104.

Verhoef, l. G., lindsten, K., Masucci, M. G. and Dan-
tuma, N. P. (2002). Aggregate formation inhibits pro-
teasomal degradation of polyglutamine proteins. 
Hum Mol Genet 11, 2689-700.

Wanker, E. E., Scherzinger, E., heiser, V., Sittler, A., 
Eickhoff, h. and lehrach, h. (1999). Membrane filter 
assay for detection of amyloid-like polyglutamine-
containing protein aggregates. Methods Enzymol 
309, 375-86.

Wellington, C. l., Ellerby, l. M., hackam, A. S., Mar-
golis, r. l., Trifiro, M. A., Singaraja, r., McCutcheon, 
K., Salvesen, G. S., Propp, S. S., Bromm, M. et al. 

(1998). caspase cleavage of gene products associated 
with triplet expansion disorders generates truncated 
fragments containing the polyglutamine tract. J Biol 
Chem 273, 9158-67.

yang, W., Dunlap, J. r., Andrews, r. B. and Wetzel, 
r. (2002). Aggregated polyglutamine peptides deliv-
ered to nuclei are toxic to mammalian cells. Hum Mol 
Genet 11, 2905-17.

young, J. E., Gouw, l., Propp, S., Sopher, B. l., Tay-
lor, J., lin, A., hermel, E., logvinova, A., Chen, S. F., 
Chen, S. et al. (2007). Proteolytic cleavage of ataxin-7 
by caspase-7 modulates cellular toxicity and tran-
scriptional dysregulation. J Biol Chem 282, 30150-60.





chapter 7
Tripeptidyl peptidase II degrades 
polyglutamine peptides

Marcel Raspe 

Mallory van Heiningen 

suzanne van der Horst 

eric Reits#

department of cell Biology and Histology, Academic Medical center,  

Amsterdam, the netherlands 
# correspondence to e.a.reits@amc.uva.nl 

Manuscript in preparation



106

Chapter 7

Many neurodegenerative diseases are hallmarked by intracellular protein aggregates, 

including the group of nine polyglutamine (polyQ)-related disorders such as Huntington’s 

disease. Proteolytic fragments of the polyQ-expanded proteins are considered to initiate 

aggregation and cytotoxicity. Improved clearance of these fragments should delay the 

onset of disease. However, the main intracellular protease, the proteasome, is inef-

ficient in degrading the polyQ repeats in these protein fragments, thereby releasing 

almost pure polyQ peptides. Previously, we have shown that these pure polyQ peptides 

can initiate aggregation and cytotoxicity, and should therefore be rapidly degraded by 

downstream peptidases to prevent their accumulation and subsequent sequestration 

of larger polyQ fragments. Here, we show that the peptidase tripeptidyl peptidase II (TPPII) 

can efficiently clear these polyQ peptides in the cytoplasm. TPPII can form exceptionally large 

complexes and displays both exo- and endo-peptidase activity. Exopeptidase activity is affected 

by the size of the complex. Whether endopeptidase activity is regulated by complex formation 

as well is unknown. nevertheless, here we show that the full tPPii complex is necessary for the 

degradation of polyQ peptides. Regulation of the activity or complex formation of TPPII may 

therefore be a promising treatment strategy against polyQ-related aggregation diseases.
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Polyglutamine (polyQ) diseases are a group of nine neurodegenerative diseases caused 

by an expansion of the glutamine repeat within the disease-related protein over a rela-

tively well defined threshold of approximately 40 glutamines. The length of the expan-

sion is inversely related to the age of onset, and is generally manifested during adult-

hood, but can be juvenile when the repeats are exceeding 100 glutamines. these polyQ 

diseases include Huntington’s disease (HD), Kennedy’s disease (SbMA), dentatorubal-

pallidoluysian atrophy (DRPLA) and spinocerebellar ataxias (SCAs) 1, 2, 3, 6, 7 and 17 

[1]. The cellular functions of most proteins involved are still not known, except for SMbA 

(androgen receptor), SCA6 (calcium channel subunit) and SCA17 (TATA-binding protein). 

the disease-related proteins can be both nuclear and cytoplasmic, and in the case 

of scA6 plasma membrane bound. All polyQ disorders are associated with intraneu-

ronal aggregates and the generation of aggregation-prone proteolytic fragments. For 

example, aggregates contain proteolytic fragments of polyQ-expanded huntingtin but not full-

length huntingtin in HD, as observed in both patients [2] and in HD mouse models [3]. Cleavage 

into huntingtin fragments can be performed by caspases [4-6], calpains [7] and a yet unidenti-

fied aspartatic protease [8]. For SCA2 [9], SCA3 [10, 11], SCA7 [12], DRPLA [13] and SbMA [14], 

truncated proteolytic fragments have been identified as well [15]. 

After the generation of these proteolytic fragments by proteases, the fragments have to be 

further degraded by the proteasome [8] into small peptides [16, 17]. Finally these peptides are 

degraded into single amino acids by a large pool of aminopeptidases [18, 19]. The eukaryotic 

proteasome has three distinct catalytic activities, chemo-tryptic, tryptic and caspase-like, each 

cleaving preferably after hydrophobic, basic and acidic residues, respectively [20]. However, 

the eukaryotic proteasome is unable to cleave between polyQ repeats as was demonstrated 

in vitro using purified proteasomes, non-expanded proteins and synthetic polyQ peptides 

[21]. Interestingly, archeal proteasomes, having six identical catalytic subunits, degrade polyQ 

peptides and polyQ proteins to completion [21]. The consequence is that eukaryotic protea-

somes release almost pure polyQ peptides that need to be rapidly degraded by downstream 

aminopeptidases to prevent their accumulation and aggregation [21, 22]. 

One potential polyQ cleaving peptidase is puromycin-sensitive aminopeptidase (PSA) which can 

degrade both fluorogenic Q-AMC substrates as well as polyQ-containing synthetic peptides by 

N-terminal monopeptidase activity [23]. However, PSA can target peptides up to approximately 

35 amino acids and may therefore not be well-suited to degrade expanded polyQ peptides. 

Moreover, recent experiments have shown that PsA over-expression upregulates autophagy 

and thereby induce polyQ clearance (Menzies et al., submitted). 

Here, we identifty another aminopeptidase besides PSA which can degrade expanded polyQ 

repeats, tripeptidyl peptidase II (TPPII). TPPII is an aminopeptidase that can form extremely 

large complexes up to 6 MDa [24-27], and displays both exo- and endo-peptidase activity 

[28-30]. TPPII exopeptidase activity cleaves preferably behind large hydrophobic residues [28], 

whereas the endopeptidase activity is tryptic-like and prefers cleaving behind basic residues 

[29, 30]. Here, we show that TPPII can degrade polyQ repeats by its endopeptidase activity, and 

the full complex is necessary for polyQ peptide degradation since TPPII mutations that affect 

the complex formation cannot degrade these polyQ peptides [31]. 
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PSA and TPPII overexpression reduce polyQ aggregation at different stages

Previously, we mimicked pure polyQ peptide generation by the proteasome in living cells 

and showed that this was sufficient to initiate aggregation [22] (figure 1A). The GFP-Ub-

polyQ shown in figure 1A is efficiently separated into GFP-Ub and polyQ peptides by 

de-ubiquitinating enzymes [22]. To examine which peptidases can degrade the released 

expanded polyQ peptides in living cells, we tested the effect of several peptidases on 

the degradation of polyQ peptides. Hek293T cells were co-transfected with GFP-Ub-Q65 

and with either PSA, TPPII, thimet oligopeptidase (TOP), leucine aminopeptidase (LAP) or 

bleomycin hydrolase (bH). The western blot was stained for polyQ with the 3b5H10 antibody 

(figure 1b) [32]. The polyQ peptides were detected at three different positions as indicated by 

the arrows, showing a high-molecular weight band (1) indicating aggregates, an intermediate-

molecular weight band (2) indicating intermediate aggregate structures, and a low-molecular 

weight band (3) indicating soluble, monomeric or dimerized polyQ peptides. Whereas the TOP, 

LAP and bH lanes showed no reduction in polyQ peptide levels, both the PSA and TPPII lanes 

showed reduced polyQ peptide levels albeit at different levels. PSA reduced both the high-

molecular weight polyQ fraction (1) and the intermediate polyQ fraction (2) (figure 1b, upper 

panel, arrows 1 and 2). Moreover, the ubiquitin levels were reduced by PSA overexpression 

(figure 1b, upper middle panel). The reduced intermediate-sized (2) polyQ levels are most likely 

the result of increased autophagy (Menzies et al., submitted) [33]. 

Similar to PSA, TPPII reduced the amount of high molecular oligomeric structures (Figure 

1b, upper panel, arrow 1). However, TPPII did not reduce the intermediate fraction of polyQ 

peptides and did not alter the expression of Ub, indicating that TPPII does not improve polyQ 

clearance via induction of autophagy. Interestingly, TPPII had the most distinct effect on 

decreasing the low molecular weight fraction of polyQ peptides, suggesting that TPPII can 

prevent the earliest stages of polyQ aggregation (figure 1b, upper panel, arrow1). 

both PSA and TPPII reduced the levels of SDS-insoluble aggregates trapped on a filtertrap 

membrane [34], indicating that both peptidases reduce polyQ aggregation although by a 

different mechanism (figure 1b, lowest panel). Similarly, co-transfection of GFP-Ub-Q65 with 

either PSA or TPPII reduced the numbers of aggregates as observed in living cells (figure 1C, 

D). Importantly, a similar effect was observed when a polyQ expanded fragment of huntingtin 

was expressed, huntington-exon1-Q103-GFP [35], as both PSA and TPPII reduced aggregation 

of this polyQ protein fragment (figure 1C, D).

Complex formation is essential for polyQ peptide degradation by TPPII

Since TPPII appears to be the only peptidase that can directly target polyQ peptides and prevent 

aggregation, we next examined whether TPPII activity is affected by its composition, Several 

mutations and spice variants of TPPII are known to affect complex formation as well as activity, 

including that of human tPPii
G252R which can only form dimers [36], mouse tPPii+39 (MmtPPii+39) 

which can form complexes even larger than the wild-type TPPII [37], a control mouse TPPII 

(MmtPPii) and tPPiidhum which is a chimeric construct containing the human catalytic center 

and a part of the mouse sequence [36] (Table 1). 

surprisingly, both the human tPPii mutant (tPPiiG252R) and the mouse splice variant (MmtPPii+39) 

did not reduce the polyQ peptide content after co-transfection with GFP-Ub-Q65, whereas 
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tPPiiwt, MmtPPii and the tPPiidhum were able to reduce the polyQ peptide levels (figure 2A). 

In accordance with the effects on soluble polyQ levels, also filtertrap analysis showed that the 

sds-insoluble aggregates were only reduced upon tPPiiwt, MmtPPii and the tPPiidhum co-expres-

sion (figure 2A, last panel). When analyzed in living cells, fewer aggregates were present in cells 

co-expressing tPPiiwt. Also MmtPPii+39 and tPPiidhum had fewer aggregates, although the effect 

was not as great as for the tPPiiwt. co-expression of the mutants tPPiiG252R and MmtPPii+39 led 

even to a higher percentage of aggregates (figure 2b), which is in agreement with the western 

blot where also higher polyQ peptide levels were observed (figure 2A). Possibly, the expressed 

TPPII mutants interacted with endogenous TPPII, thereby affecting TPPII complex formation 
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Figure 1: A) The GFP-Ub-polyQ constructs that were used in the present study [22]. The polyQ peptides were 
cleaved off from the GFP-Ub by de-ubiquitinating enzymes. With these constructs polyQ peptides were intro-
duced in cells without any flanking sequences that may affect aggregation properties. B) Western blots and 
filtertrap showing proteins form cell lysates co-expressing GFP-Ub-Q65 and either pcDNA3, PSA, TPPII, TOP, 
LAP and bH that were stained for polyQ (αPolyQ), Ub (αUbiquitin) and actin (αActin). PolyQ (upper panel) 
was detected at three different positions, indicated with the arrows: (1) high molecular weight aggregates, 
(2) intermediate weight aggregates and (3) low molecular weight dimers. upper middle panel, western blot 
stained for Ub (αUbiquitin). Lower panel, western blot stained for actin as a loading control. Lower panel, 
filtertrap membrane stained for polyQ. c) Fluorescence images of GFP-Ub-Q65 and Htt-exon1-Q103-GFP in 
control cells (control) or PsA overexpressing cells (PsA) or tPPii overexpressing cells (tPPii). d) Percentages 
of GFP-Ub-Q65 and Htt-exon1-Q103-GFP aggregates in cells co-transfected with the polyQ peptide or protein 
and pcDNA3 (control), TPPII or PSA. The pcDNA3 control was taken as 100%. Three different fields of view per 
sample with a minimum of 150 cells were analyzed. 
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Q8 peptide in MEFs
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Figure 2: A) Western blots and filtertrap of lysates of cells after co-transfection with GFP-Ub-Q65 and the 
five different TPPIIs. Upper panel, western blot stained for polyQ (αPolyQ). Arrow 1 indicates high molecular 
weight aggregates and arrow 2 indicates dimeric peptides. Middle three panels show staining for Ub (αUb), 
actin (αActin) and TPPII (αTPPII), respectively. Lower panel, a filtertrap membrane stained for polyQ (αPolyQ). 
B) Percentages of GFP-Ub-positive aggregates in Hek293T cells co-transfected with GFP-Ub-Q65 and the 
five different TPPII’s. Three different fields of view with a minimum for 150 cells per field were analyzed. c) 
Western blots of lysates of cells co-transfected with GFP and the five different TPPIIs. Upper panel, western 
blot stained for GFP (αGFP). Middle panel, western blot stained for actin (αActin). Lower panel, western blot 
stained for TPPII (αTPPII). d) Fluorescence as a consequence of TPPII exopeptidase activity in cell lysates of 
cells transfected with the five different TPPIIs and pcDNA3 using AAF-AMC hydrolysis. e) Schematic repre-
sentation of the synthetic polyQ-containing peptide used asd a fluorogenic substrate Q8. The N-teminus and 
c-terminus are protected against cleavage with d-amino acids (yellow), the glutamine amino acids are shown 
in green. f) Degradation of the fluorogenic Q8 peptide by wild-type and TPPII-/- mouse embryonic fibroblasts 
(MEF) lysates as measured by the increase in fluorescence. 

Table 1: The mouse and human TPPII variants and mutants used. 
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and polyQ peptide degradation efficiency. 

To exclude that TPPII overexpression reduces the expression of polyQ peptides, we compared 

the levels of the co-expressed GFP-Ub (figure 2A) which showed identical expression levels 

indicating that there is no difference in GFP-Ub-Q65 expression between the different TPPII 

variants. In addition, co-transfection of GFP with the different TPPII variants also showed no 

differences in GFP levels (figure 2C), again indicating that expression levels were not differ-

ently affected by the TPPII variants and that TPPII improves clearance of polyQ peptides by its 

peptidase activity. 

All the TPPII variants display exopeptidase activity, as hydrolysis of the TPPII exopeptidase 

substrate H-AAF-AMC was increased in all lysates from cells overexpressing the different TPPII 

variants, including those TPPII variants that did not degrade polyQ peptides (figure 2D), indi-

cating that complex formation is affecting polyQ peptide degradation. 

To examine whether TPPII can degrade polyQ peptides by its endopeptidase activity, we 

synthesized a reporter peptide containing eight glutamines between a quencher and fluoro-

phore to measure polyQ peptide breakdown by TPPII endopeptidase activity (figure 2E). 

because the peptide contains uncleavable D-amino acids at both the N- and C-terminus to 

prevent exo- and carboxy-peptidase cleavage, the fluorophore and quencher can only be sepa-

rated by endopeptidase cleavage in the eight glutamines, resulting in increased fluorescence 

[18, 19]. The peptides appeared to be too slowly degraded in living cells upon micro-injection. 

Therefore, we added the reporter peptide to lysates of TPPII-/- mouse embryonic fibroblasts 

(MEFs) and compared the degradation rate with that in wild-type MEFs. The quenched polyQ 

peptide was not degraded in lysates of TPPII-/- cells, whereas wild-type MEF lysates degraded 

the Q8 peptide efficiently (figure 2F). Together, this indicates that TPPII can directly target 

polyQ peptides for degradation by its endopeptidase activity, and thereby reduces polyQ accu-

mulation and aggregation.

The TPPII inhibitor butabindide can reverse the effect of TPPII overexpression and the degra-

dation of polyQ peptides by TPPII is independent of the proteasome and autophagy

Inhibition of TPPII in cells expressing GFP-Ub-Q65 by the specific TPPII inhibitor butabindide led 

only to a small increase in low molecular weight polyQ peptide levels (figure 3A), which may be 

due to the low TPPII levels in HEK293T cells. However, the reduction in soluble polyQ peptide 

levels due to TPPII expression was prevented by butabindide (figure 3A). 

Since TPPII degrades peptides by its endopeptidase activity and not because of the activa-

tion of other clearance pathways such as autophagy as was observed for PSA (Menzies et al., 

submitted), we did not expect that TPPII activity is affected by autophagy inhibitors. This expec-

tation was further strengthened since we observed no reduction in ubiquitin levels and oligo-

meric polyQ levels (figure 1A) upon overexpression of TPPII, in contrast to PSA overexpression 

(figure 1A). Indeed, when we inhibited the autophagy pathway by 3-methyladenine (3-MA), 

the low molecular weight fraction of polyQ peptides was still reduced when TPPII was overex-

pressed, indicating that TPPII functions independently of autophagy (figure 3A). Proteasome 

inhibition did not affect clearance of polyQ peptides by TPPII either (figure 3A). However, both 

3-MA and MG132, increased the intermediate polyQ peptide fraction (figure 3A) which was 

unaffected by TPPII inhibition. Apparently, this fraction is mainly targeted by other clearance 
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Figure 3: a) Western blot of Hek293T cells co-trans-
fected with GFP-Ub-Q65 and pcDNA3 or GFP-Ub-Q65 
and tPPiiwt. the co-transfected cells were treated with 
butabindide, 3MA or Mg132. upper panel, western 
blot stained for polyQ (αPolyQ). Arrow 1 indicates high 
molecular weight aggregates, arrow 2 indicates inter-
mediate weight aggregates and arrow 3 indicates low 
molecular weight dimers. Arrow 4 points at the band that 
reappears after butabindide treatment of TPPII-overex-
pressing cells. the middle three panels show western 
blots stained for TPPII (αTPPII), Ub (αUb) and actin 
(αActin), respectively. Lower panel shows a filtertrap 
membrane stained for polyQ (αPolyQ). B) Western blots 
of Hek293T cells co-transfected with GFP-Ub-Q65 and 
pcDNA3 or GFP-Ub-Q65 and TPPIIwt. the co-transfected 
cells were treated with butabindide, 3MA or a combina-
tion of butabindide and 3MA. Upper panel shows the 
treated lysates stained for polyQ (αPolyQ). The arrows 
indicate high molecular weight aggregates, intermedi-
ate weight aggregates and dimmers, respectively. The 
lowest three panels show western blots stained for tPPii 
(αTPPII), Ub (αUb) and actin (αActin), respectively. c) 
Western blot of Hek293T cells co-transfected with GFP-
Ub-Q65 and pcDNA3 or GFP-Ub-Q65 and TPPIIwt. the co-
transfected cells were treated with butabindide, Mg132 
or a combination of butabindide and MG132. The arrows 
indicate high molecular weight aggregates, intermedi-
ate weight aggregates and dimmers, respectively. The 
lower three panels show western blots stained for tPPii 
(αTPPII), Ub (αUb) and actin (αActin), respectively.

pathways that can remove larger oligomeric 

structures. 

Inhibition of both autophagy and TPPII by 3-MA 

and butabindide did not alter the intermediate 

oligomeric lane, indicating that 3-MA and butab-

indide are affecting two independent pathways 

(e.g. autophagy and peptidase activity) (figure 

3b). Similarly, addition of both butabindide and 

the proteasome inhibitor Mg132 did also show 

no combinational effects (figure 3C), indicating 

that TPPII degrades polyQ peptides independ-

ently of the proteasome or autophagy and func-

tions as a regular peptidase downstream of the 

proteasome. The corresponding filtertrap (figure 

3A) shows that tPPii overexpression reduced the 

amount of sds-insoluble aggregates, whereas 

butabindide increased the aggregate content. 

Interestingly, inhibition of autophagy increased 

the Ub content, as opposed to the reduction of 
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Ub after PSA overexpression. Moreover, 3-MA resulted in a significant increase in the amount 

of the sds-insoluble aggregates, probably because high molecular weight aggregates cannot 

be degraded by proteases and peptidases and need to be cleared by autophagy. 

