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A BST R A C T 
 

Tripeptidyl-peptidase II (TPP II) is a giant exopeptidase with an active site of the 
subtilisin-type. Its main function is to remove tripeptides from a free N-terminal end of 
longer peptides. TPP II is active at neutral pH and is dependent on the same catalytic 
triad as other subtilases, i.e. Asp-44, His-264 and Ser-449 (numbering for murine TPP II). 
Furthermore, Glu-331 has been shown to be important for binding the N-terminal amino 
group of the substrate. Besides its exopeptidase activity, TPP II also appears to have a 
low endopeptidase activity. The large subunit (138 kDa in humans) forms a 
"(&((%#!(&�+#�� 7,)#'�%�8� 0#-"� �� '�-#/��&(%��.%�+� 0�#!"- >4 MDa. Oligomerisation is 
essential for full enzymatic activity. The recently determined hybrid structure of the TPP 
II spindle from Drosophila melanogaster demonstrated that the active site is localized 
inside the spindle and that it is a self-compartmentalizing enzyme. TPP II is present in 
most eukaryotes, but has not been detected in archea and the homologous genes that 
appear in prokaryotes are suggested to be the result of a horizontal gene transfer. A role 
for TPP II in degradation of the neuropeptide cholecystokinin has been suggested, and the 
enzyme appears to be involved in trimming of some substrates for antigen presentation. 
However, considering its widespread distribution, this is probably not its main 
physiological function. A more reasonable assumption is that the enzyme has evolved to 
participate in a general protein turnover in the cytosol of most cells, presumably together 
with the proteasome and other peptidases. 
 
 
K eywords: Abbreviations: EM, electron microscopy; FRET, fluorescence resonance 
 energy transfer; ROS, reactive oxygen species; TPP II, tripeptidyl-peptidase II (the 
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species is indicated by a lower case letter, i.e. mTPP II for the murine enzyme, hTPP II 
for human TPP II and dTPP II for the enzyme from Drosophila melanogaster) 
 
 

IN T R O DU C T I O N 
 
It is now 30 years since this gigantic enzyme was discovered in rat liver. When searching 

for an enzyme responsible for the rapid hydrolysis of phosphorylated proteins, a hexapeptide 
corresponding to the phosphorylated site of pyruvate kinase, Arg-Arg-Ala-Ser(32P)-Val-Ala, 
was used as a probe. The enzyme that cleaved the Ala-Ser(32P)-bond was purified and 
characterized (1). It turned out to be a peptidase that removes tripeptides from a free N-
terminus, irrespective of phosphorylation status, and it was given the systematic name 
tripeptidyl-peptidase II (TPP II1). Despite the serendipitous discovery, the many interesting 
and unique features of TPP II have warranted its continued characterization. 

 
 

A C T I V I T Y A ND M E C H A NISM 
 
The most prominent function of TPP II is to sequentially remove tripeptides from the N-

terminus of longer peptides at neutral pH. Peptides with 5-41 amino acids can be cleaved 
(2,3), and the requirement for an unblocked N-terminus of both substrates and peptide 
inhibitors was noted early (1,2). The rate of cleavage varies 100-fold between different 
substrates, and is dependent not only on the sequence of the tripeptides to be removed, but 
also on the length of the substrate. This was shown when the N-terminal Tyr-Gly-Gly 
tripeptide was released faster from Dynorphin (1-8) than from Dyn A (1-5) or Dyn A (1-6) 
(4). There is a preference for cleaving after hydrophobic amino acids (2), and with the 
exopeptidase activity TPP II cannot cleave either before or after a proline residue (2). 
However, in addition to the dominating exopeptidase activity, TPP II also has a low 
endopeptidase activity. This was first demonstrated by Geier et al. (3) and later it was shown 
that a specific epitope for antigen presentation was formed as a result of the endopeptidase 
activity (5). The endopeptidase activity of TPP II has been proposed to cleave preferentially 
after positively charged amino acids and can also hydrolyse prolyl-bonds (3,5). However, we 
have investigated the endopeptidase specificity using different peptides. When identifying the 
hydrolysis products through mass spectrometry, there were no clear patterns and no 
significant preference for cleaving after positively charged amino acids could be discerned, 
suggesting that the endopeptidase activity is more promiscuous than previously reported (6). 
Moreover, when measuring the catalytic efficiency of the endopeptidase activity using a 
FRET-substrate it was found to be 4-5 orders of magnitudes lower than for the exopeptidase 
activity (6). Thus, the rate of hydrolysis of the endopeptidase activity is so low that its 
physiological significance can be questioned. 

