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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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