Proteolytic fragments downstream of the proteasome are processed by TPPII

Since TPPII can efficiently clear polyQ peptides downstream of the proteasome, we next exam-

ined whether TPPII can also degrade proteolytic polyQ protein fragments. Most polyQ proteins 

are cleaved by various proteases into fragments, and the polyQ-containing fragments have to 

be further degraded to prevent their accumulation and aggregation. 

Hek293t cells expressing ataxin1-Q92 showed both full-length ataxin-1 and several smaller 

proteolytic fragments on western blot stained for polyQ (figure 4A, upper panel, left lane). 

Inhibition of the proteasome by MG132 reduced the amount of these proteolytic fragments, 

suggesting that the proteasome is involved in the degradation of this protein into fragments 

(figure 4A, upper panel, middle lane). Inhibition of TPPII increased the levels of these proteolytic 

fragments (figure 4A, upper panel, right lane), suggesting that TPPII is involved in the clearance 

of polyQ fragments derived from proteasomal degraded ataxin-1-Q92. This effect was reduced 

when the tPPii mutant tPPii
G252R was expressed (figure 4b), indicating that the TPPII complex 

is needed for degrading these polyQ fragments, similarly as observed for polyQ peptides. Also 

a TPPII-induced reduction in insoluble polyQ fragments was observed by filtertrap analysis 
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Figure 4: A) Western blots of cells transfected with ataxin1-Q92 treated with DMSO, MG132 or butabin-
dide. Upper panel, western blot stained for polyQ (αPolyQ) and lower panel, western blot the stained for 
actin (αActin). B) Upper panel, western blot of cell co-transfected with ataxin1-Q92 in combination with 
either pcdnA3, tPPiiwt or tPPiiG252R and stained for polyQ (αPolyQ). Middle two panels, western blots stained 
for actin (αActin) and TPPII (αTPPII), respectively. Lower panel is the filtertrap membrane stained for polyQ 
(αPolyQ). c) Upper panel, western blot of cells co-transfected with Htt-exon1-Q103-GFP in combination with 
either pcdnA3, tPPiiwt or tPPiiG252R and stained for polyQ (αPolyQ). Middle panels are western blots stained 
for actin (αActin) and TPPII (αTPPII), respectively. Lower panel is the filtertrap membrane stained for polyQ 
(αPolyQ). 
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(figure 4b). TPPIIwt also reduced the amounts of proteolytic fragments derived from Htt-exon1-

Q103-GFP (figure 4C). Similar to ataxin-1, only TPPIIwt was able to improve clearance of proteo-

lytic fragments, leading to reduced aggregation as determined by filtertrap analysis (figure 4C). 

Together, this indicates that TPPII can not only target polyQ peptides but is also involved in the 

clearance of larger polyQ fragments, suggesting that its endopeptidase activity can prevent 

polyQ accumulation and aggregation in the various polyQ disorders.

PolyQ diseases are manifested by intracellular protein aggregates which contain mainly 

truncated proteolytic fragments with the polyQ expansion [2, 3]. Ventrakaman et al. 

[21] showed that the proteasome can degrade polyQ proteins, but during this process 

almost pure polyQ repeats are released as the proteasome cannot cleave efficiently 

between glutamines. These released polyQ peptides need to be rapidly degraded by 

downstream peptidases to prevent polyQ peptide accumulation and aggregation [22]. 

bhutani et al. [23] identified PSA as the sole peptidase responsible for the clearance of 

polyQ peptides in vitro. However, PSA can only cleave small fragments from a polyQ 

peptide by its exopeptidase activity and is unable to target expanded polyQ peptides. 

Resent data suggests that the major contribution of PSA in the clearance of polyQ frag-

ments is the induction of autophagy (Menzies et al., submitted). TPPII was not identified in 

the approach by bhutani et al. [23], probably because of difficulties to keep the TPPII complex 

intact during purification, low concentrations of the used butabindide and/or longlivety of 

tPPii blurring siRnA approaches.

We identified tripeptidyl peptidase II to be able to clear polyQ peptides as a “classical” peptidase 

downstream of the proteasome. To our knowledge, this is the first description of a peptidase 

downstream of the proteasome that can degrade polyQ peptides or the proteolytic fragments 

generated from longer polyQ protein precursors. TPPII is a homomeric supercomplex (~6 MDa) 

composed of 20 dimers that can display both exo- and endo-peptidase activity [24-27, 29, 

30]. TPPII endopeptidase activity may cleave expanded polyQ peptides into fragments suitable 

for clearance by other exopeptidases including PSA. The activity of TPPII is regulated via its 

complex formation [24, 31], which is essential for the clearance of polyQ peptides. Whereas 

human and mouse TPPII can clear Q65 peptides, the TPPII mutants TPPII
G252R and MmtPPii+39 

were unable to cleave polyQ peptides. Since complex formation is important for polyQ peptide 

clearance, a potential therapeutic strategy would be to improve TPPII complex formation in 

patients in order to increase polyQ degradation. 
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Chemicals and reagents
The following substrates and inhibitors were used: H-AAF-AMC (100 μM; bachem, bubendorf, Swit-
zerland), butabindide oxalate (100 μM; Tocris biosciences, Ellisville, MO, USA), 3-methyladenine 
(5 mM; Sigma, St. Louis, MO, USA) and MG132 (20 μM; Enzo Life Sciences, Farmingdale, Ny, USA).

Cell culture, DNA constructs and fluorescence microscopy 
Human embryonic kidney cells (Hek293T) and Mel JuSO fibroblasts were cultured in IMDM (Invitro-
gen, Carlsbad, CA, USA) supplemented with 10% fetal calf serum (FCS) and penicillin/streptomycin/
L-glutamine. the cells were transiently transfected with polyethylenimine (Polysciences europe, 
Eppelheim, Germany). Inhibitors were added at 24 hours after transfection and cells were harvested 

16 hours later. When inhibitors were not used cell were harvested at 48 hours post-transfection. TPP+/+ and 
tPPii-/- cells (kindly provided by Dr. Kenneth Rock, University of Massachusetts Medical School, Worcester, 
MA, USA), were grown in DMEM (Invitrogen) supplemented with 20% FCS and L-glutamine. The human 
tPPiiG252R, MmtPPii, MmtPPii+39 and tPPiidhum were kindly provided by Dr. birgitta Tomkinson (Uppsala Uni-
versity, uppsala, sweden). the human tPPii wild-type was made by site-directed mutagenesis with general 
molecular cloning techniques (Raspe et al., manuscript in preparation). The psct-PSA plasmid was a kind 
gift of Dr. A. Fontana (University Hospital Zurich, Zurich, Switzerland) [38] and subcloned into pcDNA3 as 
described by Menzies et al. (submitted). TOP, LAP and bH plasmids were a kind gift of Dr. Kenneth Rock. The 
GFP-Ub-Q65 and Q112 cloning is described by Raspe et al. (2009) [22]. The Ub-m-ataxin1-Q92 plasmid is a 
kind gift of Dr. Nico Dantuma (Karolinska Institutet, Stockholm, Sweden) [39].
For fluorescence images, cells were grown on coverslips, transiently transfected and images were obtained 
using a DM IRb inverted light microscope with a 20x objective (Leica, Mannhein, Germany). 
 
Fluorogenic activity assays
Cells were harvested and lysed in PbS with 100 μM digitonin for 30 minutes on ice, followed by a centrifu-
gation for 15 min at 20,800 xg at 4°C in a Eppendorf 5417R centrifuge (Eppendorf, Walldorf, Germany) 
to remove all membrane and nuclear fractions. Protein concentrations were determined by bradford 
colorimetric protein assay at 595 nm. Protein lysates (~20 μg) were suspended in PbS (96 wells plate) and 
H-AAF-AMC (100 μM) or the quenched peptides were added. The quenched Q8 peptide was synthesized 
as described by Reits et al. [19]. H-AAF-AMC and Q8 peptide fluorescence were measured with a Polarstar 
Galaxy (bMG Labtech, Offenburg, Germany) at 390 nm excitation and 460 nm emission for the H-AAF-AMC 
substrate and 485/520 nm for the quenched Q8-peptide.

Western blotting and filter retardation assay
cytosolic extracts were generated by lysing cells with PBs containing 0.1 % triton X-100 for 30 minutes on 
ice, and the supernatant was used after centrifugation of the lysate. Protein concentrations in the lysates 
were quantified by the bradford assay and separated on 12.5 % or 15 % SDS-PAGE and transferred to 
protran 0.2 µm nitrocellulose membranes (GE-healthcare, Piscataway, NJ, USA). Membranes were blocked 
in 5 % dry milk in Tris buffered saline (TbS), and incubated with anti-GFP in a dilution of 1/1000 (Molecular 
Probes, Invitrogen), anti-ubiquitin in a dilution of 1/100 (Sigma), anti-actin in a dilution of 1/10,000 (Sigma), 
anti-TPPII in a dilution of 1/500 (Santa Cruz biotechnologies, Santa Cruz, CA, USA), the anti-polyglutamine 
3b5H10 in a dilution of 1/1000 (Sigma) or 1C2 in a dilution of 1/1000 (MAb1574; Millipore, billerica, MA, 
USA) [40]. Secondary antibodies were IRDye680 and IRDye800 in a dilution of 1/15,000 (LI-COR bioscienc-
es, Lincoln, NE, USA). The blots were imaged with the use of the Odyssey imager (LI-COR biosciences). Filter 
retardation assays were performed as described previously [34]. briefly, at 48 hours after transfection, 
HEK293T cells were lysed for 30 minutes on ice in PbS containing 0.1 % Triton-X100. After centrifugation 
for 15 minutes at 20,800 xg at 4°C, cell pellets were resuspended in benzonase buffer (1 mM MgCl2, 50 mM 
Tris-HCl; pH 8.0) and incubated for 1 hour at 37°C with 250 U benzonase (Merck, Darmstadt, Germany). 
Reactions were stopped by adding 2x termination buffer (40 mM EDTA, 4 % SDS, 100 mM DTT). Aliquots of 
60 μg protein extract were diluted in 2% SDS buffer (2% SDS, 150 mM NaCl, 10 mM Tris; pH 8.0) and filtered 
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through a 0.2 μm cellulose acetate membrane (Schleicher and Schuell, Dassel, Germany) pre-equilibrated 
in 2% SDS buffer. Filters were washed twice with 0.1% SDS buffer (0.1 % SDS,150 mM NaCl, 10 mM Tris; 
pH 8.0) and subsequently blocked in 5% nonfat milk (Protifar Plus, Nutricia, Zoetermeer, The Netherlands) 
in TbS. Captured aggregates were detected by incubation with 1C2 antibody and further treated as for 
western blotting. 
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chapter 8

A major function of proteasomes and macroautophagy is to eliminate misfolded poten-

tially toxic proteins. Mammalian proteasomes, however, cannot cleave polyglutamine 

(polyQ) sequences and seem to release polyQ-rich peptides. Puromycin-sensitive 

aminopeptidase (PSA) is the only cytosolic enzyme able to digest polyQ sequences. We 

tested whether PSA can protect against accumulation of polyQ fragments. In cultured 

cells, Drosophila and mouse muscles, PSA inhibition or knockdown increased aggregate 

content and toxicity of polyQ-expanded huntingtin exon 1. Conversely, PSA overexpres-

sion decreased aggregate content and toxicity. PSA inhibition also increased the levels 

of polyQ-expanded ataxin-3 as well as mutant α-synuclein and superoxide dismutase 1. These 

protective effects result from an unexpected ability of PSA to enhance macroautophagy. PSA 

overexpression increased, and PSA knockdown or inhibition reduced microtubule-associated 

protein 1 light chain 3-II (LC3-II) levels and the amount of protein degradation sensitive to 

inhibitors of lysosomal function and autophagy. Thus, by promoting autophagic protein clear-

ance, PSA helps protect against accumulation of aggregation-prone proteins and proteotoxicity.
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The accumulation of aggregate-prone proteins in neurons is a hallmark of many neuro-

degenerative disorders, including the polyglutamine tract expansion diseases such as 

Huntington’s disease and spinocerebellar ataxia type 3, familial forms of Parkinson’s 

disease and amyotrophic lateral sclerosis [caused by point mutations in α-synuclein and 

superoxide dismutase 1 (SOD1), respectively]. These abnormal proteins are thought to 

cause disease via toxic gain-of-function mechanisms. Thus, one rational approach to 

combating their toxicity is to reduce the cellular content of the mutant protein by accel-

erating their degradation. 

The two major routes for protein degradation within mammalian cells are macroau-

tophagy and the ubiquitin-proteasome system. Degradation by the macroautophagy-

lysosomal pathway begins with the formation of double-layered autophagosomes that 

enclose portions of cytoplasm. These vacuoles ultimately fuse with lysosomes, and the 

cytosolic components are degraded by its various lysosomal acid hydrolases. Macroautophagy 

(which we call here autophagy) is a key mechanism for the clearance of many aggregation-prone 

(or aggregated) proteins associated with neurodegenerative diseases, including mutant forms 

of huntingtin, SOD1 and α-synuclein (1). Furthermore, activation of this autophagic process 

(e.g. by rapamycin) enhances the removal of the aggregate-prone proteins such as mutant 

huntingtin and attenuates its toxicity in cell and animal models (2). The ubiquitin-proteasome 

pathway also plays a critical role in the selective degradation of misfolded, mutated or damaged 

proteins. such proteins are targeted for rapid hydrolysis by a series of enzymes that covalently 

attach a chain of ubiquitin molecules onto lysine residues on the protein. This polyubiquitin-

chain serves as a recognition motif for binding of the protein to the 26S proteasome. The ubiq-

uitinated proteins are digested to small peptides within the core 20S proteasome particle. This 

barrel-shaped particle contains three types of peptidase sites that can cleave nearly all peptide 

bonds in proteins. The short (2–20) residue peptides typically released by the proteasome are 

then rapidly hydrolyzed to amino acids by cytosolic endo- and aminopeptidases.

The ubiquitin-proteasome pathway can efficiently digest soluble misfolded proteins, but once 

proteins such as huntingtin are aggregated, the autophagic/lysosomal process assumes primary 

importance in their clearance from the cytosol (3–5). However, in the case of proteins containing 

polyglutamine tracts, eukaryotic proteasomes can cleave only very poorly (if at all) within poly-

glutamine sequences (6). Consequently, in degrading huntingtin, the 26S proteasome appears 

to release polyglutamine-rich fragments for digestion by cytosolic peptidases (6,7). because 

they lack extensive flanking sequences, such peptides have a very strong tendency to aggregate 

(probably even stronger than that of the full-length protein). therefore, the rapid hydrolysis 

of these polyglutamine-rich peptides seems likely to be important in preventing or retarding 

the progression of polyglutamine disorders. Most larger peptides released by proteasomes 

are initially digested by endopeptidases (8–10), and the resulting shorter peptides are rapidly 

hydrolyzed to amino acids by various cytosolic aminopeptidases (11–14). 

Surprisingly, only one cytosolic peptidase, puromycin-sensitive aminopeptidase (PSA, also 

termed cytosol alanyl aminopeptidase, human gene symbol NPEPPS), was found to be able 

to digest short polyglutamine peptides (15). PSA is a ubiquitous, 100 kDa, Zn2+ metallopepti-

dase present in high concentrations in the brain (especially in the striatum, the hippocampus 
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and the cerebellum) (16,17). Although PSA was initially described as an enkephalin-degrading 

enzyme (18,19), its localization predominantly in the cytoplasm and its broad distribution in 

tissues argue against such a function. Instead, a role for PSA in digesting proteasome products 

to amino acids or antigenic peptides presented on MHC Class I molecules seems most likely 

based on its cytosolic location and its ability to digest diverse sequences (12–14,20). In fact, 

we have found that PSA is the dominant intracellular peptidase in degrading a large variety of 

dipeptides (R.H. and A.L.G., unpublished data). 

These observations suggest that a loss of PSA function could lead to a toxic accumulation of 

fragments of normal gene products and increase the susceptibility to polyglutamine diseases. 

In fact, PSA-deficient mice display behavioural and neurological abnormalities (17,21) including 

movement disorders that perhaps are related to the failure to rapidly clear peptides released 

by the proteasomes which could have deleterious effects. Interestingly, the expression of PSA 

was found to be highly induced in PC12 cells upon expression of huntingtin exon 1 containing an 

expanded, but not a normal length, polyQ sequence (22). In addition, PSA is induced in the CNS 

in a mouse model of fronto-temporal dementia expressing a mutated tau (16). Furthermore, 

overexpression of PSA had a remarkable ability to protect against neurodegeneration induced 

by misexpression of the longest isoform of human tau in Drosophila (16). 

the present studies were undertaken to test whether PsA may play an important role in the 

clearance of polyQ-rich fragments, polyQ-containing proteins or other mutant polypeptides 

associated with neurodegenerative diseases. We have tested whether altering the activity 

or content of PSA modifies aggregate accumulation and toxicity of different forms of mutant 

huntingtin exon 1 in cell culture and in vivo models of neurodegenerative diseases. Using a 

variety of approaches and experimental systems, we show that PsA is an important determi-

nant of aggregate content and of huntingtin exon 1 toxicity. Surprisingly, this ability of PSA to 

reduce the content of aggregates formed by huntingtin exon 1, as well as another expanded 

polyQ protein, ataxin-3, correlated with an ability of PsA to promote autophagy. indeed, PsA 

was found to enhance the clearance of a range of aggregation-prone proteins associated with 

neurodegenerative diseases, including some proteins lacking polyglutamine expansions, and 

to increase intracellular protein degradation by promoting autophagy. These studies have 

uncovered a surprising new function of this cytosolic peptidase in regulating autophagy and 

a remarkable ability of PSA activity to influence aggregate content and toxicity in a variety of 

neurodegenerative diseases.

Decrease in PSA activity increases the aggregation and toxicity of expanded huntingtin 

exon 1

To test whether PSA activity might affect the cellular content of polyglutamine aggre-

gates and toxicity, we studied the effects of knocking down PSA expression using RNA 

interference (RNAi) (Supplementary Material, Fig. S1A) and of pharmacological inhibi-

tors of PSA activity in HeLa, HEK293A and HEK293T cells. Depletion of this enzyme in 

HeLa cells expressing mutant huntingtin with 74 polyglutamine repeats (Q74) exon 

1 fused to GFP increased the percentage of cells that displayed macroaggregates as well as 

the number of apoptotic nuclei (Fig. 1A). Similarly, PSA knockdown in cells expressing a hunt-

ingtin-GFP construct with 103 glutamines enhanced the percentage of cells with aggregates 
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(Supplementary Material, Fig. S1b). This result was corroborated when levels of insoluble 

macroaggregates in whole cell lysates were measured using the filter trap assay (Fig. 1b). 

Surprisingly, even though cells expressing the non-expanded Q23 huntingtin exon 1 GFP do 

not normally contain visible aggregates, decreasing PsA expression also led to the appearance

of intracellular accumulations, similar to the inclusions we observed with expanded huntingtin 

exon 1; however, these may not necessarily have the same structure as the expanded polyQ 

aggregates. This was accompanied by an increase in the frequency of apoptotic nuclei (Fig. 1C). 

Thus, PSA appears to play a role in clearance of both expanded and normal length huntingtin 

exon 1. 

In order to determine whether this effect of PSA on formation of aggregates is due to its enzy-

matic activity, we employed the general aminopeptidase inhibitor, bestatin, and the specific 

PSA inhibitor, PAQ-22. In 293A cell extracts, both bestatin and PAQ-22 are potent inhibitors of 

PSA aminopeptidase activity [assayed fluorometrically with the alanine amino methylcoumarin 

(Ala-amc) substrate] with ic
50s of 0.07 and 0.08 μM, respectively (Supplementary Material, Fig. 

s1c). By measuring the potency of these inhibitors of PsA in intact 293A cells (supplementary 

Material, Fig. S1D) at concentrations where these drugs do not alter cellular viability for several 

days (Supplementary Material, Fig. S1E), we were able to assess how the level of PSA activity 

influences aggregate content in 293A cells expressing huntingtin exon 1 GFP with either 23 

[wild-type (WT)], 41 or 74 glutamines (Fig. 1D–F and Supplementary Material, Fig. S1F). PSA 

inhibition increased aggregate content 2–4-fold not only with expanded polyQ, where aggre-

gates are more abundant (Q74 and Q41), but also with the WT (23Q) huntingtin exon 1 GFP. 

In fact, the relative stimulation appeared larger with the 23Q construct, perhaps because the 

appearance of inclusions is easier to detect with this construct, since it fails to aggregate signifi-

cantly under normal circumstances. it is noteworthy that large increases in aggregate content 

were seen with only a 50% decrease in enzyme activity using either inhibitor. 