TPP II is a serine peptidase of the subtilisin-type (2,7) with Asp-44, His-264 and Ser-449, 
together with Asn-362, (numbering for murine TPP II, mTPP II) being essential for catalytic 
activity (8). The mechanism for the exopeptidase activity, i.e. why TPP II removes tripeptides 
and not longer or shorter peptides, has been determined. This ability has been shown to be 
reliant on at least one glutamate residue in the S3 part of the active site, Glu-331 (mTPP II 
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numbering) (9), which interacts with the positively charged N-terminus. Mutation of Glu-331 
into glutamine in the murine enzyme causes a more than hundredfold decrease in catalytic 
efficiency, primarily as a result of an increase in KM. The corresponding alteration of the 
nearby residue Glu-305 results in a more than 104-fold decrease in catalytic efficiency (9). In 
TPP II from Drosophila melanogaster (dTPP II), both mutation of Glu-312 and Glu-343 
(corresponding to Glu-305 and Glu-331 in mTPP II, respectively) have a similar effect, with a 
103-105 fold decrease in catalytic efficiency (10). However, the effect on KM was more 
pronounced in the E343Q variant.  

 
 

T H E ST RU C T UR E O F TPP I I 
 
The catalytic domain of TPP II constitutes only a minor part of the protein. Much of the 

rest of the peptide chain, 1249 amino acid residues in mTPP II, is involved in the 
oligomerisation.  

 
a) b) 

 
c) d) 

 
 

Figure 1. The structure of TPP II at different scales and from different perspectives. A, The 40-&�+�7,)#'�%�8��
of dTPP II as determined by EM (EMDataBank ID: EMD-1732 (10,67)). The repetitive units are dimers, and 
the size of the spindle is approximately 60×28 nm (18). B, Crystal structure of the monomer of dTPP II (10) 
(PDB ID: 3LXU), with the following colour scheme: catalytic domain, yellow; DH-insert, orange; central 
domain, green; helix domain, blue. The residues of the catalytic triad are displayed in red. C, Crystal structure 
of the active site ( ����������2�%%(0���'��-"�-�( �,.�-#%#,#'���8��!+�2����������������0#-"�-"����-�%2-#��
triads displayed in ball-and stick. The arrow indicates the beta-sheet hairpin in subtilisin that corresponds to 
-"��.',-+.�-.+������%(()�#'���������������%�#.&��#'�#'!�,#-��( �,.�-#%#,#'���8��!+�2���'��-"���(++�,)('�#'!�
region of dTPP II (yellow). The arrow indicates the same hairpin as in C. Figures B-D were prepared using 
Chimera (68). 
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This results in the formation of a giant oligomeric complex with a Mr exceeding 4 106, 
making this one of the largest known molecular machines (Figure 1A). Because of its size, 
TPP II has not been easy to study. The first structure was determined by EM and revealed a 
double-bow or spindle-like structure of approximately 50 nm built up from repetitive units 
(11). However, it was not until 23 years later that a crystal structure of the dTPP II dimer 
could be solved. Together with a high-resolution cryo-EM map a hybrid structure of the entire 
dTPP II spindle was created (10). 

 
 

Primary Structure 
 
The peptide chain forming the TPP II monomer has several features that distinguishes it 

from bacterial subtilisin. Even though it lacks the prepropeptide of subtilisin, the length 
ranges between 900 and 1400 amino acid residues, dependent on species (12), compared to 
-"���	��+�,#�.�,�( �&�-.+��,.�-#%#,#'���8���"�����#-#('�%�+esidues consists of a ~200 amino 
acid residues insert, called the DH-insert, which is merged into the subtilisin-like catalytic 
domain between the catalytic aspartate and histidine and a C-terminal extension of at least 
500 amino acids. Neither of these additions display sequence homology to other proteins in 
the current databases, and are not expected to be involved in any catalysis (12). Instead, it 
appears likely that they are involved in the formation of the quaternary structure (10,13). 
There is one characterized splicing variant with 13 extra amino acids in the C-terminal 
extension of mammalian TPP II. The extra amino acids affect the complex formation, 
resulting in an even larger structure in addition to the oligomeric complex of normal size (14). 

