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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
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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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