We confirmed the relative specificity of these inhibitors by comparing their activities in mouse 

embryonic fibroblasts (MEFs) from WT and PSA-null mice. In intact cells, the cleavage of 

Ala-amc was five times higher in WT MEFs than in MEFs from PSA knockout mice. In WT MEFs, 

80% of the Ala-amc cleavage was sensitive to both PAQ (10 μM) and bestatin (5 μM), whereas 

PAQ and bestatin had negligible effects on its hydrolysis in the PSA knockout MEFs (Fig. 1G). 

Further evidence that bestatin increased aggregate number through PSA inhibition was the 

finding that, following RNAi knockdown of PSA, this inhibitor had no effect in cells expressing 

huntingtin exon 1 Q74 GFP (Fig. 1H). Together, these findings indicate that PSA is involved in 

the clearance of both normal and polyQ-expanded huntingtin exon 1 and reducing its activity 

by 50% increases huntingtin accumulation and toxicity. 

PSA overexpression reduces aggregates and toxicity of mutant huntingtin exon 1 

Consistent with the deleterious effects of PSA knockdown and inhibition, we found that PSA 

overexpression (Supplementary Material, Fig. S2A) decreased the frequency of expanded hunt-

ingtin exon 1 GFP aggregates and the associated cell death in neuroblastoma cells (Fig. 2A). 

Furthermore, in HeLa cells, PSA overexpression not only reduced the fraction of cells with 

inclusions, it also reduced the cells content of insoluble huntingtin exon 1 GFP and the sizes of 

the inclusions (Fig. 2b and Supplementary Material, Fig. S2b and C). because of the inability 
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Figure 1. PSA knockdown and inhibition increase aggregation and toxicity in cells expressing normal and 
polyglutamine-expanded huntingtin exon 1. (a) HeLa cells were treated with PsA siRnA and then transfected 
with plasmids encoding exon 1 of huntingtin with polyglutamine tract length of 74, tagged with EGFP (htt-
exon-1-GFP). The proportion of transfected (GFP-positive) cells containing GFP aggregates was measured 
(black bars) and cellular toxicity was assessed by measuring the proportion of transfected cells with apoptotic 
nuclei, visualized by DAPI staining (grey bars). Aggregation and toxicity were increased by the knockdown 
of PSA. Data shown are normalized to control levels of aggregation and cell death and combined from four 
independent experiments, each performed in triplicate. error bars represent seM, as for all graphs in this 
study. In control conditions, the proportion of cells with GFP-positive macroaggregates and apoptotic nuclei 
were typically 6 and 4%, respectively. *** P < 0.001, * P < 0.05 by odds ratio. (B) Aggregation was also 
measured by filtertrap assay in HEK 293T cells using htt-exon-1-Q103-GFP. Lysates from cells treated with PSA 
siRNA contained more insoluble aggregates trapped on the filter membrane as shown by the increase in GFP 
staining. (c) Effect of PSA knockdown on aggregation of htt-exon-1-GFP with a polyglutamine repeat length 
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of the proteasome to cleave efficiently within polyQ sequences, polyQ-rich peptides are likely 

to be generated and released during the degradation of polyQ proteins (6). In an attempt to 

mimic these isolated polyQ sequences in the absence of a linked protein such as huntingtin, 

we expressed a GFP-ubiquitin-polyQ fusion protein (23). In cells, the GFP-ubiquitin and the 

C-terminal polyQ sequence are efficiently cleaved by deubiquitinating enzymes, releasing 

pure polyQ polypeptide (Fig. 2C). When 293T cells were transfected with GFP-ubiquitin-polyQ 

containing 65 or 112 glutamines, with or without PSA-GFP, PSA overexpression reduced the 

levels of both the soluble polyQ polypeptides and insoluble polyQ aggregates (assayed by 

filter trap) (Fig. 2D and Supplementary Material, Fig. S2D and E), in accord with our findings 

on expanded huntingtin exon 1 (Fig. 2A and b and Supplementary Material, Fig. S2b and C). 

However, it was not possible to assess whether raising PSA levels had similar protective effects 

in cells expressing WT huntingtin exon 1 GFP due to their very low frequency of aggregates and 

cell death.

PSA suppresses accumulation of mutant huntingtin aggregates and toxicity in vivo

To test whether overexpression of PSA causes a similar suppression of huntingtin aggregates 

in mouse tissues in vivo, we electroporated GFP-tagged huntingtin exon 1 constructs bearing 

different polyQ lengths into the tibialis anterior muscles of adult mice. One week after elec-

troporation, the huntingtin Q23 GFP was diffusely distributed in the electroporated fibres. 

However, transfection with expanded huntingtin with 41 and 74Q caused the formation of 

GFP-labelled inclusions in all the electroporated fibres (Fig. 3A). When a PSA-encoding plasmid 

was simultaneously electroporated, it decreased the number and size of inclusions formed 

by the expanded huntingtin exon 1 mCherry (74Q) in the tibialis anterior muscle 1 week after 

electroporation (Fig. 3b). On the other hand, transfecting a PSA RNAi construct enhanced the 

formation of mutant huntingtin exon 1 mCherry aggregates (Fig. 3C). Furthermore, when hunt-

ingtin exon 1 GFP with 74Q or 41Q was electroporated in heterozygous PSA knockout mice, 

more inclusions were evident than in WT mice (Fig. 3D–E). The inclusions formed by huntingtin 

exon 1 (41Q) were larger in muscle of heterozygous PSA knockout mice (Fig. 3E). Extracts of 

muscles from the heterozygous mice showed an approximately 50% reduction in PSA activity 

(data not shown). Thus, a decrease of only 50% in the endogenous PSA activity is sufficient to 

significantly enhance mutant huntingtin aggregate formation, as was also found upon treat-

ment of 293A cells with PsA inhibitors. 

of 23 was measured, exactly as in (a); data are shown normalized to control. The proportions of control cells 
with macroaggregates and apoptotic nuclei were 2 and 1%, respectively. *** P < 0.001 (d–f). small molecular 
inhibitors of PSA also increased aggregation of polyglutamine proteins with a range of repeat lengths. 293A 
cells were transfected with htt-exon-1-GFP with 23Q (d), 41Q (e) or 74Q (f). PsA was inhibited with PAQ-22 
(dark grey lines) or bestatin (light grey lines) to either 50 or 80% of its endogenous activity: 50% inhibition: 
0.05 μM bestatin, 0.12 μM PAQ-22; 80% inhibition: 0.5 μM bestatin, 1 μM PAQ-22. The number of transfected 
cells containing GFP-positive aggregates was counted at the time points indicated. *** P < 0.001, * P < 0.05 by 
two-way AnovA followed by post hoc Fisher’s LSD test. (G) In intact WT MEF cells, 80% of Ala-amc cleavage 
was inhibited by minimal effective concentration of both PAQ (10 μM) and bestatin (5 μM). In PSA-/- MEF 
cells, PAQ and bestatin inhibit only 10 and 20% of the residual Ala-amc cleavage activity, which must be by 
other aminopeptidases. ** P = 0.001. (h) bestatin (0.5 μM) treatment increased aggregation of HA-tagged 
huntingtin exon 1 with 74Q in HeLa cells, but not following knockdown of PSA by siRNA. * P < 0.05, ns, not 
significant by odds ratio.
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In order to test the effects of PSA on huntingtin toxicity in neurons in vivo, we used two distinct 

Drosophila models with different quantifiable readouts. In the first, mutant huntingtin exon 1 

was expressed in the nervous system (24) and reduced lifespan. In these flies, PSA knockdown 

(with two different RNAi constructs) further shortened the lifespan, whereas PSA overexpres-

sion increased their lifespan (Fig. 4A). In the second model, mutant huntingtin was expressed 

in the photoreceptors. Fly photoreceptors that express a mutant huntingtin fragment with 120 

Figure 2. PsA overexpression reduces toxicity and aggregate content in cells expressing expanded polyQ hun-
tingtin exon 1 and expanded polyglutamine tracts. (a) Effect of PSA overexpression on aggregate content in 
SK-N-SH cells expressing htt-exon-1-Q74-GFP. The proportions of cells with GFP-positive macroaggregates 
and apoptotic nuclei were decreased by the overexpression of PSA, when assayed as in Figure 1A and C. Data 
shown are normalized to control for each experiment and the average of data from four independent ex-
periments carried out in triplicate are shown. In control conditions, typically around 30% of transfected cells 
contained macroaggregates and 10% had apoptotic nuclei. *** P < 0.001 by odds ratio. (B) overexpression 
of PSA in 293T cells also decreased levels of insoluble aggregates of htt-exon-1-Q103-GFP, as measured by 
filter-trap assay. Q103 aggregates were visualized using anti-GFP antibody. (c) To mimic the polyQ sequences 
that may be released by the proteasome, we used a GFP-ubiquitin-polyQ construct (23). Upon expression, the 
GFP-Ub and the polyQ peptide are efficiently cleaved by deubiquitinating enzyme(s), leading to the release 
of a polyQ polypeptide. (d) Levels of soluble and insoluble polyglutamine peptides were also decreased by 
overexpression of PSA in HEK293T cells transfected with GFP-Ub-polyQ containing 65 or 112 glutamines. 
Levels of both soluble polyQ peptides (upper panel, arrows mark monomeric polyQ peptides and arrow-
heads mark high molecular weight oligomeric structures) and insoluble aggregates (lower panel) detected 
by an anti-polyglutamine antibody decreased, when PSA-GFP was co-transfected. Actin levels are shown as 
a loading control.
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polyglutamine repeats exhibit degeneration that is not observed in flies that express the WT 

fragment with 23 polyglutamine repeats (25). The compound eye of Drosophila consists of 

about 800 ommatidia, each composed of eight photoreceptor neurons with light-gathering 

parts called rhabdomeres, seven of which can be visualized by light microscopy using the 

pseudopupil technique (26). Neurodegeneration in these HD flies is progressive and associated 

with a decrease over time in the number of visible rhabdomeres in each ommatidium (25). 

However, PSA overexpression increased the number of visible photoreceptors (Fig. 4b and D), 

indicating suppression of polyglutamine toxicity. On the other hand, the expression of either 

of two different PSA RNAi constructs enhanced toxicity (Fig. 4C and E). Thus, as in cell culture, 

modulation of PSA levels alters polyQ toxicity in vivo. 

PSA decreases aggregate number in cellular models of other neurodegenerative diseases 

To investigate whether PSA can also promote the clearance of other aggregation-prone mutant 

proteins, we tested its effects on different neurodegenerative disease-associated proteins 

including ataxin-3, another polyglutamine-containing protein, whose expansion causes spinoc-

erebellar ataxia type 3. In 293A cells expressing WT (28Q) and mutant (84Q) full-length ataxin-3 

GFP, inhibition of PSA caused the accumulation of more aggregates than in untreated control 

cells (Fig. 5A and b and Supplementary Material, Fig. S4A). We also studied aggregate-prone 

proteins that lack polyglutamine repeat regions. in cells expressing a mutant form of sod1, 

which causes an inherited form of amyotrophic lateral sclerosis, the number of SOD1-GFP 

inclusions was increased when PSA was inhibited (Fig. 5C, D and Supplementary Material, Fig. 

S4b). Furthermore, using PC12 cells, we were able to investigate the clearance of A53T mutant 

α-synuclein, which causes a familial form of Parkinson’s disease. Its levels can be accurately 

measured by western blotting of the soluble fraction because this protein does not aggregate 

in these cells. To follow its degradation, α-synuclein expression was induced by the addition of 

doxycycline to the media, and then switched off by removal of the antibiotic. The degradation 

of A53T α-synuclein was slowed (i.e. its level was higher 16 h after synthesis was terminated) 

in the cells treated with the PSA inhibitors (Fig. 5E and F). Thus, this enzyme promotes the 

clearance and thus reduces aggregate content in a wide variety of cellular models of neurode-

generative disease. 

PSA enhances autophagy 

Many of the proteins found here to accumulate on PSA inhibition or to be cleared faster upon 

PSA overexpression are autophagy substrates, including mutant huntingtin exon 1, fulllength 

ataxin-3, mutant SOD1 and A53T a-synuclein (27,28). In fact, a large fraction of long-lived 

cellular proteins, the bulk of cell constituents, are degraded by this process (29). We there-

fore tested whether changes in PSA activity influence the overall rate of degradation of long-

lived proteins. in order to determine the rates of proteolysis by autophagy, lysosomes and 

proteasomes, we measured protein degradation rates in the presence or absence of specific 

inhibitors of the proteasome (bortezomib/velcade), lysosomal acidification (chloroquine) or 

autophagy [3-methyladenine (3MA)], as we previously described (29). Upon deprivation for 

serum and amino acids to activate autophagy, PSA overexpression increased the total rate of 

protein degradation by enhancing the rate of lysosomal and autophagy-dependent proteolysis
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Figure 3. Effect of PSA overexpression and knockdown on the formation of polyglutamine aggregates in 
mouse muscle. (a) Cross-sections of mouse tibialis anterior muscle electroporated with GFP or hunting-
tin exon 1 with 23, 41, 74Q fused to GFP (Htt23Q, Htt41Q, Ht74Q). One week after electroporation, the 
formation of inclusions was observed in all fibres electroporated with Htt41Q and Htt74Q. Fibres electropor-
ated with GFP or Htt23Q showed a diffuse fluorescence and no inclusions. Scale bar represents 100 μM. (B) 
PSA overexpression decreased the number and size of polyglutamine inclusions found in tibialis anterior 
muscle 1 week after electroporation with expanded huntingtin exon 1 (74Q) and PSA. Note that Htt74Q is 
seen as red (fused to mCherry) in these images. Graph shows inclusion number and size in fibres where PSA 
(blue bars) or GFP (green bars) is overexpressed. (c–e) Reduction in the expression of PSA by electroporation 
of RnAi increased the number and size of polyglutamine inclusions in mouse skeletal muscle electroporated 
with expanded huntingtin exon 1. (c) Tibialis anterior muscle 1 week after electroporation with Htt74Q and a 
plasmid expressing either a scrambled RNAi, or an RNAi targeting PSA. Reduction of PSA expression by RNAi 
increased the number and size of polyglutamine inclusions formed by expanded huntingtin exon 1 (74Q). (d) 
Electroporation of expanded huntingtin exon 1 (74Q) to tibialis anterior muscles of PSA+/- heterozygous mice 
led to more inclusions than in muscle from WT (PSA+/+) mice, 1 week after electroporation. These inclusions 
also seemed larger in PsA+/- mice, but this effect did not reach statistical significance (P = 0.09). (e) electro-
poration of expanded huntingtin exon 1 (41Q) in PSA+/-heterozygous mice led the formation of more, larger 
inclusions than in muscle from WT (PSA+/+) mice 1 week after electroporation. Scale bar (B–e) represents 50 
mM. * P < 0.05 by t-test.
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but did not affect the proteasomal process (Fig. 6A). However, PSA had no measurable 

effect on any of these processes in complete medium (Supplementary Material, Fig. S5A–C) 

where autophagy makes only a minor contribution to the degradation of long-lived proteins 

(Supplementary Material, Fig. S5D). 

On the other hand, knockdown of PSA expression using RNAi (Fig. 6b) or treatment with 

inhibitors of its activity (Fig. 6C) decreased the total and lysosomal proteolysis measured after 

nutrient deprivation, but not proteasomal degradation. Again, no significant effect of PSA was 

seen in complete medium (Supplementary Material, Fig. S5b and C). Thus, the activity of this 

cytosolic enzyme, PSA, appears to regulate the capacity of the autophagic–lysosomal pathway 

to degrade normal cell proteins.

In order to test whether this alteration of autophagic activity by PSA was a major contributor 

to the effects on protein clearance seen following PSA knockdown or overexpression, we used 

3MA to inhibit autophagy (30). the decrease in aggregate content upon PsA overexpression 

(Fig. 6D) and the increase following by PSA inhibition (Fig. 6E) were both markedly attenuated 

by 3MA. These findings further suggest that most of PSA’s ability to protect against expanded 

huntingtin exon 1 inclusions was via its ability to promote autophagy. 

In order to directly assess the effects of PSA on the autophagy pathway, we measured the 

steady-state levels of autophagosomes using the microtubule-associated protein 1 light chain 

3 (Lc3). All of these experiments were performed in complete medium, to assess whether PsA 

could modulate basal autophagy levels. During autophagic vacuole formation, LC3 is modi-

fied post-translationally to form LC3-I, and then converted to LC3-II, which associates with 

autophagosome membranes. LC3-II levels, which thus reflect autophagosome number when 

assayed relative to the loading control, actin, were decreased by PSA inhibitors (Fig. 6F and G) 

and also by transfection with PSA RNAi (Fig. 6H and I). Since decreased LC3-II content could 

result from either impaired synthesis or enhanced degradation after lysosomal fusion, we 

assessed LC3-II synthesis by blocking its degradation with the lysosomal proton pump inhibitor 

bafilomycin A1. As expected, this agent increased LC3-II levels in all conditions (Fig. 6H and I), 

but after bafilomycin A1 treatment, the levels of LC3-II were lower in cells expressing PSA siRNA 

(Fig. 6H and I) than in control cells (Fig. 6J and K). Conversely, in PSA-overexpressing cells, LC3-II 

levels were increased over control levels. These findings imply that PSA promotes autophagy 

and clearance of the misfolded proteins by enhancing autophagosome formation.

The protection conferred by PSA against polyQ and other aggregation-prone proteins 

was observed here in a very wide range of types of cells in culture, as well as in 

Drosophila and mouse models of neurodegenerative diseases. In all cases examined, 

cellular protection against these toxic proteins coincided with decreased content of 

large inclusions containing the mutant polypeptide. However, this correlation does not 

imply that the large aggregates are in fact the toxic species, since aggregate forma-

tion and cytotoxicity probably both depend on levels of misfolded proteins or microag-

gregated species whose clearance is accelerated by PSA. In addition to using various 

standard approaches to evaluate aggregate formation and cell protection, we have 

introduced a novel in vivo method —electroporation of a mutant gene into muscle fibre 
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Figure 4. Effect of PSA overexpression and knockdown in Drosophila. (a) PsA expression levels alter lifespan in 
flies expressing htt-exon 1 with 93 polyglutamine repeats in the brain. Knockdown of PSA expression levels by 
expression of two different PSA RNAi constructs enhanced toxicity (elav-Gal4 Q93 PSA-RNAi1 and elav-Gal4 
Q93 PSA-RNAi2), compared with flies expressing mutant huntingtin alone (elav-Gal4 Q93). Overexpression 
of PSA (elav-Gal4 Q93 PSA) extended lifespan relative to flies expressing Q93 alone. Graph shows Kaplan–
Meier survival curves, P < 0.0001 in both cases. Expression of PSA RNAi or PSA in flies expressing WT hun-
tingtin (elav-Gal4 Q20) did not affect lifespan (Supplementary Material, Fig. S3). (B–e) Degeneration was 
also decreased by overexpression of PSA. Overexpression of PSA in the WT fly eye using the glass promoter 
(gl-PSA) caused a slight decrease in rhabdomere number compared with flies expressing Q23 alone. However, 
when co-expressed with GMR-Q120, PSA protected against the neurodegeneration seen in these flies (B). 
(c) Expression of PSA RNAi enhanced neurodegeneration in flies expressing GMR-Q120, using two RNAi lines 
(elav-Gal4 GMR-Q120 PSA-RNAi1 and elav-Gal4 GMR-Q120 PSA-RNAi2). Expression of PSA RNAi in flies ex-
pressing Q23 did not affect rhabdomere number (Supplementary Material, Fig. S3), * P < 0.02, 2 tailed t-test. 
(d) Examples of rhabdomeres in flies expressing GMR-Q120 with or without PSA (gl-PSA). (e) examples of 
rhabdomeres in flies expressing mutant huntingtin GMR-Q120 when PSA is downregulated using two RNAi 
lines (PsA-RnAi1 and PsA-RnAi2).
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in adult mouse— that offers several major advantages for such studies (e.g. rapid develop-

ment of inclusions, ability to use host animals of different genotypes without lengthy mating, 

comparisons with control cells in the same animals). Moreover, with this approach, increasing 

the length of the polyQ tract of huntingtin exon 1 yielded more inclusions, as observed in cell 

culture. In mouse muscle fibres, PSA knockdown increased while PSA overexpression reduced 

the content of inclusions formed by expanded huntingtin exon 1, as we found in cell culture. 

surprisingly, in contrast to these marked results (obtained in three labs), an earlier study had 

concluded that PSA does not influence toxicity of mutant huntingtin in Drosophila (16), but 

that study assessed polyglutamine toxicity by inspection of external eye morphology, a rather 

insensitive qualitative approach, in contrast to the quantitative analysis of the number of rhab-

domeres used here (Fig. 4). 