 
 

Secondary and T ertiary Structure 
 
The TPP II peptide chain is folded into a >130 kDa monomer. Given the length of the 

peptide chain it is somewhat surprising that TPP II appears to be able to fold unassisted, even 
when expressed in a foreign host such as Escherichia coli (15). However, once denatured by 
e.g. chaotropic salts, it does not refold at a measurable rate (Eklund and Tomkinson, 
unpublished observation). This suggests a need for non-specific chaperones, or a sequential 
folding mechanism where the N-terminal domains form before the synthesis of the entire 
peptide chain is complete. It is interesting to note that subtilisin is dependent on its propeptide 
for folding (16), while TPP II apparently is able to fold without this. 

Following the elucidation of the crystal structure of the dTPP II dimer, it was apparent 
that the DH-insert formed a separate domain and the C-terminal extension two domains: one 
central domain rich in beta-sheets and one C-terminal 12-helix bundle formed together with 
part of the DH-insert (10) (Figure 1����"��&('(&�+� (+&,���,"(+-�7,)(('8��0#-"�-"����-#/��
site inside the bowl (Figure 1B). However, monomers are rarely encountered (15,17), and 
appear to be unstable and less active than dimers. Instead, monomers quickly assemble into 
dimers in a head-to-head fashion (18). 
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Quaternary Structure 
 
TPP II is dependent on complex formation for full activity (11,15,17). Dimers form 

extensive interactions between the central domains of the two monomers as well as part of the 
C-terminal helix domain. To form the oligomeric complex, dimers stack on top of one another 
into long strands (Fig 1A). Extensive contacts are made between dimers in the strand, 
involving all domains of the protein. Before the release of the hybrid structure, it was noted 
that mutation of Gly-252 (mTPP II numbering) into arginine resulted in disruption of 
complex formation (13). Nevertheless, complex formation might proceed if the dimer 
concentration is sufficiently high (15). Gly-252 is positioned in the DH-insert, but 
surprisingly, there are no direct interactions between this residue and the neighbouring dimer 
in the hybrid structure (10). However, it is possible to envisage that such a bulky residue as 
arginine might come in contact with the neighbouring dimer, and thus disturb complex 
formation. 

The enzymatic activity is 8% of full activity in dimers, increases to 67% in hexamers and 
approaches 100% at a mass corresponding to 8-10 dimers (15). Clearly, the oligomerisation 
results in activation, but the exact mechanism has not yet been determined. In the crystallized 
dimers, the catalytic serine residue is displaced as a result of partial unfolding of an -helix 
and binding of the nearby L2 loop to the active site (10) (Figure 1C). This is probably why 
the crystallized dimers are inactive. It is, however, unclear whether this is the conformation of 
dimers in solution, since these retain approximately 10% of the full activity (15,17). It has 
been proposed that the L2 loop and the -helix containing the catalytic serine are very 
flexible in the dimer, with 90% of the dimers in a conformation unfavourable for catalysis. 
When dimers associate, the L2 loop interacts with a loop in the central domain of the 
adjoining dimer, and the catalytic serine is fixed in a position suitable for catalysis (10). 
However, this hypothesis remains to be tested to exclude the possibility that the displaced L2 
loop is an artefact of the crystallization process. 

The active site is secluded in the oligomeric complex, and is only accessible via a cavity 
system. Thus, a potential substrate would have to traverse 120 Å through openings of 32 15 
Å and 22 20 Å (10). This effectively excludes bulky substrates, such as folded proteins, from 
being degraded by TPP II. As no other mechanism of regulation has been reported, it has been 
proposed that this self-compartmentalization is a way to protect the cell from unhindered 
proteolysis by this particular enzyme (10,13). 