The activation of autophagy by PSA 

the ability of PsA to decrease aggregate content was not restricted to cells expressing expanded 

huntingtin exon 1, but was also observed with unattached long polyQ peptides, full-length 

ataxin-3, mutant SOD1 and mutant α-synuclein. This capacity of PSA to reduce the toxicity and 

accumulation of aggregates containing expanded huntingtin exon 1 and these other disease-

associated proteins can be largely attributed to a surprising new function of PSA: its ability to 

promote protein degradation by autophagy. The enhancement of autophagy by PSA constitutes 

a novel mechanism that seems to account for the protective effects of PSA against this wide 

range of aggregation-prone proteins. Since LC3-II levels and the amount of protein degradation 

that is sensitive to 3MA or chloroquine were increased by PSA overexpression and reduced by 

PSA knockdown or inhibition, this enzyme somehow must promote autophagosome formation. 

PsA was previously shown to decrease the toxicity in Drosophila of WT and mutant form of tau, 

which is associated with frontotemporal dementia (16). These effects were attributed to direct 

degradation of tau by the aminopeptidase activity of PSA (31); however, such an exoproteolytic 

mechanism would be quite slow and inefficient for digesting a protein as long as tau and would 

generate heterogenous variants of tau of diverse lengths. since tau has been demonstrated to 

be an autophagy substrate (27), it seems more likely that the enhancement of autophagy by 

PSA might better explain the stimulation of degradation of tau and the reduction in its toxicity 

upon PSA overexpression. Interestingly, the two different PSA deficient mouse lines are both 

characterized by abnormal motor behaviour (17,21), which might also be a consequence of 

reduced autophagy, since the blockage of this process in Atg7-deficient mice leads to major 

behavioural deficits and widespread inclusion bodies (32). On the other hand, upregulation 

of autophagy via either mtoR-dependent or mtoR independent pathways protects cells from 

several pro-apoptotic insults (33,34). Therefore, it seems likely that PSA protects primarily by 

enhancing the removal of the toxic proteins, although it possibly may also have additional 

antiapoptotic effects (e.g. by eliminating toxic peptides released by proteasomes as discussed 

below). 

It is indeed unexpected that the activity of a cytosolic aminopeptidase can regulate autophagic 

vacuole formation. PSA inhibition was achieved using two unrelated small molecular weight 

compounds: bestatin, a natural, slow binding, competitive inhibitor of many aminopeptidases 

(35), and PAQ-22, a synthetic, non-competitive inhibitor that does not act as a substrate-mimic 
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and binds to PSA at a distinct site (36–38). both compounds increased the formation of aggre-

gates and the toxicity of expanded huntingtin exon 1 at concentrations that caused only a 

modest (50%) inhibition of its activity. Thus, even minor variations in PSA activity, e.g. in human 

polymorphisms, if they exist, have the potential of influencing susceptibility to neurodegenera-

tive disease.

PSA seems to be the major cytosolic aminopeptidase in cultured cells as well as in brain, 

muscle and kidney (39). it cleaves rapidly most n-terminal amino acids (especially alanine) 

from peptides, and PSA accounts for approximately 80% of the total soluble aminopeptidase 

activity in human cerebral cortex (40). Aminopeptidases such as PSA catalyse the final stages 

of the degradation of intracellular normal and abnormal proteins releasing amino acids from 

peptides generated by the catabolism of proteins by the proteasome (13,15,41). Thus, PSA 

potentially might link late steps in protein degradation by the ubiquitin proteasome pathway 

to functioning of the autophagic pathway. Certainly, regulation of any cellular process by the 

activity of PSA or any aminopeptidase represents an unusual mode of enzyme regulation since 

amino acid removal would cause irreversible changes in a protein. Alternatively, perhaps it 

Figure 5. PSA inhibition enhances aggregate formation in cells expressing other aggregate-prone proteins 
(ataxin-3, mutant SOD1, mutant α-synuclein). (a and B) PSA inhibition increased aggregate formation in 293A 
cells expressing full-length ataxin-3 GFP with 28Q (a) and 84Q (B). The proportion of transfected cells with 
macroaggregates was also increased by inhibition of PSA in cells transfected with mutant SOD1-GFP G37R (c) 
or g93A (d). *** P < 0.001, ** P < 0.01,* P < 0.05 by t-test. (e and f) Clearance of mutant α-synuclein (A53T) 
was slowed by inhibition of PSA. Stable inducible PC12 cells were treated with doxycycline to induce expres-
sion of mutant α-synuclein, and subsequently expression was turned off by removal of doxycycline from the 
medium. When PSA inhibitors were added after transgene expression was switched off, more α-synuclein 
remained present, indicating a decreased clearance. Levels of α-synuclein remaining after 16 h were assayed 
by western blot, a representative image is shown in (e). Densitometric quantification of this triplicate experi-
ment is shown in (f). ** P < 0.01,* P < 0.05, by ANOVA.
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may act to destroy a regulatory peptide that somehow inhibits autophagy. It is noteworthy 

that certain amino acids (especially leucine) activate mTORC1 and thus inhibit macroautophagy 

(42). However, the digestion by PSA of proteasome products would increase the pool of free 

amino acids and thus should reduce autophagy, while the exact opposite was observed. it 

remains possible that PsA could be involved in earlier stages in the catabolism of some 

proteins; in fact, there is a general slowdown in the degradation of proteins in bacteria lacking 

multiple aminopeptidases (41), although such effects could be indirect. For example, the in vivo 

half-life of a protein is determined in part by the nature of its n-terminal amino acid (termed 

the ‘n-end rule’). thus, the removal of the n-terminal amino acid from certain proteins by PsA 

could expose destabilizing residues leading to their rapid degradation by the ubiquitin–protea-

some pathway. Conceivably, PSA might in this way alter the levels (or activity) of a protein that 

is critical in the regulation of autophagy. However, in most globular proteins, the N-terminal 

amino acid is buried in the interior, so PsA would be expected to act only on proteins with 

‘loose ends’ and generally aminopeptidases preferentially attack shorter peptides. 

A major challenge for future work will be to establish the mechanism by which PsA promotes 

autophagy. the best characterized physiological inhibitor of autophagy is mtoR. However, we 

found no evidence for PSA inhibiting the activity of mTOR (Supplementary Material, Fig. S5E 

and F), and it seems quite unlikely that PSA promotes autophagy simply by causing nutrient 

deprivation (since its overexpression does not impede growth). In fact, PSA had clear effects 

on autophagic protein degradation in cells deprived of serum and amino acids, where mTOR is 

markedly inhibited. Autophagy is regulated by other mechanisms such as the phosphorylation 

of bcl-2, which modulates autophagy via its interaction with beclin-1 (43). However, we did 

not observe any effect of PSA on the levels of bcl-2 phosphorylation (Supplementary Material, 

Fig. S5E and F). Thus, we believe that degradation or destabilization of an unknown inhibitory 

component of autophagy remains the most likely explanation of the activation of autophagy 

by PsA. 

PSA can also act after the proteasome independently of autophagy 

While these studies focused on mutant huntingtin exon 1 and other aggregation-prone proteins 

whose clearance seems to be due to autophagy, it is noteworthy that PsA was also found to 

prevent the formation of aggregates in cells expressing the WT exon 1 protein and also with the 

WT full-length ataxin-3. In other words, as suggested previously (15), this enzyme appears to be 

an important defence against aggregate formation due to non-expanded polyQ sequences as 

are found in various normal proteins. Our previous data also indicate that the clearance of WT 

huntingtin exon 1 does not depend on autophagy and is mainly via the proteasome (30,44). The 

proteasome would be predicted to continually produce short polyglutamine tracts from this 

and other polyQ proteins, since it cannot cleave between successive glutamine residues in the 

polyQ stretch (6). such isolated polyglutamine tracts (even ones as short as 10Qs) are highly 

aggregate-prone if not cleared from the cell. Because PsA is the only nonlysosomal enzyme in 

tissue extracts that can degrade such polyglutamine products (15), polyglutamine stretches 

should accumulate and aggregate in cells when PsA is inhibited, as was found here. in cells, 

the isolated polyglutamine tracts not only aggregate but also sequester GFP or other tagged 

huntingtin constructs with flanking sequences (23,45). because PSA is an aminopeptidase that 
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Figure 6. PSA activity enhances protein degradation by the autophagic/lysosomal pathway. (a–c) Effect of 
PSA modulation on different proteolytic pathways. Degradation of long-lived protein was measured in 293A 
cells. Proteolysis rates were measured in the presence of inhibitors of proteasomes, lysosomes or autophagy 
to determine flux through each of these pathways in cells starved of serum and amino acids. Proteasomes, 
lysosomes and autophagy inhibitors were velcade/bortezomib 1 μM, chloroquine 50 μM and 3-MA 10 mM, 
respectively. (a) PsA overexpression increased total, lysosomal and autophagy-dependent proteolysis. (B) PsA 
knockdown by RnAi decreased total and lysosomal proteolysis. (c) PsA inhibitors reduced total and lysosomal 
proteolysis. *** P < 0.0001. (d) Inhibiting autophagy in SK-N-SH cells expressing Q74 huntingtin exon-1 GFP 
using 3-MA, reduced the protective effect of PSA overexpression on aggregate content. Co-expression of PSA 
with htt-exon-1-GFP-74Q reduced the percentage of transfected cells with aggregates (grey bars). However, 
in the presence of 3-MA, added immediately after transfection, the reduction in aggregation caused by PSA 
expression was decreased (black bars). control values with and without 3-MA are set to 100% in each case 
to allow ease of comparison, although Q74 aggregation was higher in the presence of 3-MA. Actual mean 
values were 24% of cells having aggregates in control and 30% in 3-MA treated cells. (e) inhibitors of PsA 
caused an increase in the proportion of cells expressing htt-exon-1-GFP-Q74 with aggregates (grey bars), but 
if 3-MA was added at the same time as these inhibitors they did not increase the aggregate content (black 
bars). Actual mean values for aggregation were 19% in control cells and 32% in 3-MA treated cells. ** P < 0.01, 
*** P < 0.001, ns, not significant, by odds ratio, relative to control. (F–K) Effect of PSA modulation on LC3-II 
levels. (f) treatment of Pc12 cells with PsA inhibitors also resulted in a decrease in Lc3-ii levels, a marker for 
autophagosomes. The western blot shown is a representative data set, with actin shown as a loading control. 
Quantification of data obtained in triplicate samples is shown in (G). (h and I) in HeLa cells treated with PsA 
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digests soluble polypeptides one residue at a time and dissociates after each cleavage, it should 

degrade these aggregation-prone polyglutamine stretches only slowly. Thus, reducing its 

activity will have important consequences on accumulation of shorter polyglutamine stretches, 

whereas the more aggregate-prone mutant proteins (e.g. expanded polyQ proteins) tend to 

aggregate rapidly due to their inherent tendency to misfold, and their clearance by PsA appears 

to be more dependent on autophagy. In principle, the aggregates seen with mutant huntingtin 

could arise from seeds that are either the whole exon 1 fragment or the proposed post-protea-

some-isolated polyQ tract. Isolated expanded polyQ tracts will seed and sequester GFP-tagged 

exon 1 of mutant huntingtin. Since PSA regulates overall aggregation mediated from exon 1 of 

huntingtin in an autophagy-dependent manner, any contribution towards aggregation of PSA 

acting as an aminopeptidase on isolated expanded polyQ tracts derived from larger huntingtin 

fragments will be very minor. Indeed, once huntingtin is engulfed in an autophagosome, it will 

be inaccessible to the ubiquitin-proteasome machinery and to PSA. Thus, our data show that 

the predominant effect of PSA in these models of HD is via autophagy. 

Presumably, the physiological levels of PsA have evolved so as to ensure the rapid elimina-

tion of peptides from the nucleus and cytosol, but under the present experimental conditions 

when an aggregation-prone protein is overexpressed, PSA is not present in large excess over 

what is necessary to clear the misfolded, toxic proteins or even the products of WT huntingtin 

exon 1. Indeed, only a 50% reduction in PSA activity using inhibitors in cell culture or the 50% 

reduction in expression in PSA in tissues of heterozygous PSA+/2 mice led to greater content of 

aggregates formed by expanded huntingtin exon 1. These observations and the protection by 

overexpression argue that activation of autophagy by PSA is a tightly regulated process, and 

that only a modest increase in its activity might have beneficial effects. Increasing PSA activity 

thus represents a novel potential approach for therapy of neurodegenerative diseases. It is 

noteworthy that treatment of cells with PsA inhibitors for several days was remarkably non-

toxic. in contrast, proteasome or lysosomal inhibitors are highly toxic when applied for more 

than 6–12 h. While a low toxicity would thus be expected for agents that would moderately 

increase the activity or expression of PSA, a high level of PSA overexpression by itself was toxic 

in drosophila (data not shown). it is also noteworthy that PsA expression is elevated in Pc12 

cells expressing polyQ expanded exon 1 (22) and also in some neurons expressing mutant tau 

(16). Thus, induction of PSA may well represent an important cellular adaptation that reduces 

the accumulation of toxic proteins and functions in host defences against neurodegenerative 

disease (15).

siRnA, Lc3-ii levels were decreased, whereas cells overexpressing PsA showed increased levels of Lc3-ii (J 
and K). (I) and (K) show densitometric quantification of data from four experiments carried out in triplicate. 
LC3-II level changes were seen in the presence (grey bars) and absence (black bars) of bafilomycin A1, a 
lysosomal proton pump inhibitor. LC3-II levels are shown relative to actin, as a loading control in each case. 
Values are normalized to control, in the presence or absence of bafilomycin, to allow for comparison between 
different gels, although the levels of LC3-II were higher with bafilomycin than without. * P < 0.05, ** P < 0.01.
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details of plasmids used as well as cell culture methodology and protocols for aggregate analysis, 
western blotting and filter trap assays can be found in Supplementary information.

Inhibitors
PAQ-22 was from Wako, puromycin aminonucleoside was from biomol, PS-341 (bortezomid or 
Velcade) was a gift from Millenium. bestatin, puromycin dihydrochloride, chloroquine, 3MA, NH4Cl 
and staurosporin were from Sigma. Fresh stock solutions of chloroquine (50 mM) were prepared 
just before experiments (final concentration 50 μM). Fresh 3MA solutions (100 mM) were prepared 
in boiled PbS just before experiments (final concentration 10 mM).

Muscle electroporation
Adult CD1 male mice (25–35 g) were anaesthetized by intraperitoneal injection of Avertin (0.2 ml/10 g as 
1.2% solution). Fur overlying the hindlimb was removed, and the surgical site was cleansed with betadine 
swab followed by isopropyl alcohol wipe. Using sterile technique, a 0.5–1.0 cm longitudinal incision was 
made in the skin overlying the tibialis anterior muscle, and the underlying muscle was exposed by blunt 
dissection of the surrounding skin. A paddle electrode was then introduced between the muscle and the 
underlying tibia. Plasmid DNA in sterile saline (40 μl, 25 μg) was injected into the muscle. A second paddle 
electrode was applied gently over the muscle and electroporation performed (12 V, 20 ms duration, 5 
pulses, 200 ms intervals) using an ECM830 Electro Square Porator (bTX, Harvard Apparatus). The elec-
trodes were removed and the skin was closed by suture. Post-operative analgesia was administered every 
12 h for the first 24 h with buprenorphine 0.05 mg/kg SQ. Additional analgesia was administered thereafter 
if there was any evidence of continued animal discomfort. The animals were followed for 1 week, after 
which time they are euthanized by Halothane inhalation followed by cervical dislocation, and the muscles 
harvested, quickly frozen in liquid-nitrogen-cooled isopentane and stored at -80°C. Ten micrometer muscle 
cryosections were analyzed for GFP/mCherry fluorescence after fixation with 4% paraformaldehyde and 
Hoechst staining (10 μg/ml in PbS for 10 min) using a Nikon 80i upright microscope in the Nikon Imaging 
Center at Harvard Medical School. No gross evidence of necrosis or inflammation as a result of the trans-
fection procedure was noted. Inclusion size and number were analysed with Metamorph using fixed size 
and intensity thresholds.

Drosophila
Fly crosses and experiments were performed at 25°C. All crosses for individual experiments were performed 
at the same time and under the same conditions. For survival assays, virgins carrying either P{UAS-dP-
sa}8.10 [PSA (47)] or UAS-RNAi constructs that knockdown Psa [PsA-iR-R2 (referred to as PsA-RnAi1) and 
PSA-IR-R3 (referred to as PSA-RNAi2), National Institute of Genetics Fly Stock Center, Japan] were crossed 
with males expressing w; P{UAS-Q93httexon1}4F1 [Q93 (24)] and w; P{UAS-Q20httexon1} [Q20 (24)] in the 
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nervous system [using P{GawB}elavC155, elav-Gal4 (46)]. Control flies were progeny of flies expressing Q93 
or Q20 under control of elav-GAL4, crossed to w1118 males that segregated from some stocks of other 
UAS-RNAi lines and were therefore representative of the genetic background of these lines. The analysis 
was based on 100 female flies per genotype divided in groups of 10 flies per vial. Flies were transferred to 
new vials and counted every 2 days. Survival curves were plotted using the Kaplan–Meier estimator. The 
statistical significance was calculated using the log-rank test (SPSS 11.0). 
Pseudopupil analysis was performed at 4 days post-eclosion as previously described (26). to evaluate the 
effect of PSA overexpression, virgins of genotype y w; P{GMR-HD. Q120}2.4 (gMR-Q120) or y w; P{GMR-HD.
Q23} [GMRQ23 (25)] were crossed with males y w; P{gl-dPSA}A [gl-PSA (16)]. As controls, the above flies 
(gMR-Q120, gMR-Q23 and gl-PsA) were crossed with w1118 isogenic males (48). To evaluate the effect of 
PSA downregulation on neurodegeneration, virgins of genotype elav-GAL4C155; {GMR-HD.Q120}4.62/TM3 
(elav-gal4 gMR-Q120) or elav-GAL4C155; {GMR-HD.Q23} (elav-gal4 gMR-Q23) were crossed with the same 
UAS-RNAi or w1118 control males as described for the survival assay, and the progeny were scored using 
the pseudopupil assay. Pictures were acquired using an ×100 objective (Zeiss Axioscope2 microscope). 
comparisons were performed using paired t-tests using data from five to seven independent experiments, 
each based on approximately 10 individuals of each genotype, in which 15 ommatidia each were scored.

Protein degradation measurement
293A cells were seeded in six-well plates and transfected 24 h later (confluence 50%). Forty-eight hours after 
transfection, fresh culture medium containing 5 μCi/ml L-[3,5-3H]-tyrosine (Perkin elmer) was applied for 
24 h to label long-lived proteins. cells were then washed twice for an hour with a chase medium containing 
2 mM tyrosine (in order to limit reincorporation of the 3H-tyrosine and to allow degradation of shortlived 
proteins, total chase duration 2 h). Cells were then washed with either culture medium (basal condition) 
or HbSS (serum and amino acid starvation) containing 2 mm tyrosine and the PSA, proteasome, lysosomes 
or autophagy inhibitors for 1 h (pre-treatment before protein degradation measurement). Cells were then 
washed with the same medium and 200 μl of the medium was collected after 0, 1, 2, 3 and 4 h for quantita-
tion of 3H-tyrosine release (protein degradation measurement). Proteins were precipitated with TCA (10% 
final concentration) and pelleted. Radioactivity in the TCA-soluble supernatant was measured using a 1900TR 
liquid scintillation analyser (Packard). At the end of the measurement period, cells were solubilized in 0.2 N 
NaOH and an aliquot was taken to measure the residual radioactivity in the cells. Total radioactivity is the sum 
of the residual radioactivity in the cells and the TCA-soluble radioactivities at different time points. Protein 
breakdown rates were expressed as 3H-tyrosine released over time as a percentage of total 3H-tyrosine incor-
porated. Proteasomal, lysosomal and autophagy-dependent proteolysis rates were determined precisely as 
done before by treating cells with 1 μM bortezomib/velcade, 50 μM chloroquine or 10 mM 3MA, respectively. 

PSA activity measurement
To prepare cytosolic extracts, 293A or MEF cells were washed with ice-cold PbS twice and scraped in ice-cold lysis 
buffer containing 50 mM phosphate buffer (pH 7.4), 0.5 mM CaCl2, 5 mM MgCl2, 1mM DTT and 5% glycerol, 
collected in an eppendorf and homogenized manually on ice. This homogenate was spun at 10 000g for 15 min 
to remove the nuclear fraction and then at a higher speed of 100 000g for an hour to remove membranous 
organelles. Protein concentration was obtained using Coomassie Plus Protein Assay (ThermoFisher). PSA activity 
was determined by monitoring for 5–20 min the increase in fluorescence (excitation 380 nm, emission 460 nm, 
SpectraMax M5, Molecular Devices) caused by hydrolysis of the substrate Ala-amc (bachem, 100 μM final) in 100 
ml of lysis buffer containing 2–5 μg of protein from the cell extract. background from the fluorescence of Ala-amc 
in the absence of enzyme was subtracted. 
To measure Ala-amc hydrolysis by intact cells, 293A cells were plated in 96-well plate adapted for fluorescence 
measurement, grown in culture medium without phenol red containing various concentrations of inhibitors for 
24 h. Cells were washed with fresh culture medium containing Ala-amc 100 μM and inhibitors and the increase 
in fluorescence was monitored for 1 h. background from the fluorescence of medium containing Ala-amc in the 
absence of cells was subtracted.
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SuPPlEMENTAry MATErIAlS AND METhoDS

Plasmids
The PSA containing plasmid pSCT2-PSA was a kind gift of Dr. A. Fontana (University Hospital 
Zurich, Zurich) (1). PSA was cloned into pcDNA3 using the forward primer 5’-aaaggtaccaccatgt-
ggctggcagctg-3’ and reverse primer 5’-aaagggccctcacactgtgggtgg-3’. To generate PSA-GFP, the PSA 
cDNA was cloned into EGFP-N1 (Clontech) using forward 5’-aaagagctcgccaccatgtggctggcagctgc-3’ 
and reverse 5’-aaaggatccaacactgtgggtggtg-3’. The GFP-Ub-polyQ constructs were generated as 
described by Raspe et al., (2). Htt-exon-1-GFP was a kind gift of Dr. Ron Kopito (Stanford Uni-
versity, stanford, cA). Htt-exon-1-HA in pHM6 (Roche diagnostics) has been described previously 
(3). Huntingtin-exon1-74Q-mCherry was obtained by subcloning into pmCherry-C1 (Clontech) 
after excision using the bglII and EcoRI restriction sites; full-length ataxin3-28/84Q-GFP were from 
Henry Paulson (University of Michigan, Ann Arbor), SOD1G37R-GFP, SOD1G93A-GFP were from 
Piera Pasinelli (Farber Institute for Neurosciences, Thomas Jefferson University, Philadelphia). An 
expression plasmid expressing microRnA targeting the expression of PsA was created by annealing 
self-complementary oligonucleotides and cloning into the pcDNA6.2-GW/EmGFP-miR vector 
(bLOCK-iT Pol II miR RNAi expression vector, Invitrogen). The oligonucleotides used were as follows: 
Mmi517465_top_Npepps, 5’-TGCTGTGAAGCTTCAGCATGATATCTGTTTTGGCCACTGACTGACAGATAT-

CACTGAAGCTTCA-3’ (sense) and Mmi517465_bot_Npepps, 5’-CCTGTGAAGCTTCAGTGATATCTGTCAGT-
CAGTGGCCAAAACAGATATCATGCTGAAGCTTCAC-3’ (antisense). pcDNA6.2-GW/EmGFP-miR-neg control 
plasmid (invitrogen) containing an insert that can form an hairpin predicted not to target any known 
vertebrate gene, was used as control. qrtPCR was used to check that PSA expression was reduced by 
more than 80% in transfected N1E115 and 293A cells. This construct expressing a microRNA targeting 
the expression of PsA was used in muscle electroporation experiments and in protein degradation meas-
urement in cultured cells.

Cell culture
HeK293t cells were cultured in iscove’s Modified dulbecco’s Medium (iMdM, giBco); HeLa and sK-n-sH 
cells were cultured in dulbecco’s Modified eagles Medium (dMeM, giBco), both supplemented with 
10% FCS and Penicillin-Streptomycin-L-glutamine; 293A cells and MEF cells were cultured in DMEM 
(Cellgro) supplemented with 10% FbS and Penicillin-Streptomycin. Generation and maintenance of 
stable-inducible PC12 cells expressing mutant α-synuclein has been previously described (4). Cells were 
cultured as above, medium was further supplemented with 5% Horse Serum, 50 μg/ml G418 (Invitro-
gen), and 149 μg/ml hygromycin b (Calbiochem). Cells were induced to express α-synuclein with 1 μg/ml 
doxycycline (Sigma) for 48 h and then doxycycline was removed for the 16 h “switch off” period during 
which time 0.5 μM bestatin or PAQ-22 was added. For siRNA experiments, cells were transfected with 
sigenoMe sMARt pool against human nPePPs or scrambled control siRnA (thermo scientific) with 
oligofectamine or lipofectamine 2000 (both Invitrogen). For aggregation assays, cells were transfected 
with 0.5 μg of plasmid DNA per well (in a six well plate), one day after siRNA transfection and incubated 
for a further 48 h. For overexpression experiments, cells were co-transfected with 1.5 μg PSA per well 
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melanogaster. Genetics, 167, 797–813.
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(and/or 0.5 μg Htt DNA for aggregation assays) using Fugene6 (Roche) or lipofectamine (Invitrogen) and 
harvested after 48 hours or 24 h for SK-N-SH cells, unless otherwise stated. Where used, 10 mM 3-MA 
(sigma) was added to the cells immediately after transfection; Bafilomycin A1 (Millipore) was added at 
400nM for the final 4 h before harvesting cells.

Aggregation and cell viability assays
For aggregate counting, cells were fixed for 20 min in 4% formaldehyde at room temperature. Htt-exon-1-
GFP aggregates were detected by direct fluorescence or Httexon-1-HA was detected by indirect immunoflu-
orescence by using anti-HA antibody (Covance Laboratories, 1:500) and anti-mouse Alexa 594 secondary 
antibody (Invitrogen, 1:500). Slides were mounted in Citifluor (Citifluor, Ltd.) containing 4’,6-diamidino-2-
phenylindole (DAPI; 3 μg/ml). Transfected cells were scored by using an Eclipse E600 fluorescence micro-
scope (plan-apo 60×/1.4 oil immersion lens) (Nikon). Cell death was measured as the number of nuclei 
demonstrating apoptotic morphology (fragmentation or pyknosis). We scored at least 300 transfected cells 
per slide in triplicate; the scorer was blinded to treatment groups. Statistical analysis was carried out by 
odds ratio measurement (unconditional logistical regression analysis, using the general log-linear analysis 
option of SPSS 9 software (SPSS, Chicago, IL, USA)), except for aggregation time course experiments (Fig 
1D-F), which were actually analysed by two-way ANOVA followed by post-hoc Fisher LSD test (Statistica, 
StatSoft, Maisons-Alfort, France). Aggregate sizes were determined by obtaining images with a Leica 
inverted microscope DMRA (100x), reconstructed with Huygens 3 software (Scientific Volume Imaging, the 
Netherlands) and analyzed using ImageJ (n=40-50 per experiment). To assess the toxicity of the PSA inhibi-
tors, cell viability was assessed using the Mts assay (celltiter 96® AQueous Assays, Promega), according to 
the manufacturer’s instructions.

Western blot analysis
Cytosolic extracts were generated by lysing cells with 0.1% Triton X-100 for 30 minutes on ice or RIPA buffer 
(150 mM NaCl, 1% NP-40, 0.5% NaDoC, 0.1% SDS, 50 mM tris-HCl, pH 7.4, supplemented with complete 
protease inhibitor cocktail (Roche)) for 20 min on ice. 20 μg of cytosolic protein lysates were separated by 
15% SDS-PAGE and transferred to Protan nitrocellulose membranes or PVDF (Millipore). Membranes were 
blocked in 5% dry milk in TbS and probed with anti-PSA (1:1000, Santa Cruz), anti-GFP (1:1000, Molecular 
Probes), anti-HA (1:1000, Covance), anti-actin (1:10,000, Sigma), the anti-polyglutamine 1C2 (1:1000, 
MAb1574, Millipore), 3b5H10 (1:1000, Sigma), anti-LC3 (1:2000, Novus biologicals), anti-phospho or total 
S6, anti-phospho or total S6 Kinase, anti-phospho or total 4EbP, anti-phospho or total bcl2 (all 1:1000, 
Cell Signaling). Li-Cor Odyssey IRDye800 or 680 donkey antimouse or rabbit or HRP-conjugated secondary 
antibodies (Roche, anti-mouse and anti-rabbit 1:5000) were used and imaged with the corresponding Licor 
Odyssey (Westburg) or autoradiography using the ECL Western blotting kit (GE Healthcare).

Filter trap assay
Filter retardation assays were performed as described previously (5). briefly, 48 hours after transfection, 
HEK293T cells were lysed for 30 minutes on ice in Nondinet P-40 (NP-40) buffer [100 mM Tris-HCl, pH 
7.5, 300 mM NaCl, 2%NP-40, 10 mM EDTA, pH 8.0], supplemented with complete mini protease inhibitor 
cocktail (Roche) and phosphatase inhibitor cocktail (Sigma). After centrifugation for 15 minutes at 20,800 
xg at 4°C, cell pellets were resuspended in benzonase buffer (1 mM MgCl2, 50 mM Tris-HCl; pH 8.0) and 
incubated for 1 hour at 37°C with 250 U benzonase (Merck). Reactions were stopped by adding 2x termina-
tion buffer (40 mM EDTA, 4% SDS, 100 mM DTT). Aliquots of 30 μg protein extract were diluted into 2% 
SDS buffer (2% SDS, 150 mM NaCl, 10 mM Tris pH 8.0) and filtered through a 0.2 μm cellulose acetate 
membrane (Schleicher and Schuell) pre-equilibrated in 2% SDS buffer. Filters were washed twice with 0.1% 
SDS buffer (0.1% SDS, 150 mM NaCl, 10 mM Tris pH 8.0) and subsequently blocked in 5% nonfat milk 
(Protifar Plus, Nutricia) in TbS. Captured aggregates were detected by incubation with 1C2 antibody and 
further treated as for western blotting. Alternatively, GFP fluorescence of trapped aggregates was analyzed 
by LAs3000.
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Suppl Figure 1. (a) Reduction in 
levels of PsA in HeLa cells following 
treatment with PsA siRnA was 
confirmed by western blotting. 
(B) Knockdown of PsA by siRnA 
in HeK293t cells increased the 
percentage cells transfected with 
Htt-exon-1-Q103-GFP that formed 
aggregates. (c) Ala-amc cleavage is 
a specific measure of PSA activity. 
In 293A cell extracts, bestatin and 
PAQ are potent inhibitors of PsA. 
ic50 are 0.07 μM for bestatin, 0.08 
μM for PAQ, 0.6 μM for puromycin 
and 2.5 μM for puromycin ami-
nonucleoside. (d) concentra-
tions of bestatin and PAQ that 
inhibit Ala-amc cleavage in intact 
293A cells (24h treatment). An 
80% reduction in PSA activity is 
achieved by 1 μM PAQ and 0.5 
μM bestatin. A 50% reduction in 
PSA activity is achieved by 0.12 
μM PAQ and 0.05 μM bestatin. (e) 
bestatin and PAQ are not toxic at 
active concentrations (in contrast 
to a known inducer of apoptosis). 
293A cells were treated for 24 
hours with bestatin or PAQ and for 
2 hours with 1 μM staurosporin. 
viability assessed using Mts assay. 
(f) Representative images of 293A 
cells transfected with huntingtin 
exon-1 GFP with 74Q (Q74), hun-
tingtin exon-1 with 41Q (Q41) or 
huntingtin exon-1 with 23Q (Q23) 
after 3 (74Q) or 5 days (41Q and 
23Q) incubation with or without 
bestatin 0.5 μM or PAQ 1 μM (scale 
bar represents 100 μm).
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Suppl Figure 2. (A) overexpression of 
PsA could be detected in HeLa cells 
by western blot using an anti-PSA 
antibody. (B) the percentage of 
aggregate-containing HeK293t cells 
expressing Htt-exon-1-Q103-GFP was 
decreased in cells co-transfected with 
PSA tagged with GFP (PSA-GFP). (c) 
In addition to reducing the number of 
aggregate positive cells, PSA overex-
pression also reduced the average size 
of Htt-exon-1-Q103-GFP aggregates. 
(d) the percentage of aggregate-
containing HeK293t cells expressing 
GFP-Ub-polyQ with peptide lengths of 
38, 65 or 112 glutamines decreased in 
cells upon expression of PSA-GFP. (e) 
PsA expression reduces the amounts 
of soluble Q65 polyQ peptides (both 
monomeric and oligomeric, indicated 
by arrows) in cells transfected with 
GFP-Ub-Q65 (upper panel). The cor-
responding filter trap assay shows a 
reduced amount of sds insoluble ag-
gregates upon expression of different 
PSA constructs (middle panel). Western 
blotting for actin demonstrates equal 
loading of these samples (lower panel).

Suppl Figure 3. (A) the lifespan of 
flies expressing htt-exon1 with 20 
polyglutamine repeats in the brain 
(elav-Gal4 Q20) is not affected by PSA 
overexpression (elav-gal4 Q20 PsA) 
or downregulation by RNAi (elav-
gal4 Q20 PsA-RnAi1 or elav-gal4 
Q20 PsARnAi2). graph shows Kaplan 
Meier survival curves, p > 0.5 in all 
cases. (B) expression of PsA RnAi (lines 
PsA-RnAi1 and PsA-RnAi2) does not 
affect the rhabdomere number of flies 
expressing Q23 in the eye (elav-gal4 
gMR-Q23). error bars represent seM (p 
= ns, paired t-test). 
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Suppl Figure 4. (A) PSA inhibition increases the formation of inclusions (arrows) of full-length ataxin-3 with 
28Q (upper panels) and 84Q (lower panels) in 293A cells. Incubation with PAQ (1 μM) or bestatin (0.5 μM) 
was started the day after transfection, pictures taken after 48 hours of treatment (three days after transfec-
tion). Scale bar 50 μm. (B) PSA inhibition increases the formation of inclusions (arrows) of mutant SOD1 G37R 
(upper panels) and G93A (lower panels) in 293A cells. Incubation with PAQ (1 μM) or bestatin (0.5 μM) was 
started the day after transfection, pictures taken after 24 hours of treatment (two days after transfection). 
Scale bar 50μm.
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Suppl Figure 5. (A-C) Effect of PSA modulation on different proteolytic pathways in unstarved cells. Degra-
dation of long-lived protein was measured in 293A cells. Proteolysis rates were measured in the presence 
of inhibitors of proteasomes, lysosomes or autophagy inhibitors to determine flux through each of these 
pathways. Proteasomes, lysosomes and autophagy inhibitors were velcade/bortezomib 1 μM, chloroquine 
50 μM and 3-methyladenine (3MA) 10 mM respectively. (a) PsA overexpression (B) PsA knock down by RnAi 
(c) PsA inhibitors. (d) Measurement of total, proteasomal, lysosomal and autophagic protein degradation in 
293A cells (not transfected) in a complete medium (DMEM FbS 10%) or 1 hour after serum and amino acid 
starvation (HbSS). In control conditions, proteasomal, lysosomal and autophagic degradation represents 60, 
16 and 5% of the total protein degradation respectively. Upon serum and amino acid starvation, total protein 
degradation is increased by a factor of two, this increase is paralleled by a major increase in lysosomal and au-
tophagic degradations while proteasomal degradation does not change significantly. Noteworthy, after serum 
and amino acid starvation, autophagy represents the major part of lysosomal degradation while it is only a 
minor part of lysosomal degradation in control condition. (e-f) PSA inhibition does not affect autophagy via 
changes in the activity of the mTOR pathway. Phosphorylation of downstream targets of the mTOR kinase are 
not altered in the presence of mTOR inhibitors as measured by western blotting. Levels of phosphorylated 
S6Kinase and its downstream target S6 ribosomal protein are unchanged relative to the levels of total protein 
or actin (e) and neither are the levels of phosphorylated 4E-bP1 (upper panels F). No change was seen in 
levels of phosphorylated bcl-2 relative to levels of total bcl-2 following treatment with PSA inhibitors (lower 
panels F).
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Alzheimer’s disease is hallmarked by the accumulation and aggregation of amyloid-ß 

(Aß) peptides in extracellular plaques. However, intraneuronal accumulation of Aß is 

thought to be an early and crucial event in Alzheimer’s disease and is associated with 

impairment of the ubiquitin-proteasome system. Aß peptides are generated in the 

secretory and endocytic pathway, but Aß can be translocated into the cytoplasm. To 

examine the fate of cytoplasmic Aß peptides, we used both GFP-Ub-Aß fusion constructs 

that efficiently release Aß peptides in the cytoplasm upon expression and quenched Aß 

peptides that become fluorescent upon degradation. Here, we show that cytoplasmic 

Aß peptides were efficiently degraded in living cells even upon inhibition of several classes 

of proteases either or not simultaneously. However, we found several peptidases that were 

responsible for Aß degradation in vitro, including tripeptidyl peptidase II and metalloproteases. 

In vitro, Aβ degradation was inhibited by its aggregation likely because peptidases can only 

degrade monomeric peptides. In conclusion, our data indicates that moderate cytoplasmic Aβ 

levels can be cleared efficiently, but too slow degradation of Aβ induces aggregates that cannot 

be degraded by peptidases.
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Alzheimer’s disease (AD) is the most common form of dementia, affecting 26.6 million 

people worldwide. The pathological hallmarks in brain tissue of AD patients are extra-

cellular senile plaques (SPs) containing fibrillar amyloid-β (Aβ) peptides, intracellular 

neurofibrillary tangles (NFTs) containing hyperphosphorylated tau and loss of synapses 

and neurons. Aβ is derived from the widely-expressed type 1 membrane protein 

amyloid precursor protein (APP), which is sequentially cleaved by β- and γ-secretases. 

Aβ is produced in a variety of subcellular compartments, including the ER, Golgi appa-

ratus, and the endosomal-lysosomal pathway (LaFerla et al., 2007; Selkoe, 2001). Aβ 

peptides of variable lengths are released, predominantly of 40 (Aβ
40) or 42 amino acids 

(Aβ42) (Thinakaran and Koo, 2008). The two additional amino acids at the C-terminus of 

Aβ42 make it more aggregation prone and therefore Aβ42 is considered to be involved in 

the initiation of AD (Jarrett et al., 1993). 

Autosomal dominant forms of AD are often caused by mutations that increase Aβ production, 

in particular Aβ
42. Since Aβ production is not increased in sporadic forms of AD, the increased 

levels of Aβ may be the result of decreased activity of Aβ-degrading enzymes during aging. 

indeed, levels of insulin-degrading enzyme (ide) and neprilysin (neP) decrease with age 

(Caccamo et al., 2005). These metalloproteases degrade Aβ in the extracellular matrix in vivo 

(Farris et al., 2003; Iwata et al., 2001). Many other proteases, such as endothelin-converting 

enzyme (ECE) and plasmin are also reported to degrade Aβ extracellularly (Eckman et al., 2003; 

Tucker et al., 2000; Wang et al., 2006). Furthermore, overexpression of IDE, NEP or sustained 

plasmin activity in APP transgenic mice retards plaque formation and cytopathology (Jacobsen 

et al., 2008; Leissring et al., 2003). 

Extracellular Aβ deposits have long been considered to be the primary cause of AD. However, 

intracellular Aβ
42 accumulation has been detected in neurons prior to the appearance of extra-

cellular Aβ deposits (D’Andrea et al., 2001; Gouras et al., 2000; Ohyagi et al., 2005; Wirths et 

al., 2001). Intraneuronal Aβ42 is associated with cytotoxicity and dysfunction of mitochondria, 

lysosomes, multivesicular bodies and synapses (Almeida et al., 2006; busciglio et al., 2002; 

glabe, 2001; oddo et al., 2003; shie et al., 2003; takahashi et al., 2002; Zhang et al., 2002). this 

suggests that intraneuronal Aβ accumulation is an early and crucial event in the development 

of Ad. 