�"��7,)#'�%�8��(',#,-,�( �-0(�,-+�'�,�( �
-10 dimers, depending on species (Fig 1A). The 
,-+�'�,��+��%(�$���-(!�-"�+��-��(-"��'�,��2�7�%�&),8��#�����#&�+,�0#-"����#  �+�'-��onformation 
in part of the DH-insert, and where the flexible loop connecting the central domain and the C-
terminal 12-helix bundle appears to be in a fixed position (10). The function of the strand 
association is unclear, since the cavity system is formed separately within each strand of 
dimers. It is not required for full activity, as separate strands and larger, presumably 
7.'�%�&)��8��(&)%�1�,��))��+�-(���� .%%2���-#/��(15,18). One possibility is that it protects the 
enzyme itself from degradation���,�-"��7,)#'�%�8��))��+,�-(����&(+��,-��%��-"�'�%('��,-+�'�,�
(18). 
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T H E E V O L U T I O N O F TPP I I 
 
As stated before, there are many differences between TPP II and other subtilisin-like 

serine )�)-#��,�,���"�� ���-�+#�%� ,.�-#%#,#'���8��0"#�"�"�,� ,�+/��� �,� �'� �+�"�-2)��  (+� -"#,�
family, is a monomeric, secreted endopeptidase. In contrast, TPP II is a cytosolic 
exopeptidase, albeit with a low endopeptidase activity. The exopeptidase activity has the 
�.+#(.,���#%#-2�-(�7&��,.+�8�-"��,.�,-+�-�, always cleaving three amino acid residues from the 
N-terminus. It is clear that TPP II has evolved significantly from the subtilases of the last 
common ancestor, and in this section we will explore what alterations must have occurred 
through time. 

���"�/���� #'�����7-+.�8��������"(&(%(!.���,��'��'32&� that: i) is capable of degrading 
peptides to tripeptides, ii) has a subtilisin-like catalytic domain with a DH-insert and C-
terminal extension and iii) forms a large, oligomeric complex (12). The fulfilment of the first 
of these criteria might be inferred from the presence of two glutamate residues, Glu-305 and -
331 in mTPP II (9), as discussed under Activity and mechanism above. While the presence of 
these glutamates cannot be taken as proof of an existing tripeptidyl-peptidase activity, their 
absence makes the existence of such an activity highly unlikely. 

The fulfilment of the second criterion, the presence of a DH-insert and C-terminal 
extension, is much more easily identified in the amino acid sequence than the tripeptidyl-
peptidase activity. However, these parts of the enzyme are much less conserved than the 
catalytic domain, even between the established TPP II members, i.e. enzyme from yeast, 
plant, insect and mammals that have been characterized in vitro (1,2,12,14,19521). Because 
of this, classification of possible bacterial and archeal subtilases as TPP II homologues is 
difficult. One recent study used hidden Markov models to look for possible homologues, and 
discovered some prokaryotic sequences of potential interest (22). The authors concluded that 
a primitive form of TPP II, containing part of the central domain, was present in the last 
universal common ancestor. A phylogenetic analysis of some representative sequences from 
this investigation revealed an interesting trend (Figure 2). It shows that the base of the tree, 
�%(,�,-� -(� ,.�-#%#,#'� ��8�� +�)+�,�'-,� ,�*.�'��,� 0#-"� )�+t of the central, beta-sheet-rich 
domain in addition to the catalytic domain. After these, a branch of sequences containing a 
DH-insert as well as central domain makes up the rest of the tree. Full-length TPP II, 
containing also the C-terminal 12-helix bundle, cluster together on one sub-branch. The full-
length sequences are the only ones where the glutamate residues essential for the tripeptidyl-
peptidase activity are present. Both prokaryotic and eukaryotic sequences are distributed 
throughout the tree, indicating a broad distribution of subtilases with domains similar to those 
of TPP II. Curiously, the prokaryote Planctomyces brasiliensis contains a full-length TPP II. 
This sequence appears to be more closely related to hTPP II than dTPP II is, and has been 
suggested to be the result of a horizontal gene transfer from a eukaryote to the bacteria P. 
brasiliensis (22). A TPP II homologue resulting from horizontal gene transfer has also been 
documented in Blastopirellula marina (12), which is within the same family as P. 
brasiliensis. However, in the case of B. marina, the sequence appeared to originate from a 
plant, whereas the P. brasiliensis sequence appears to stem from a chordate, so these could 
not reflect the same event. Also, Glu-331, which is essential for TPP activity, is conserved in 
the P. brasiliensis sequence, although this was not the case for the B. marina TPP II 
homologue (12). The full-length TPP II thus seems to have emerged in a primitive eukaryote. 
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Our third criterion for true TPP II homologues, the formation of an oligomeric complex, 
cannot be directly inferred from sequence data. As with the exopeptidase activity, the best we 
can do is to eliminate sequences that most likely do not fulfil this criterion. Because all 
domains of TPP II are involved in oligomerisation, any sequence obviously lacking one 
domain, such as the C-terminal 12-helix bundle, would not be expected to have the same 
quaternary structure.  