Aβ has been found in the cytoplasm of post-mortem brains of AD patients and in AD transgenic 

mice (billings et al., 2005; Gouras et al., 2000), whereas overexpression of APP or ER-targeted 

Aβ
42 resulted in cytoplasmic Aβ (buckig et al., 2002; Grant et al., 2000). Furthermore, it has 

been demonstrated that cytoplasmic Aβ can induce apoptosis in cultured neuronal cells (Zhang 

et al., 2002). Aβ is generated in the secretory and endocytic pathway. Translocation of Aβ into 

the cytoplasm can occur via various routes (Li et al., 2007). ER-associated degradation (ERAD) is 

normally involved in the translocation of misfolded proteins from the ER to the cytoplasm and 

the subsequent degradation of these proteins by the ubiquitin-proteasome pathway (Scheper 

and Hoozemans, 2009). However, it is also able to transport ER-generated Aβ peptides into 

the cytoplasm (buckig et al., 2002; Schmitz et al., 2004). Aβ can passively leak into the cyto-

plasm along the secretory pathway as well. Extracellular Aβ can enter the cytoplasm via passive 

diffusion through the plasma membrane or via internalization via endosomes which increases 
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membrane permeability of lysosomes. Furthermore, Aβ can be actively taken up via receptors 

such as α7 nicotinic acetylcholine receptors, apolipoprotein E (ApoE) receptors, and N-methyl-

D-aspartic acid (NMDA) receptors (LaFerla et al., 2007). 

Various Aβ degrading enzymes are known to be active in the extracellular environment, but 

less is known about degradation of intracellular Aβ peptides. The proteasome is the major 

pathway for intracellular protein degradation, which degrade proteins into peptides (Craiu et 

al., 1997). Within seconds after their generation by proteasomes, peptides are recycled into 

amino acids by downstream aminopeptidases (Reits et al., 2003). Several groups have reported 

proteasomal impairment in Ad post-mortem brains (Keck et al., 2003; Keller et al., 2000) and 

inhibition of proteasomal activity by intracellular Aβ (Almeida et al., 2006). Furthermore, inhi-

bition of proteasomal activity results in accumulation of Aβ (Lopez Salon et al., 2003; Schmitz 

et al., 2004; Tseng et al., 2008). The proteasome can degrade long peptides like Aβ, but Aβ may 

be degraded by downstream aminopeptidase as well. Most peptidases can only handle small 

peptides up to 15 amino acids, but some peptidases like tripeptidyl peptidase II (TPPII) can 

degrade longer peptides as well (Reits et al., 2004). Since Aβ peptides have a heterogeneous 

sequence, various classes of proteases may be involved in their degradation when present in a 

monomeric form in the cytoplasm. 

In the present study, we mimicked Aβ release in the cytoplasm using a GFP-ubiquitin (Ub)-

Aβ
40/42 fusion construct. When this construct is expressed in cells, it causes immediate release 

of Aβ40/42 peptides from GFP-Ub due to cleavage by Ub C-terminal hydrolases (De Vrij, 2005; 

Johnson et al., 1995). We also applied a quenched Aβ peptide that becomes fluorescent upon 

degradation. Here, we show that cytoplasmic Aβ peptides are rapidly degraded and inhibi-

tion of proteasomes, IDE or most peptidases did not result in accumulation of Aβ peptides in 

the cytoplasm. However, inhibition of metalloproteases and knockdown of TPPII reduced the 

degradation rates of Aβ peptides in vitro.

Cytoplasmic Aβ is efficiently degraded 

To study the fate of monomeric Aβ
40 and Aβ42 in the cytoplasm, fluorescently-tagged 

Ub was fused N-terminally to Aβ40 or Aβ42, resulting in GFP-Ub-Aβ constructs. When 

these constructs are expressed in eukaryotic cells, Aβ is released within the cytoplasm 

by efficient cleavage of Ub C-terminal hydrolases between the C-terminal glycine of 

Ub and the N-terminal aspartic acid of Aβ (figure 1A; De Vrij, 2005; Johnson et al., 

1995). These GFP-Ub-Aβ fusion constructs produce Aβ peptides that have the same 

amino acid sequence as Aβ peptides generated in vivo, without additional amino acids or tags. 

Importantly, a starting methionine is not present, which may affect its stability according to 

the N-end rule (Varshavsky, 1996). Additional control constructs included GFP-UbG76V-Aβ
40, 

which cannot be cleaved by Ub C-terminal hydrolases (butt et al., 1988; Johnson et al., 1992), a 

scrambled version of Aβ with the same amino acids but in a different order (GFP-Ub-Aβscr) and 

an Aβ-GFP fusion protein (Ub-Aβ42-GFP). 

Expression of the various GFP-Ub-Aβ constructs and subsequent release of Aβ was verified 

by Western blotting. GFP-Ub derived from cleaved GFP-Ub fusion proteins was present in 

all lanes when GFP-Ub or GFP-Ub-Aβ
40/42/scr were expressed (figure 1b). Even after prolonged 
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exposure, no additional bands were detected that could represent uncleaved GFP-Ub-Aβ (data 

not shown), indicating that GFP-Ub-Aβ fusion proteins were efficiently cleaved. Expression of 

GFP-UbG76V-Aβ40 or Ub-Aβ42-GFP resulted in a GFP-positive band at 42 kDa or 32.5 kDa, respec-

tively, representing uncleaved UbG76V-Aβ40 or Aβ42-GFP, respectively (figure 1b). Subsequent 

blotting against Aβ did not shown positive bands when expressing GFP-Ub-Aβ40/42, with the 

exception of non-cleavable GFP-UbG76V-Aβ40 and Ub-Aβ42-GFP (arrows; figure 1b). This data is 

in agreement with the data by Hol and colleagues, who also could not detect Aβ peptides after 

similarly expressing Aβ peptides in cells using HA-Ub-Aβ constructs (De Vrij, 2005). Together, 

these findings suggest that Aβ peptides are efficiently released from GFP-Ub after expression, 

leading to subsequent degradation of released monomeric Aβ peptides. As Aβ
42-GFP could be 

detected on Western blot, suggests that expression of Aβ as a fusion protein stabilized the 

Aβ peptide. A separately added synthetic Aβ was detected at 4 kDa (arrowhead; figure 1b), 

suggesting that the small size of these peptides did not limit their detection on Western blots. 

The various GFP-Ub-Aβ constructs were expressed in differentiated SH-Sy5y neuronal 

cells. Subsequent staining for Aβ only resulted in Aβ-positive cells when the non-cleavable 
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Figure 1. Cytoplasmic Aβ peptides are efficiently degraded. (A) Schematic representation of cleavage of 
GFP-Ub-Aβ by Ub C-terminal hydrolases directly after Ub, thereby separating GFP-Ub from Aβ peptides. (b) 
Cytoplasmic cell lysates of HEK cells expressing GFP-Ub, GFP-Ub-Aβ40/42/scr, the uncleavable GFP-UbG76V-
Aβ40 or Ub-Aβ42-GFP for 48 hours were analyzed by Western blotting together with synthetic Aβ peptides. 
blots were subsequently stained for Aβ, including a higher exposure of a part of the Western blot at the 
height of Aβ peptides (upper panel), GFP (middle panel) and actin (lower panel). Arrowheads indicate Aβ 
peptides, arrows UbG76V-Aβ40 (42 kDa) or Aβ42-GFP (32.5 kDa), respectively, and asterisks endogenous APP 
and aspecific bands. (C) Confocal images of differentiated SH-Sy5y cells transfected with various GFP-Ub-Aβ 
fusion constructs were fixed after 48 hours and subsequently immunostained for Aβ using the antibody 6E10. 
Scalebar: 20 µm.
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GFP-UbG76V-Aβ40 or the Aβ42-GFP fusion protein were expressed (figure 1C). Expression levels 

of all GFP-Ub-Aβ fusion constructs were similar, as shown by their GFP levels, indicating that 

the generation of monomeric Aβ40 and Aβ42 leads to their efficient and rapid degradation by 

cytoplasmic proteases. 

Protease inhibition does not reduce intracellular degradation of Aβ 

The absence of Aβ peptides upon expression of GFP-Ub-Aβ
40/42 indicates that the Aβ peptides 

are rapidly degraded. We inhibited the proteasome, IDE and various classes of peptidases, 

which all reside mainly within the cytoplasm (Authier et al., 1996; Reits et al., 2003). HeK 

cells expressing GFP-Ub-Aβ
40/42 for 24 hours were incubated for a subsequent 20 hours in the 

presence of the reversible proteasome inhibitor Mg-132, the irreversible ide inhibitor baci-

tracin, or various peptidase inhibitors that cover the major classes of peptidases. Inhibition 

of proteasomes or IDE did not result in any detectable Aβ peptides (figure 2), indicating that 

these proteases were not the primary Aβ-degrading enzymes. Treatment with the irreversible 

cysteine protease inhibitor E64, the irreversible aspartyl protease inhibitor pepstatin A, the 

reversible aminopeptidase inhibitor bestatin, the irreversible serine protease inhibitor phenyl-

methylsulfonyl (PMSF), or the reversible metalloprotease inhibitor phenanthroline also did not 

prevent rapid clearance of Aβ, as no Aβ peptides were detected on Western blots (figure 2). 

Expression levels of GFP-Ub-Aβ were not affected by addition of any of these inhibitors, as 

GFP staining representing GFP-Ub levels were similar in untreated cells and cells treated with 

inhibitors (figure 2). Since Aβ can be a substrate of various proteases due to its heterogeneous 

sequence, a cocktail containing all the individual inhibitors was added to cells as well. However, 

even simultaneous inhibition of various classes of proteases did not increase Aβ peptide levels 

(figure 2), suggesting that Aβ was still efficiently degraded in the cytoplasm.
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Figure 2. Protease inhibitors do not prevent efficient clearance of cytoplasmic Aβ peptides. Western blot 
analysis of HEK cells expressing GFP-Ub, GFP-Ub-Aβ40 or GFP-Ub-Aβ42 that had been treated at 24 hours for a 
subsequent 24 hours with the following protease inhibitors: 10 µM E64, 1 µM pepstatin A, 5 µM bestatin, 100 
µM PMSF, 1 µM AAF-CMK, 1 µM MG-132, 200 µM bacitracin, 500 μM phenanthroline and a cocktail contain-
ing all inhibitors. Cytoplasmic cell lysates were analyzed by Western blotting and subsequently stained for Aβ 
(upper panel), GFP (middle panel) and actin (lower panel).
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The metalloprotease inhibitor phenanthroline reduces Aβ degradation 

Although various protease inhibitors did not prevent complete degradation of Aβ, they may 

have an effect on the rate of degradation. To examine whether inhibition of particular pepti-

dases affects the cytoplasmic half-life of Aβ, we designed an Aβ
40 peptide containing a fluoro-

phore (F) at position 22 that was quenched by a Dabcyl group (Q) on position 12 (figure 3A). 

The quencher and fluorophore thus flanked the KLVFF sequence present in the middle of Aβ 

peptides, which is a critical region for Aβ to aggregate (Tjernberg et al., 1996). The quenched 

Aβ peptide only becomes fluorescent upon separation of quencher and fluorophore, hence 

after degradation of Aβ. Quenched Aβ peptides were added to cytoplasmic fractions of mildly 

lysed cells, preventing contamination with extracellular membrane-bound proteases or lyso-

somal proteases. Fluorescence was measured in time. An increase in fluorescent signal was 

detected upon addition of quenched Aβ peptides to cell lysates, whereas no increase in fluo-

rescence was observed when the same amount of peptides was added to PbS (figure 3b). This 

indicates that quenched Aβ is degraded by cytoplasmic proteases. Addition of proteasome 

or IDE inhibitors did not affect the degradation of Aβ peptides (figure 3b). Furthermore, the 

majority of the peptidase inhibitors E64, bestatin, PMSF, pepstatin A or the inhibitor of puro-

mycin-sensitive peptidase PAQ-22 showed no effect on the half-life Aβ (figure 3C). A cocktail 

containing E64, bestatin, PMSF and pepstatin A did not affect degradation of Aβ peptides either 

(figure 3C). However, addition of the metalloprotease inhibitor phenanthroline clearly affected 

the degradation rate of Aβ (figure 3C), suggesting that Aβ is degraded by metalloproteases. 

While IDE is a metalloprotease, the IDE inhibitor itself did not affect its degradation, suggesting 

that other metalloproteases degrade Aβ peptides. Phenanthroline is suggested to interfere 

with fluorescence according to the manufacturer. However, addition of phenanthroline to cell 
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Figure 3. Inhibition of metalloproteases reduces degradation rates of Aβ peptides. (A) Model of detecting 
degradation of Aβ peptides using internally quenched Aβ peptides. Fluorescence can only be detected when 
the quencher group (Q) is separated from the fluorescein group (F) by protein degradation. Quenched Aβ 
peptides were added to PbS or 15 µg supernatant of mildly lysed HEK cells that were pre-incubated with no 
inhibitor, 10 µM MG-132 or 200 µM bacitracin (b) or with various peptidase inhibitors, 50 µM E-64, 50 µM 
bestatin, 100 µM PMSF, 10 µM pepstatin A, a cocktail containing the four inhibitors, 500 µM phenanthroline 
or 50 µM PAQ (C) for 30 min on ice. Degradation of quenched Aβ peptides in cell lysates was detected by 
measuring fluorescence increase in time. Representative degradation curves are shown.
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lysates containing fully degraded, fluorescent Aβ did not affect fluorescence levels, excluding 

the interference of phenanthroline with spectrophotometric analysis (data not shown).

Knock-down of TPPII reduces Aβ peptide degradation

Most peptidases have limited activity in degradation of peptides exceeding 10-15 amino acids, 

but the peptidase TPPII can degrade fragments longer than 20 amino acids (Reits et al., 2004). 

TPPII has both exo- and endo-peptidase activity and prefers lysine and arginine residues for 

endo-peptidase activity (Reits et al., 2004). both amino acids are present in the Aβ sequence. 

To test whether TPPII is involved in Aβ degradation, we used TPPII-deficient mouse embry-

onic fibroblasts (MEFs) generated by Rock and colleagues. The degradation rate of quenched 

Aβ peptides was clearly reduced using cell lysates of TPPII-deficient MEFs, whereas Aβ was 

efficiently degraded in cell lysates of wild-type MEFs (figure 4A). This indicates that TPPII is 

involved in degradation of quenched Aβ peptides. Furthermore, the aspecific irreversible TPPII 

inhibitor Ala-Ala-Phe-chloromethylketone (AAF-CMK) reduced degradation rates of Aβ using 

cell lysates of wild-type MEFs (figure 4b). In TPPII-deficient cells, the inhibitor had hardly an 

effect (figure 4b). Whereas TPPII seems to be involved in the degradation of Aβ peptides, its 

inhibition by AAF-CMK in HEK cells did not lead to accumulation of Aβ peptides upon expres-

sion of GFP-Ub-Aβ constructs, because Aβ was not detected on Western blots (figure 2). The 

same counted for metalloproteases, because phenanthroline did not cause Aβ detection on 

Western blots.

Since Aβ is degraded in the absence of TPPII, other proteases are involved in its degradation as 

well, such as metalloproteases. to verify whether metalloproteases and tPPii act independently 

or sequentially on the degradation of Aβ, the metalloprotease inhibitor phenanthroline was 

added to TPPII-deficient cells and degradation rates of quenched Aβ peptides were measured. 

Metalloprotease inhibitors had an additive effect in TPPII-deficient cells (figure 4C), suggesting 

that TPPII and metalloproteases act independently in the degradation of Aβ peptides. 
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Figure 4. TPPII and metalloproteases affect degradation 
rates of Aβ peptides. Quenched Aβ peptides were added 
to lysates of wild-type (wt) or tPPii-/- MEF cell lysates (A) 
that were pre-incubated with either 5 µM AAF-CMK (b) or 
500 µM phenanthroline (C). Representative degradation 
curves are shown.
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Aggregation depletes the pool of degradable Aβ

The Aβ degradation curves showed lower plateau levels in TPPII-deficient cells and when metal-

loproteases were inhibited, although variations between plateau levels was observed (compare 

figure 4A with 4C). This suggests that a slower rate of degradation of Aβ peptides also results 

in lower amounts of totally degraded Aβ. This is surprising, because identical amounts of Aβ 

peptides were added to cell lysates. Degradation rates can be different depending on the added 

inhibitors, but should result in similar end-levels of fluorescence upon complete degradation. To 

examine whether degrading proteases became clogged or impaired when degrading Aβ peptides, 

Aβ peptides were added again to cell lysates that had already reached a degradation plateau 

level. The additional Aβ peptides were degraded in all conditions (figure 5A), indicating that the 

limited breakdown of Aβ is not due to protease impairment or clogging. 

An alternative explanation for the lower fluorescence levels is increased aggregation of Aβ 

peptides, as aggregated Aβ cannot be degraded by proteasomes and peptidases. As a result, inhi-

bition of proteases that leads to reduced degradation rates of quenched Aβ peptides, also leads to 

less degradation of quenched Aβ, and thus reduced fluorescent plateau levels. To test this possi-

bility, we pre-incubated quenched Aβ peptides for 2 hours before addition to cell lysates. When 

added to cell lysates, reduced fluorescence levels were found with pre-incubated Aβ peptides 

(figure 5b), suggesting that Aβ rapidly aggregated, thereby preventing degradation. Addition of 

the same amount of quenched Aβ peptides to half the amount of cell lysate caused a reduction 

in both degradation rates and plateau levels (figure 5C). As only half the amount of peptidases 

was present, the rate of degradation was reduced as well. The reduced degradation rate allowed 

aggregation of Aβ peptides, leading to lower fluorescence levels. Together, these data show that 

cytoplasmic peptidases can only degrade monomeric Aβ peptides efficiently, whereas aggregated 

forms are resistant to degradation. This also explains the observed lower fluorescent plateau 

levels when Aβ peptides were slower degraded. Aggregation of Aβ depletes the pool of peptides 

that can be degraded and may subsequently induce proteasomal impairment and toxicity.
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Figure 5. Aggregation prevents degradation of 
quenched Aβ peptides. (A) to examine whether dif-
ferences in final plateau levels was due to impaired 
protease activity, a second amount of quenched 
Aβ peptides were added after 5 hours (arrow). 
Degradation of the first amount of quenched Aβ 
peptides had reached its plateau level by this time. 
(b) Quenched Aβ peptides were pre-incubated for 0 
or 2 hours before being added to cell lysates. (c) the 
same amount of quenched Aβ peptides were added 
to either 15 µg or 7.5 µg lysates of wild-type or TPP-
deficient MEFs. Representative degradation curves 
are shown.

157

Amyloid-beta is efficiently degraded in the cytoplasm



d
IScu

SSIo
N

both Alzheimer’s disease and polyglutamine (polyQ) disorders such as Huntington’s 

disease are neurodegenerative disorders that are initiated by aggregation of protein 

fragments (Orr and Zoghbi, 2007; Selkoe, 2001). These toxic protein fragments are Aβ 

peptides and truncated forms of polyQ-expanded proteins, respectively. These protein 

fragments aggregate both in vitro and in vivo (Chafekar et al., 2007; Scherzinger et al., 

1997; Wacker et al., 2004). Previously, we showed that expanded polyQ peptides are 

degradation-resistant and accumulate upon expression in cells (Raspe et al., 2009). 

In contrast, similarly released aggregation-prone Aβ peptides using GFP-Ub-Aβ
40/42 

constructs were efficiently degraded by cytoplasmic proteases. This difference between 

Aβ and polyQ peptides may be caused by two differences between these proteins, 

namely peptide length and sequence. PolyQ diseases are generally caused by polyQ repeats 

exceeding 40 glutamines (Orr and Zoghbi, 2007). Only expression of proteins with a polyQ tract 

above the threshold induces aggregation, which is also observed when expressing GFP-Ub-

polyQ peptides of different lengths (Raspe et al., 2009). Expression of Q48 peptides results 

in aggregation in a low percentage of cells compared to expression of Q65 or Q112 peptides. 

Whereas Q65 and Q112 peptides are easily detected on Western blot, Q48 peptides could 

not be detected (unpublished results). This suggests that cytoplasmic peptidases can degrade 

peptides within the range of 40-50 glutamines. This may be similar in the case of Aβ peptides 

with a length of 40-42 amino acids. Secondly, the difference in sequence between polyQ and 

Aβ peptides may favor clearance of Aβ peptides that contain multiple amino acids that can 

be targeted by various peptidases. For example, the presence of basic residues within the 

sequence should enable TPPII to digest amyloid peptides by its endo-peptidase activity (Geier 

et al., 1999).

In order to find out which proteases are involved in the degradation of Aβ peptides, we either 

inhibited proteasomes, IDE or several classes of peptidases. Surprisingly, all inhibitors alone 

or in combination did not cause any significant accumulation of Aβ peptides in living cells. 

This may be explained by the heterogeneous structural character of Aβ peptides, enabling 

degradation by various proteases simultaneously. The quenched peptides enabled us to deter-

mine the effect of peptidase inhibitors on their degradation, which turned out to be more 

sensitive and informative than determining Aβ levels by Western blot analysis after expression 

of GFP-Ub-Aβ constructs and subsequent inhibition of several proteases. When using these 

quenched Aβ peptides, both TPPII and metalloproteases appeared to be involved in the degra-

dation of Aβ peptides in vitro. As mentioned earlier, the endo-peptidase activity of TPPII may 

be well suited to degrade Aβ peptides into smaller peptides. These smaller peptides may be 

subsequently recycled into amino acids by other aminopeptidases. It already has been shown 

before that metalloproteases degrade Aβ peptides, as increased accumulation of Aβ peptides 

was observed upon inhibition of metalloproteases (Naidu et al., 1995; Sudoh et al., 2002). 