 

 

Figure 2. Evolution of TPP II. Phylogenetic tree of subtilisin-like serine proteases from all domains of life. 
Sequences with only part of the central domain are shown in brown, enzymes with part of the central domain 
and the DH-insert in orange, and full-length TPP II in red. Asterisks mark the sequences with the conserved 
glutamate residues important for tripeptidyl-peptidase activity. Eukaryotic sequences are underlined, archeal 
sequences are underlined with double lines and remaining sequences are bacterial. The analysis is based on a 
set of representative sequences detected as TPP II homologues in a recent work (22), and was conducted in 
PHYLIP 3.67 using the Protpars subprogram, on a multiple sequence analysis performed in ProbCons 
(69,70). Bootstrap values below 90% are shown beside branches. 

Thus, only the full-length sequences (red in Figure 2) of eukaryotic TPP II homologues 
and the prokaryotic sequences suspected to be the result of horizontal gene transfer would be 
considered true TPP II homologues according to our previous definition (12). 

�.�-#%#,#'���8�+�%#�,�('�-"���#'�#'!�( ���2+ for stability; it is only marginally stable in 
the absence of calcium (23). In contrast, TPP II is not known to possess a Ca2+-binding site. 
The loss of the calcium-binding site may serve as an adaptation to the cytosolic environment, 
where calcium levels are usually low. The loop in dTPP II corresponding to the Ca2+-binding 
,#-��#'�,.�-#%#,#'���8��+�,#�.�, 283-291, dTPP II numbering) is in a different conformation 
(Figure 1D). Furthermore, the beta-sheet hairpin corresponding to the unstructured L2 loop in 
the dTPP II dimer is close to this site (Figure 1D). As has already been discussed under 
Quaternary structure, L2 has been implicated in the activation of TPP II during 
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oligomerisation. Whether there is a role in the activation mechanism also for the 283-291 
loop remains to be investigated. It appears reasonable to assume that complex formation has 
replaced Ca2+-binding as a way of activating and stabilizing the enzyme. 

 
 

What Came F irst � Exopeptidase Activity 
or Complex Formation? 

 
In order to understand why TPP II is dependent on the formation of such a large 

oligomeric complex, it could be helpful to consider its evolution. One question regarding the 
evolution of TPP II that has yet to be addressed is whether the exopeptidase activity or 
oligomerisation arose first. Since neither a TPP II homologue that forms an oligomeric 
complex but does not possess tripeptidyl-peptidase activity, nor a homologue with TPP II-like 
activity that does not form the complex has been encountered, the order can only be guessed. 
It has been suggested that the last common ancestor contained a subtilase with part of the 
central domain (22). However, our present work suggests that this subtilase contained a DH-
insert as well (Figure 2). This protein has subsequently lost the signal peptide, acquired a full 
central domain and helix domain, as well as features such as complex formation and 
exopeptidase activity. In addition, the calcium dependence must have been lost at some point 
during this process. It can be speculated that the first cytosolic TPP II precursor still was 
dependent on calcium, thus sparing the cell from unhindered proteolysis. Complex formation 
might have arisen as a means of regaining structural stability, and thus activity, in the 
cytosolic environment without endangering the proteins of the cell. Thus, an endopeptidase 
could have arisen that would have been sufficiently useful to the cell in order not to be 
counter selected. Subsequently, this enzyme could evolve an exopeptidase activity and a more 
complex quaternary structure. In accordance with this model, we hypothesise that at least 
some of the quaternary structure of TPP II evolved before the shift in activity towards 
exopeptidase was introduced. It is interesting to note that functional homologues of TPP II 
have evolved that also have complex oligomeric structures. For example, in archea the 
proteasome works in tandem with a large peptidase complex called the Tricorn protease, 
which is a hexameric complex of 720 kDa and, like TPP II, releases tripeptides (24). Whereas 
it makes sense that cytosolic endopeptidases are self-compartmentalizing enzymes (25), the 
need for cells to protect themselves against exopeptidases is not self-evident. Nevertheless, 
several examples of self-compartmentalizing exopeptidases exist, such as TET (tetrahedral 
aminopeptidase) (26), bleomycin hydrolase (27), DppA (28) and leucine aminopeptidase (29). 
Evidently there seems to be some kind of evolutionary pressure towards their formation. 

 
 

T H E F UN C T I O N O F TPP I I 
 

Intracellular Protein Turnover 
 
The function of TPP II must have played an important role in the evolution of the 

enzyme, but the physiological function of TPP II is still not completely clear. Given the 
widespread distribution of TPP II, the most plausible function of TPP II is a house-keeping 
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role in intracellular protein turnover (30532). All eukaryotic cells have the ubiquitin-
proteasome system that selects substrates for degradation and initiates the process. However, 
the proteasome does not degrade its substrates completely into free amino acids, but forms 
peptides that vary in length from 3 to 22-mers (33). These peptides are expected to be prime 
candidate substrates for TPP II that would perform degradation into mainly tripeptides. These 
would in turn be good substrates for other exopeptidases in the cytosol and subsequently 
completely degraded into free amino acids. In vivo, it appears that peptides > 14 amino acids 
are dependent on TPP II for their degradation (34,35). There is a certain amount of 
redundancy in the system of intracellular protein breakdown, and a number of peptidases with 
overlapping specificities exist. Thimet oligopeptidase (TOP), for example, is an enzyme that 
has been ascribed an important function down-stream of the proteasome (36). This is 
supported by the fact that TPP II can be deleted from a number of organisms, such as the 
fission yeast Schizosachharomyces pombe (12), Arabidopsis thaliana (20) and mice (37), 
without an obvious phenotype. Nevertheless, the presumed housekeeping role of TPP II does 
not exclude that it also has more specific functions. Some examples will be given below. 

 
 

Degradation of C C K  
 
A membrane-bound form of TPP II has been demonstrated to cleave and inactivate 

cholecystokinin (CCK) (38). CCK is a family of neuropeptides involved in a number of 
different processes, mainly in regulating food-intake and mediating satiety. There appears to 
be a partly overlapping distribution of CCK and TPP II in brain from rat (39), human and 
monkey (40), which could support this potential role of TPP II. Indeed, a specific inhibitor of 
TPP II, butabindide, was developed and could reduce food intake in mice. The effect was 
mediated through the CCKA type of receptors, thus demonstrating that TPP II can inactivate 
CCK in vivo (38). Attempts have subsequently been made to improve this inhibitor with 
respect to stability and efficiency (41,42). However, to our knowledge, no publications of 
clinical trials using any inhibitors of TPP II for treating over-eating syndromes have yet been 
published. Interestingly enough, a potential role for TPP II in stimulating fat formation has 
been reported, although this appears to be independent on the enzymatic activity of TPP II 
and not related to its effect on CCK (43). Furthermore, mice with a heterozygous TPP II 
deletion were found to be lean, but not as a result of reduced food intake (43). However, this 
observation could not be confirmed by investigations on homozygous TPP II-deficient mice 
(37,44). 

 
 

Antigen-Presentation 
 
A number of different studies have been undertaken to elucidate the role of TPP II in 

antigen presentation, but the results obtained are somewhat contradictory (45547). For 
example, an essential role of TPP II in trimming the N-terminus of some long antigenic 
precursors has been shown (34,35,48), but it is dispensable in trimming others (49,50). 
Furthermore, a specific epitope of the HIV-protein Nef can be formed by TPP II in a 
proteasome-independent way (5), but TPP II has not been found to be involved in forming 
(-"�+� 7)+(-��,(&�-#'��)�'��'-8� �)#-()�, (46). Judging from experiments with knockout 
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mice, it appears that the main contribution of TPP II is in destroying antigenic epitopes rather 
than creating them (37,51). This would also be in line with the housekeeping function of TPP 
II. 