Efficient degradation of the quenched Aβ peptide in vitro appeared to be hindered in time 

by its aggregation. This was not observed when expressing GFP-Ub-Aβ
40/42, which resulted 

in monomeric Aβ peptides that apparently were degraded before dimerization and aggrega-

tion could take place. This may be in contrast with micro-injection and in vitro degradation 

studies that introduce a bolus of Aβ peptides into the cytoplasm facilitating dimerization and 

158

chapter 9



aggregation. Together, this suggests that when Aβ peptides are not efficiently cleared they 

start to accumulate and aggregate. the presence of oligomeric structures may also explain 

why aggregation and toxicity was observed upon micro-injection of Aβ peptides in living cells 

(Zhang et al., 2002). Two previous studies used similar constructs to express non-tagged Aβ 

peptides. One study used HA-Ub-Aβ and could not detect Aβ peptides in cells as well (De Vrij, 

2005). Another study used GFP-Ub-Aβ42 constructs to express Aβ peptides in SH-Sy5y cells. It 

was found that Aβ42 peptides accumulated in half of the cells and this accumulation induced 

proteasomal impairment (Lee et al., 2006). However, proteasomal impairment was detected 

using the short-lived proteasome reporter GFPu, which recently was shown to accumulate in 

response to proteotoxic stress such as aggregation (Salomons et al., 2009). Different levels of 

Aβ peptide expression may explain these contradictory results. High expression levels of Aβ 

peptides may exceed the capacity of cells to efficiently degrade these peptides, leading to their 

accumulation and eventually inducing toxicity and proteasomal impairment. 

When Aβ accumulates, stimulation of macroautophagy may be an alternative pathway to 

degrade aggregated Aβ in the cytoplasm. Macroautophagy is the bulk degradation of mainly 

long-lived proteins, protein complexes and cell organelles (Mizushima et al., 2008). However, 

aggregates can be degraded via autophagy as well, as stimulation of macroautophagy reduces 

aggregation and is protective in polyQ disease models (berger et al., 2006). because macro-

autophagy is impaired in AD brain and AD mice (Nixon et al., 2005; yu et al., 2005), increasing 

autophagic clearance of Aβ peptides by improving autophagosomal-lysosomal fusion may be a 

good therapeutic strategy, instead of inducing macroautophagy.

Aβ is not generated in the cytoplasm, but Aβ has been found to be present in cytoplasm and 

nucleus in degenerating neurons in Tg mice and AD brain (D’Andrea et al., 2001; Gouras et al., 

2000; Ohyagi et al., 2005). Furthermore, cytoplasmic Aβ is able to induce apoptosis in trans-

genic mice, Drosophila, neuronal and nonneuronal cell lines and in primary human neurons 

(LaFerla et al., 1995; Lee et al., 2006; Ling et al., 2009; Ohyagi et al., 2005; yan et al., 1997; 

Zhang et al., 2002). Aβ was shown to inhibit proteasomal activity, as determined by the degra-

dation of the fluorogenic proteasome peptide substrate Suc-LLVy-AMC (Almeida et al., 2006; 

Tseng et al., 2008). Although these studies suggest that cytoplasmic Aβ can induce toxicity and 

proteasomal impairment, we show that monomeric Aβ residing in the cytoplasm is efficiently 

degraded. it should be noted that in all studies except in this study and the study performed by 

Hol and colleagues (De Vrij, 2005), Aβ peptides were used either containing a starting methio-

nine (M-Aβ) or an ER signal peptide (sAβ). This may affect stability as endogenous generated Aβ 

and also Aβ peptides used in the present study, start with an aspartic acid and should therefore 

be rapidly degraded according to the n-end rule (varshavsky, 1992). 

We have shown that cytoplasmic Aβ can be degraded by several proteases, including TPPII 

and metalloproteases, but a number of questions remain to be resolved. Does expression 

of GFP-Ub-Aβ in TPPII-deficient cells lead to accumulation of Aβ peptides and will this be 

prevented by TPPII overexpression? More importantly, is the observed reduction in fluorescent 

levels of quenched Aβ peptides upon inhibition of various peptidases caused by aggregation? 

This question can be answered by using circular dichroism and electron microscopical analysis. 

Accumulation of Aβ peptides may be accompanied by proteasomal impairment and toxicity. 
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Furthermore, degradation kinetics of quenched Aβ should also be studied in living cells. 

In conclusion, monomeric Aβ peptides are rapidly degraded by various cytoplasmic 

proteases, including TPPII and metalloproteases. Degradation of Aβ peptides is prevented by 

its aggregation and aggregated Aβ peptides may induce proteasomal impairment and toxicity.

DNA constructs. GFP-Ub and GFP-Ub-Aβ40/42 constructs were obtained in several steps. First, Ub 
was generated by PCR from GFP-Ub (Dantuma et al., 2006) using forward primer 5’- CGCGGA-
TCCATGCAGATCTTCGTGAAG-3’ containing a bamHI site and reverse primer 5’- CGGGAATTCATG-
CATCCCCACCTCTGAGACGGAG-3’. The PCR product contained besides Ub, the first nucleotides of 
Aβ followed by Mph1103I and EcoRI restriction sites at the 3’ region. This construct was ligated 
into pSuper puro (OligoEngine) using bamHI and EcoRI. Aβ40/42 were obtained from pCEP4-APP695 
Val-Phe (kindly provided by Wiep Scheper) using forward primer 5’-GCCTGCAGAATTCCGACATGA-3’ 
containing an PstI site and reverse primers 5’-ATAGTTTAGCGGCCGCTCAGACAACACCGCCCAC-3’ 
or 5’-ATAGTTTAGCGGCCGCTCACGCTATGACAACACCGCC-3’, respectively, containing an ApaI site. 
Aβ40/42 was ligated into the pSuper puro-Ub using PstI and NotI for Aβ and Mph1103I and NotI for 

pSuper puro-Ub, respectively. Finally, Ub and Ub-Aβ40/42 were ligated into pEGFP-C3 (Clontech) using SacI 
and ApaI. Mutant UbG76V-Aβ40 was generated by introducing a point mutation within glycine 76 using 
Quikchange II Site directed Mutagenesis (Stratagene) with forward primer 5’-TCCGTCTCAGAGGTGTGGAT-
GCAGAATTCCG-3’ and reverse primer 5’-CG GAATTCTGCATCCACACCTCTGAGACGGA-3’ following manufac-
turers protocol. Ub-Aβscr was obtained by PCR from HA-Ub-Aβscr (kindly provided by elly Hol; Malin et al., 
2001) using forward primer 5’-GCG GAG CTC ATG CAG ATC TTC GTG AAA ACC-3’ containing a SacI site and 
reverse primer 5’-GTG GCA CAA GTG GAA TTC TGA GGG CCC GCG-3’ containing an ApaI site. Ub-Aβscr was 
subsequently cloned into EGFP-C3 using SacI and ApaI. 
Cell culture and transfection. Human embryonic Kidney (HeK293t) cells and the human melanoma cell 
line Mel JuSo were cultured in Iscove’s Modified Eagle Medium (IMDM; Gibco) supplemented with 10% 
fetal calf serum (FCS), 25 mM Hepes and penicillin/streptomycin/glutamine (Gibco). SH-Sy5y human neu-
roblastoma cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco) supplemented with 
10% FCS and penicillin/streptomycin/glutamine. SH-Sy5y cells were differentiated with 10 µM retinoic acid 
(Sigma) at 72 hours prior to plating. HEK and SH-Sy5y cells were maintained at 37°C in 5% CO2. Wild-type 
and tPPii-/- mouse embryonic fibroblast (MEF) cells were cultured in DMEM supplemented with 20% FCS 
and penicillin/streptomycin/glutamine and maintained at 37°C in 10% CO2. cells were dissociated using 
trypsinization. HEK293T cells were plated (0.2x106 cells) in a 6-well and transfected after 24 hours with 
Fugene6 (Roche) or polyethylenimine (PEI; Polysciences). SH-Sy5y cells were plated (0.15x106 cells) onto 
glass coverslips (24mm; Fisher scientific) in a 6-well. Differentiated cells were transient transfected with 
various GFP-Ub-Aβ constructs at 24 hours after plating using Dreamfect Gold (OZ biosciences).
Cells were treated with various inhibitors, concentrations are indicated in the figure legends, 1,10-phenan-
throline (Sigma), AAF-CMK (Enzo lifesciences AG), bacitracin (Sigma), bestatin (Enzo lifesciences AG), E64 
(Sigma), MG-132 (Sigma), pepstatin A (Sigma) and PAQ-22 (Wako Chemicals), PMSF (Sigma).
Immunohistochemistry and confocal microscopy. SH-Sy5y cells were fixed in 4% paraformaldehyde in PbS 
for 15 minutes at room temperature at 48 hours after transfection. After washing with PbS cells were per-
meabilized for 30 minutes in PbS containing 1% Triton X-100 and 1% FCS (TNbS). Cells were subsequently 
stained for Aβ for 1.5 hours at room temperature using primary antibody 6E10 (1:500; Signet), followed 
by AlexaFluor (1:200; Invitrogen). Confocal analysis was performed using a Leica TCS SP2 confocal system 
equipped with an Ar/Kr laser with a 63x objective.
Immunoblotting. HEK293T cells were harvested at 48 hours after transfection 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 
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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). Protein lysates were separated 
on either SDS-PAGE gels (stained against GFP and actin) or Tris-tricine-SDS gels (stained against Aβ). Using 
Tris-tricine-SDS gels, a better detection of low molecular weight proteins and peptides is obtained. Equal 
protein levels in sample buffer (3 mM Tris-HCl pH 6.8, 5% glycerol, 1% SDS, 2.5% 2-mercaptoethanol, 
0.005% (w/v) OrangeG (SDS-PAGE), or (0.45 mM Tris-HCl pH 8.45, 10% glycerol, 4% SDS, 0.005% (w/v) 
OrangeG (Tris-tricine-SDS)) were boiled 5 minutes at 98°C and loaded on 12.5% SDS-PAGE gels, or 10% Tris-
tricine-SDS, respectively. As a control, 50 ng synthetic Aβ42 (sigma) was also loaded on tris-trince-sds gels. 
After electrophoresis, proteins were transferred either onto a 0.45 µm pore size nitrocellulose membrane 
filter (Schleicher & Schuell) using a semi-dry transfer system (SDS-PAGE) or onto a 0.2 µm pore size nitrocel-
lulose membrane filter (Schleicher & Schuell) using wet blotting at 4°C for 3 hours (Tris-tricine-SDS). blots 
probed against Aβ were boiled for 5 min in Tris-buffered saline (TbS) before blocking, to better detect Aβ 
peptides. blots were blocked in 5% dry milk in TbS, incubated with primary antibodies against GFP (1:1,000; 
Invitrogen), β-actin (1:10,000; Sigma) and Aβ (1:1,000; Signet) in TbS containing 0.1% Tween-20, and sub-
sequently with secondary antibodies IRDye 680 or IRDye 800 (1:10,000; LI-COR biosciences). Signal was 
detected using the Odyssey imaging system (Westburg).
Peptide synthesis. An Aβ40 peptide containing fluorophore and quencher was synthesized by solid phase 
strategies using an automated multiple peptide synthesizer (SyroII, MultiSyntech). A fluorescein (Fl) was 
introduced at amino acid 22 by covalent coupling of fluorescein-5-iodoacetamide (5-IAF, Fluka) to the 
cysteine. Quenching of Fl fluorescence (f) was performed by a dabcyl group (q) that had been introduced 
in the peptide at amino acid 12 by coupling of Fmoc-L-Lys(Dabcyl)-OH (NeoMPS), resulting in the following 
peptide DAEFRHDSGy EqHHQKLVFF AfDVGSNKGA IIGLMVGGVV. Peptides were purified by size exclusion 
chromatography and RP-HPLC (>95% pure) and showed the expected molecular mass as determined by 
mass spectrometry (Maldi Tof, Voyager, AbI). Quenched Aβ40 was dissolved in 100% 1,1,1,3,3,3,hexafluor-
2-propanol (HFIP; Sigma), aliquoted, dried under vacuum in a SpeedVac (Eppendorf) and stored at -20°C as 
described before (Chafekar et al., 2007). 
Degradation assay. HEK293T cells were lysed in 25 µM digitonin (Sigma) in KMH buffer (110 mM KAc, 2 mM 
MgAc and 20 mM Hepes-KOH, pH 7.2) for 30 minutes on ice and centrifuged for 15 minutes at 14,000 rpm 
at 4°C to release the cytoplasmic fraction. Protein concentrations were determined with a bradford protein 
assay and 15 µg cytoplasmic cell lysate was added to 96-well. Various protease inhibitors were added to 
cell lysates (as indicated in figure legends) and incubated for 30 minutes at 4°C. Immediately prior to use, 
HFIP-treated aliquots of Aβ40 were resuspended in DMSO followed by sonication for 10 minutes, 1 µL of 
quenched Aβ40 was added per well. Degradation of the peptide was analyzed using the FLUOstar OPTIMA 
(BMg Labtec.).
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summary

This thesis describes the many aspects of intracellular peptidases. Peptidases are 

specialized in the degradation of peptides that are released by the proteasome during 

the degradation of proteins. Most peptides are degraded into single amino acids within 

a few seconds. Only a small fraction of the peptides are trimmed to the correct length of 

eight to eleven amino acids, by the combinational action of the proteasome and pepti-

dases for subsequent presentation by MHC class I molecules to the immune system. On 

the other hand, failure of degradation of peptides by peptidases can lead to peptide 

accumulation and the formation of degradation resistant aggregates. 

A major cytoplasmic peptidase is tripeptidyl peptidase II (TPPII), that functions downstream 

of the proteasome and is implicated in the MHC class I pathway and in the degradation of 

aggregation-prone peptides. The activity of TPPII is usually measured by the generation of fluo-

rescence of AMC due to the degradation of the fluorogenic tripeptide AAF-AMC. However, 

we observed that AAF-AMC is not a selective activity probe for TPPII, and can only be used 

to measure the activity of purified TPPII. Many aminopeptidases besides TPPII are capable of 

hydrolyzing AAF-AMC in cell lysates and in living cells (chapter 4). therefore, we developed a 

more specific fluorogenic substrate for TPPII, based on the TPPII-selective reversible inhibitor 

butabindide. next to butabindide-AMc, we also aimed to generate more stable and irreversible 

inhibitors for tPPii, leading to the development of boron-butabindide. 

Since TPPII was previously described as being essential in MHC class I antigen processing, we 

studied the role of TPPII and other endopeptidases in the cleavage of proteasomally released 

peptides. The proteasome recognizes and degrades poly-ubiquitinated protein into multiple 

peptides. Most of these peptides are cleared within a few seconds by a large pool of cyto-

plasmic peptidases. This degradation pathway was developed during evolution for the inspec-

tion of intracellular proteins by presenting representative peptides at the plasma membrane for 

immune surveillance. The combined cleavage of proteins by the proteasome and aminopepti-

dases was considered to generate the correct peptides for MHC class I presentation, with the 

proteasome generating the C-termini of presented peptides (or epitopes) and peptidases trim-

ming the N-termini. We explored whether endopeptidases can also generate new C-termini 

by their endopeptidase activity. because TPPII has a high cleavage preference for positive 

residues, we expected that TPPII is involved in the generation of C-termini for HLA-A3 and 

-A11 epitopes. However, epitope degradation by the exopeptidase activity of TPPII appeared 

to be far more active than its endopeptidase activity, blurring the endopeptidase effect. TPPII 

turned out to mainly degrade epitopes rather than generate epitopes, whereas other metallo-

endopeptidases showed to be responsible for the generation of alternative C-termini (chapter 

5). 

TPPII appeared to be able to handle aggregation-prone peptides. Inefficient protein degrada-

tion by the proteasome can lead to the release of extended, aggregation-prone peptides as 

observed in various polyglutamine (polyQ) disorders. When mimicking this process in living 

cells, these expanded polyQ peptides were sufficient to initiate aggregation, sequester many 

proteins into aggregates and induce neuronal toxicity (Chapter 6). Here, tPPii over-expression 

reduced soluble polyQ peptide levels and as a result aggregation. Intriguingly, TPPII complex 

formation is essential for this degradation process, suggesting that the endopeptidase activity 
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of TPPII is required for the degradation of polyQ peptides (chapter 7). A current follow-up of 

these findings is the search for small compounds that enhance TPPII complex formation as a 

therapeutic strategy in polyQ disorders. An alternative and surprising mechanism was shown 

by puromycin-sensitive aminopeptidase (PSA). We observed that PSA reduces the number of 

polyQ aggregates initiated by polyQ-containing proteins and by polyQ peptides. This reduction 

appeared to be not a direct peptidase effect. PSA induced autophagy by a yet undefined mech-

anism. during autophagy, a membrane was wrapped around the polyQ aggregates, leading to 

their isolation and subsequent degradation in the lysosomal compartment (chapter 8). 

besides polyQ peptides we also investigated the fate of intracellular Aβ-peptides which play a 

causal role in Alzheimer’s disease. Aβ-peptides are not generated by the proteasome but are 

the cleavage product of several secretases of the membrane-bound amyloid beta precursor 

protein (APP). Although the heterogeneity of the sequence of Aβ suggests that Aβ can be 

degraded by many peptidases, we observed that TPPII knock-out dramatically limited the cell’s 

ability to degrade Aβ, suggesting a role for TPPII in the clearance of Aβ (chapter 9). 

the proteasome is usually considered to be the endpoint in the life cycle of a protein. However, 

there is a whole machinery of peptidases acting downstream of the proteasome, and these 

peptidases have turned out to be essential for the clearance of aggregation-prone protein frag-

ments and for antigen presentation. The study of their function may not only be useful for 

development of immune therapies against cancers and viruses, but may also provide insight 

in various neurodegenerative disorders that are initiated by the accumulation of degradation-

resistant peptides. 
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Eiwit afbraak en antigen presentatie aan het immuunsysteem

Wij mensen zijn opgebouwd uit biljarden cellen. Al deze cellen vervullen een bepaalde 

functie in het lichaam. En net zoals de mens inwendige organen heeft voor specifieke 

functies, heeft een cel intracellulaire organellen voor cellulaire functies. Nog weer 

kleiner dan deze organellen zijn eiwitten, de moleculaire motortjes in de cel. Ons 

DNA codeert voor al deze eiwitten, en het aflezen van stukken DNA resulteert in het 

opbouwen van eiwitten die bestaan uit een lange keten van aminozuren. In de mens 

zijn er 20 verschillende aminozuren beschikbaar voor het opbouwen van eiwitten. 

door deze 20 aminozuren in verschillende volgordes aan elkaar te plakken zijn zeer 

veel verschillende eiwitten op te bouwen. Deze lange keten van aminozuren vouwt 

vervolgens tot een driedimensionale structuur, resulterend in een functioneel eiwit. Deze 

eiwitten doen praktisch alles wat belangrijk is voor cellen zoals het genereren van energie, 

het opbouwen van organellen, contact maken met naburige cellen, en het aflezen van DNA. 

Om al deze functies adequaat uit te kunnen voeren moeten deze eiwitten in topvorm zijn. 

Daarom worden er continu eiwitten aangemaakt om oude eiwitten te vervangen, ongeveer 

tien miljoen eiwitten per minuut per cel. Vanzelfsprekend moeten verouderde en foutief 

gemaakte eiwitten snel afgebroken worden anders zou het snel overvol raken in de cel. Voor 

het afbreken van eiwitten is een complex systeem, het ubiquitine-proteasoom-systeem (UPS), 

verandwoordelijk. Ubiquitine wordt via een drie-staps proces aan de af te breken eiwitten 

gekoppeld, en de geubiquitineerde eiwitten worden vervolgens herkend door het proteasoom. 

Het proteasoom ontvouwt het eiwit en knipt het in een groot aantal fragmenten (peptides) 

met een lengte variërend van 3 tot 22 aminozuren. Deze peptides worden vervolgens gerecy-

cled tot individuele aminozuren door een grote groep enzymen genaamd aminopeptidases. De 

gegenereerde aminozuren worden vervolgens gebruikt als bouwstenen voor de aanmaak van 

nieuwe eiwitten. Terwijl het proteasoom de meeste eiwitten kan ontvouwen en in peptides kan 

knippen, zijn er vele verschillende peptidases nodig om de peptides afbreken.