 
 

Mitosis and Cancer 
 
An important role for TPP II in tumour progression has been suggested, although the 

mechanism behind this has not yet been elucidated. It has been found that the amount of TPP 
��� #,� #'�+��,��� #'� ,(&�� -.&(.+� ��%%,� %#$�� .+$#--8,� %2&)"(&� (52) and also in EL-4 cells 
isolated from rapidly growing tumours (53). Moreover, over-expression of TPP II has been 
shown to increase the rate of cell-proliferation and correlate with genetic defects such as 
chromosomal aberrations and an increased number of centrosomes (54). A recent finding 
showed that TPP II is essential for c-myc induced centriole overduplication (55), although the 
exact function of the enzyme in this process could not be established. 

An involvement in apoptosis could explain the role of TPP II in tumour progression. 
Evidently, TPP II allows cells to avoid apoptosis and proceed through activated cell-cycle 
check-points (56). This could be because IAPs (inhibitors of apoptosis protein) are stabilized 
in cells with a high expression of TPP II and low proteasome activity (53). In contrast to these 
findings, TPP II depletion had no effect on cell proliferation in experiments with cells 
overexpressing c-myc or ras, and the authors concluded that TPP II is not generally important 
for viability of transformed cells (57). Nevertheless, the same group noted increased apoptosis 
of TPP II-deficient activated CD8+ T cells  (%%(0#'!�:-irradiation (58). The involvement of 
TPP II in apoptosis is also supported by experiments with knockout mice, where it seems that 
the animals die prematurely due to early onset of apoptosis in some white blood cells (44). It 
should be noted, however, that this phenotype was not observed in a gene-trapped model (37). 

Another possible mechanism for the involvement of TPP II in tumour progression is its 
function in stress response, although this is quite controversial. Glas and co-workers showed 
that TPP II translocates into the nucleus in response -(�:-irradiation in eight out of ten cell 
lines investigated (59,60). This translocation was inhibited by the peptide Z-Gly-Leu-Ala and 
correlated to reduced p53 levels. The results were challenged by Tsurumi et al, who could not 
detect an important role for TPP II in p53 mediated damage response (57). However, new 
data demonstrated that the nuclear translocation in response to stress is ROS-dependent and 
mediated through the MAP-kinase pathway (61). Even though some of the discrepancies can 
be explained by different cell densities and different levels of ROS (32), it is evident that 
further experiments are needed to understand the exact function of TPP II in the stress 
response in cells. 

Taken together, the results suggest that the importance of TPP II for cell-proliferation and 
apoptosis is dependent on the cellular environment. It could well be that the system for 
intracellular proteolysis is redundant under normal conditions and therefore not crucially 
dependent on TPP II. However, in situations of stress there is an increased dependence on 
protein breakdown and the presence of TPP II thus becomes critical. This is supported by the 
fact that the amount of TPP II is increased in various stress situations, for example in skeletal 
muscle in sepsis (62), and in EL4 cells adapted to high concentrations of proteasome 
inhibitors (3,63). If the amount of the proteasome is reduced, which is the case in certain 
cancer types e.g Burkitts lymphoma (52), the dependence on TPP II could be increased. 



Structure, Function and Evolution of a Giant Enzyme 4 65 

Although it has been suggested that TPP II could compensate for loss of proteasomal activity 
(3,63565) it is clear that it cannot substitute completely for the proteasome (66). Decreased 
proteasomal activity could lead to a changed repertoire of substrates being degraded and 
possibly explain the stabilization of some proteasome substrates like IAPs (53). It is possible 
that the observed difference of the phenotype of knockout mice could also be a result of 
different levels of stress. The animals in the study by Huai et al. show signs of an 
inflammatory response, which could be why they are more affected than the mice in the study 
by Kawahara et al. (37,44). An alternative explanation to the observed differences in 
phenotype could be the residual TPP II activity in the gene-trapped mice (37). Future 
investigations will most likely shed more light on the exact physiological function of TPP II 
in stress situations as well as under normal conditions. 

 
 

C O N C L USI O N 
 
With new sequence data and structural information regarding TPP II, an understanding of 

the function and evolution of this gigantic exopeptidase has started to emerge. The evolution 
of TPP II is a clear example of the evolution of a new function from an ancient enzyme. It is 
believed that the oligomeric structure has evolved to protect cells from unlimited proteolysis, 
and we hypothesize that this happened before the shift to exopeptidase activity. While TPP II 
evolved primarily to take part in intracellular protein degradation, it can sometimes fulfil 
other, more specific functions in neuropeptide degradation, apoptosis and stress-response. 
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