Niet alle peptides worden echter geheel afgebroken, omdat het UPS afbraak mechanisme 

ook wordt gebruikt door ons immuunsysteem. Het immuunsysteem kan extracellulaire ziek-

teverwekkers zoals de meeste bacteriën makkelijk herkennen en opruimen. virussen daaren-

tegen kapen de cel door deze binnen te dringen en de cellulaire eiwitsynthese machinerie te 

gebruiken om eigen virale eiwitten aan te maken. Deze virale eiwitten worden echter deels 

afgebroken door het proteasoom, resulterend in virale peptides. Een kleine fractie van de gege-

nereerde virale peptiden ontlopen de afbraak tot individuele aminozuren doordat ze naar het 

endoplasmatisch reticulum (een organel) worden getransporteerd. Hier worden de peptides 

(nu ook een antigen of epitoop genoemd) geladen op een MHC class I eiwit. Het gevormde 

peptide-MHC class I complex wordt vervolgens aan het celoppervlak aan passerende witte 

bloedcellen (T-lymfocyten) gepresenteerd. Wanneer deze T-lymfocyten een epitoop herkennen 

dat lichaamsvreemd is, zal het de geïnfecteerde cel vernietigen. Door de cel te vernietigen 

wordt voorkomen dat er meer virussen aangemaakt worden.

Bovendien komt het meerdere malen per dag voor, dat er iets mis gaat in een van de biljarden 

lichaamseigen cellen, waardoor deze een kankercel wordt. Kankercellen maken gewoonlijk 

andere eiwitten dan gezonde cellen en daardoor zijn de gepresenteerde epitopen anders. 
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Hierdoor kunnen kankercellen worden opgespoord en vernietigd door het immuunsysteem.

in, hoofdstuk 2 beschrijven we hoe de proteasoom in combinatie met een peptidases betrokken 

zijn bij de afbraak van eiwitten, antigen presentatie aan het immuunsysteem en hoe neurode-

generatieve ziekten vaak het resultaat zijn van fouten in het afbreken van eiwitten. Vervolgens 

bestuderen we in hoofdstuk 3 in detail de functies van een specifieke peptidase, tripeptidyl 

peptidase II (TPPII), omdat we vermoeden dat deze peptidase belangrijke en unieke functies 

heeft. Niet alleen bij het genereren van een aantal epitopen voor MHC class I presentatie maar 

ook bij verschillende intracellulaire processen. Om deze peptidase goed te kunnen bestu-

deren in de levende cel hebben we in hoofdstuk 4 beschreven hoe we specifieke remmers 

ontwikkelen voor TPPII. Ook wordt er een specifieke fluorogeen substraat beschreven die bij 

afbraak door TPPII fluorescent wordt. In hoofdstuk 5 onderzoeken we vervolgens de functie 

van TPPII (en andere peptidases) in het genereren van epitopen voor MHC class I presentatie. 

 

Eiwit afbraak en neurodegeneratieve ziekten 

De afbraak van zowel oude als verkeerd gevouwen eiwitten dient snel te verlopen om ophoping 

van deze eiwit(fragmenten) te voorkomen. ongewenste ophoping kan leiden tot klontering 

(aggregatie) en celdood, en is ondermeer de oorzaak van hersenziektes zoals de ziekte van 

Alzheimer, Parkinson en Huntington. Huntington behoort tot een groep van negen poly-

glutamine ziektes, die als overeenkomst hebben dat het ziekte veroorzakende eiwit een lange 

reeks van glutamine (Q) aminozuren bevat. Bij gezonde mensen is deze glutamine reeks (polyQ) 

maximaal 40 glutamines lang, maar dezelfde eiwitten veroorzaken een neurodegeneratieve 

ziekte wanneer deze polyQ reeks meer dan 40 glutamines lang is. Patiënten verliezen hersen-

cellen (neuronen) en krijgen daardoor moeilijkheden met spreken, bewegen en vaak ook 

een veranderende persoonlijkheid. bij alle polyQ ziektes ontstaan er door de polyQ eiwitten 

aggregaten die niet of moeilijk opgeruimd kunnen worden door het proteasoom of alterna-

tieve opruimmechanismen zoals autofagie. De aggregaten bevatten zelden het gehele polyQ 

eiwit maar worden wel gevormd door fragmenten van deze eiwitten, inclusief de polyQ reeks. 

Omdat deze fragmenten ook toxisch zijn voor cellen gaan veel onderzoekers uit van de “toxic 

fragment hypothesis”. Deze houdt in dat polyQ eiwitten weliswaar afgebroken worden door 

het proteasoom maar dat het proteasoom niet kan knippen tussen de glutamine aminozuren 

in de polyQ reeks. Hierdoor genereert het proteasoom pure polyQ peptiden die vrijkomen 

in de cel. Deze polyQ peptiden moeten daarna snel opgeruimd worden door peptidases om 

ophoping en aggregatie te voorkomen. We hebben het proces van polyQ peptide vorming door 

het proteasoom nagebootst in hoofdstuk 6. Het bleek dat alleen polyQ peptiden die langer 

zijn dan 40 glutamines (dus ziekte gerelateerd) voldoende zijn om aggregaten en toxiciteit te 

veroorzaken. Deze bevindingen riepen meteen de vraag op of deze polyQ peptides efficiënter 

opgeruimd kunnen worden door peptidases waardoor aggregatie voorkomen kan worden. In 

de twee daarop volgende hoofdstukken (7 en 8) hebben we twee specifieke peptidases, puro-

mycin sensitive aminopeptidase (PSA) en tripeptidyl peptidase II (TPPII), bestudeerd om te 

zien of deze in staat zijn om polyQ peptiden af te breken. PSA bleek verrassend genoeg polyQ 

peptiden niet direct af te breken, maar indirect op te ruimen door een alternatief opruimmech-

anisme, autofagie, te activeren. Door autofagie worden eiwitten en organellen opgeruimd door 
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er een membraan als een vuilniszak omheen te trekken en in een zure omgeving af te breken. 

TPPII daarentegen was in staat om deze polyQ peptiden direct af te breken. 

naast de verschillende polyQ ziektes wordt ook de ziekte van Alzheimer veroorzaakt door de 

ophoping van een eiwitfragment van 42 aminozuren, het amyloid peptide. Dit peptide is een 

afbraakproduct van het membraangebonden eiwit amyloid beta precursor protein (APP). Het 

amyloid peptide vormt voornamelijk aggregaten (plaques) buiten de neuronale cellen maar 

zijn ook in neuronen aangetroffen. Terwijl de grotere plaques weinig schade lijken aan te 

richten, lijken kleine aggregaten van amyloid peptides toxisch te zijn voor de neuronen. Deze 

amyloid peptiden worden echter snel afgebroken door intracellulaire peptidases zoals TPPII. 

Deze peptidases kunnen echter weinig meer uitrichten wanneer de amyloid peptides aggre-

gaten hebben gevormd (hoofdstuk 9). 

Met dit proefschrift wordt aangetoond dat peptidases meerdere functies hebben, en dat er 

nog veel processen plaatsvinden beneden het proteasoom. Deze peptidases zijn gespeciali-

seerd in het snel afbreken van peptides en zijn daarmee essentieel voor een gezonde cel. 

Daarnaast zijn deze peptidases niet alleen nodig voor het afbreken van peptiden maar ook voor 

het maken van peptiden die gepresenteerd worden aan het immuunsysteem. Falende afbraak 

kan leiden tot ophoping en aggregatie van peptides zoals bij verschillende neurodegeneratieve 

ziektes. Therapeutische strategieën zouden derhalve gericht kunnen worden op het activeren 

van peptidases. Echter, een goede balans blijft altijd belangrijk. Als deze peptidases te snel alles 

opruimen zullen er geen representatieve peptides aan het immuunsysteem gepresenteerd 

worden en worden virussen en kankercellen niet of niet effectief opgeruimd. 
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Abbreviation list

3-MA   3-methyladenine

AAF-AMC   H-Ala-Ala-Phe-7-amido-4-methylcoumarin

AAF-CMK   Ala-Ala-Phe-chloromethylketone

A-AMc   Ala-amido-4-methylcoumarin

Ad   Alzheimer’s disease

ALs   Amyotrophic lateral sclerosis 

Apoe   apolipoprotein e

APP   amyloid precursor protein

AR-Q19-GFP  Androgen Receptor-Q19-Green Fluorescent Protein 

AR-Q92-GFP  Androgen Receptor-Q92-Green Fluorescent Protein

AtP   Adenosine triphosphate

Atx3-Q28-GFP  Ataxin3-Q28-Green Fluorescent Protein

Atx3-Q85-GFP  Ataxin3-Q85-Green Fluorescent Protein

Aβ   amyloid-β

BH   bleomycin hydrlase

boron-butabindide  et
2boronic-acid-butabindide

 Bu2-butabindide  dibutyl-butabindide

 Butabindide-AMc  butabindide-amido-4-methylcoumarin

 butabindide-vMe  et2butabindide-vinylmethyl-ester

 butabindide-vs  et2butabindide-vinyl-sulfone

 ccK-8   cholecystokinin-8

 dRPLA   dentatorubal-pallidoluysian atrophy

 eBv   epstein-Barrvirus

 ECE   endothelin-converting enzyme

 ER   endoplasmic reticulum

 ERAD   ER associated degradation

 ERAP1   Endoplasmic reticulum aminopeptidase 1

 ERAP2   Endoplasmic reticulum aminopeptidase 2

 et
2butabindide  diethyl-butabindide

 FCS   fetal calf serum

 FRAP   Fluorescence Recovery After Photobleaching

 GFP   Green Fluorescent Protein 

 GFP-Ub   Green Fluorescent Protein-Ubiquitin 

 GFP-Ub- Aß  Green Fluorescent Protein-Ubiquitin-amyloid-β

 GFP-Ub-polyQ  Green Fluorescent Protein-Ubiquitin- polyglutamine

 GFP-Ub-Q112  Green Fluorescent Protein-Ubiquitin- 112 glutamines 

 GFP-Ub-Q16  Green Fluorescent Protein-Ubiquitin- 16 glutamines 

 GFP-Ub-Q65  Green Fluorescent Protein-Ubiquitin- 65 glutamines

 HD   Huntington's disease

 HeK293t   Human embryoninc Kindney 293t

 Hela   Henrietta Lacks

 Hsp70   Heat shock protein 70
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httex1-Q103-GFP Huntingtin-exon1-Q103-Green Fluorescent Protein 

Htt-exon1-Q103-GFP Huntingtin-exon1-Q103-Green Fluorescent Protein 

ide   insulin degrading enzyme

IFNγ   Interferon-gamma

iPr
2butabindide  iso-dipropyl-butabindide

L-AMc   Leu-amido-4-methylcoumarin

LAP   leucyl aminopeptidase

Lc3   microtubule-associated protein 1 light chain 3

LC3-GFP  microtubule-associated protein 1 light chain 3-Green Fluorescent  

   Protein 

LCMV   Lymphocytic choriomeningitis

LLvY-AMc  Leu-Leu-val-tyr-amido-4-methylcoumarin

Me
2butabindide  dimethyl-butabindide

MEF   Mouse Embryonic Fibroblast

Mel JuSo  Human Skin Melanoma

MHC    Major histocompatibility complex

MmtPPii  Mus musculus tripeptidyl peptidase II

neP   neprilysin

NFTs   neurofibrillary tangles

NMDA   N-methyl-D-aspartic acid

PbS   Phosphate buffert Saline

PMSF   phenylmethanesulphonyl fluoride

polyQ   polyglutamine

Pr
2butabindide  dipropyl-butabindide

PSA   puromycin-sensitive aminopeptidase

QBP-1   glutamine Binding Protein-1

RFP   Red Fluorescent Protein 

RFP-Ub  Red Fluorescent Protein-Ubiquitin 

RFP-Ub-Q112  Red Fluorescent Protein-Ubiquitin- 112 glutamines 

RFP-Ub-Q16  Red Fluorescent Protein-Ubiquitin- 16 glutamines 

RFP-Ub-Q65  Red Fluorescent Protein-Ubiquitin- 65 glutamines

RnAi   RnA interverence

sBMA   spinal Bulbar Muscular Atrophy

scA   spinocerebellar ataxia  

siRnA   short interverence RnA

sod1   superoxide dismutase 1

SP   senile plaques

TAP   Transporter associated with antigen processing

tBP1   tAtA-binding protein 1

TOP   thimet oligopeptidase

TPPII   tripeptidyl peptidase II

Ub   ubiquitin
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Abbreviation list

Ub   ubiquitin

UPS   Ubiquitin Proteasome System

WT   Wild-Type

Z-gLA-oH  Z-gly-Leu-Ala-oH
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dankwoord

Het maken van zo’n boekje doe je natuurlijk nooit alleen. er waren afgelopen tijd 

zeer veel collega’s, vrienden en familie die mij geholpen hebben en/of voor de nodige 

afleiding gezorgd hebben. een aantal mensen wil ik dan ook even in het bijzonder 

bedanken:

eric bedankt dat je me de kans gegeven hebt om aan dit project te mogen werken 

gedurende de afgelopen vijf jaren. Je enthousiasme werkt aanstekelijk en als ik dacht 

dat we tegen een onoverkomelijk probleem aanliepen wist jij er toch weer een posi-

tieve draai aan te geven. ook de niet-werk-gerelateerde gesprekken over politiek, 

geschiedenis en boeken heb ik altijd een welkome afwisseling gevonden. Bedankt en 

het beste!

Ron, bedankt voor het zeer gedetailleerd nakijken van alle manuscripten en ook voor de 

snelheid waarmee dit gebeurde. de psychologische combinatie van afstraffen en complimen-

teren voor zowel de presentaties als de manuscripten was een goede methode om nog weer 

harder aan het werk te gaan. 

En dan de collega’s van het eerste uur, Dineke, Hilde en Judith. Dineke jouw arbeidsethos, 

goed opgezette experimenten en kritische kijk dienden als een voorbeeld en ik hoop dat 

niveau ook nog eens te bereiken. succes daar in het hoge noorden met je eigen vakgroep. 

Hilde ook jij hebt me enorm op weg geholpen met het wegwijs maken hier op het lab. de 

tegenstellingen in politieke voorkeur en type studentenvereniging wisten we altijd met een 

goede dosis humor te verbloemen. Judith, we hebben samen een mooi verhaal gepipetteerd 

en geschreven. de samenwerking heb ik altijd erg gewaardeerd. daarnaast was het ook altijd 

leuk om even na werktijd een alcoholische versnapering te nemen. nadat jullie één voor één 

het AMc verlieten werden jullie werkplekken langzaamaan opgevuld door nieuwe collega’s. 

sabine je kwam hier tot twee keer toe als student werken en al gauw liet je zien dat je zeer 

ijverig was. veel succes met het afronden van jouw promotie! Alicia, je leest en spreekt beter 

nederlands dan je wilt toegeven, vandaar dat ik dit ook gewoon in het nederlands type. Het 

groningse en spaanse temperament zijn niet altijd compatibel maar daar zijn we snel uitge-

komen. succes met het runnen van het lab! Katrin, je bent een zeer gedegen onderzoeker en 

ik kon je hulp zeer waarderen. Klazien, ook bedankt voor je hulp de afgelopen jaren. Anita, 

ik ben blij dat je mijn project overneemt en wens je veel succes toe, wie weet komt er dan 

eindelijk een echt tPPii verhaal af.  

tijdens mijn promotie had ik nooit zoveel experimenten kunnen doen zonder de hulp van 

studenten. Beste Roy, sabine, suzanne, thanh en Mallory jullie waren allemaal stuk voor stuk 

zeer enthousiaste en hardwerkende studenten. Allemaal bedankt voor jullie hulp. suzanne, 

je kwam bovendien nog een aantal keren terug om een proteomics project op te zetten. 

Helaas loopt het project nog steeds niet maar je bracht altijd een goede sfeer naar het lab. 

Przemek, de waslijst van dingen waarvoor ik jou moet bedanken is lang. Hierbij even een 

korte opsomming: microscopie, computersoftware, lay-out van dit proefschrift, bouwafval 

twee verdiepingen omlaag tillen en mij gezelschap houden tijdens het drinken van een 

biertje. Bedankt! tony, hoewel je nu in het bolwerk van Abraham Kuyper werkt i.p.v. in het 

AMc kwamen we elkaar toch nog wekelijks tegen in de bioscoop. Bedankt voor je hulp bij 

allerhande zaken en veel succes met jouw promotie bij de vu. 
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Addendum

naast mijn werk op het AMc heb ik ook goede herinneringen overgehouden aan mijn uitstapjes 

naar het NKI. Sjaak en Joost bedankt voor jullie hulp tijdens het micro-injecteren van peptiden. 

Huib, Celia en Karianne bedankt voor de prettige samenwerking tijdens de pogingen om TPPII 

te purificeren. Uit Leiden wil ik voor het werk met de butabindides, Wouter, bobby en Hermen 

bedanken en Jan Kessler en Mirjam voor de hulp om het endopeptidase verhaal tot een redelijk 

einde te brengen. Van de afdeling neurogenetica van het AMC wil ik Sidharta, Rob en Wiep 

bedanken voor jullie geduld als ik de Polarstar voor de zoveelste keer confisqueerde. Patrick en 

Jan (TU Delft), het project met de oligothiophenen was weer een leuke afwisseling. Patrick, we 

hebben in het verleden een hoop practica samen uitgevoerd, hier hadden we weer even een 

mooie herhaling. erg mooi om chemie en celbiologie zo te combineren. 

Verder moet ik de breukjes bedankten: Jan Stap voor hulp met de “life cell microscoop” en 

niet te vergeten alle exotische zaken die besteld moesten worden. Henk voor de EM, Ron H 

voor alles wat met computers te maken heeft en verder nog Jacob voor de existentiële levens- 

vragen. De oogjesgroep: Ilse, Rob, Martin, Ingeborg, Joanna en de John’s voor de gezeligheid op 

het lab. Iedereen van de dinsdagochtend werkbespreking, bedankt voor de nuttige commen-

taren. Maho, van de spits-groep, bedankt dat we elke keer iets mochten lenen als ons lab weer 

eens leeg was. Jan Wormmeester, bedankt voor alle zaken om de werkomgeving net weer iets 

beter te krijgen, evenals de versnaperingen op de donderdag avond. 

En dan de oude studiegenoten uit Groningen: Alex, behnam, Gertjan, Hendrie, Niels, Patrick 

en Wouter, de meesten van jullie zijn nu ook gepromoveerd of al een aardig stukje op weg. 

Gezamenlijke ondernemingen zoals bbq’en, catanen, en de inspecties van alle McSnacks op 

weg naar belgië en Duitsland waren altijd een welkome afleiding. Laten we dit nog maar vaak 

herhalen.  

Panta’s: Luuk, Joost, Saskia en Willem Jan. behalve WJ wonen we nu allemaal netjes in de 

Randstad en onze maandelijkse borrelavonden zijn een topmanier om een up-to-date te 

blijven. Bedankt voor jullie interesse en ik hoop dat de glaasjes port nog rijkelijk mogen vloeien. 

Vrienden van het eerste uur: Paul, Janine en Edzo ook bedankt voor jullie gezelligheid afgelopen 

drie decennia!

en dan mijn schoonfamilie die ons afgelopen jaren ongelofelijk gesteund hebben met onder 

andere verbouwen en welgemeende interesse. Kees, Ria, Helmi, Rik en tante Beppie bedankt! 

oom Henk jammer dat u het eindresultaat van dit boekje niet hebt kunnen zien, u had het vast 

erg mooi gevonden. 

Rene, ik was halverwege mijn promotie toen jij de diagnose ALS kreeg. Wel een rare speling van 

het lot dat ik net bezig ben met het onderzoeken van aggregatie ziekten. Ondanks dat je steeds 

minder kon doen, wist nog lang je interesse voor ons kenbaar te maken, bedankt. Jetske, Floor 

en thomas veel sterkte en succes toegewenst! 

Sippie bedankt voor alles en veel succes met de opleiding en promoties. Lieve pa & ma bedankt 

voor jullie steun afgelopen 30 jaar, ik had me geen betere ouders kunnen voorstellen. Lieve Joost, 

ook bedankt voor van alles, we blijven op bezoek komen en zeker als je naar Londen verhuist!

Allerliefste Lieke, mijn steun en toeverlaat, met jou ben ik aan het meest belangrijke en span-

nendste celbiologische experiment aller tijden begonnen! Laten we er met z’n drietjes wat 

leuks van maken. Joep, volgens mij ben je het eerste experiment dat in één keer goed werkte!  








