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Chapter 5

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-
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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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ry FIG
u

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. 

dF dK dLdD dPdA dC dY dT dEdE dTdN KK
Q

K dR dY

dF dK dLdD dPdA dC dY dEdE dTdN KK
Q

K dR dY

dF dK dLdD dPdA dC dY dEdTdN KK
Q

K dR dY

dF dK dLdD dPdA dC dY dEdT KK
Q

K dR dY

dF dK dLdD dPdA dC dY dE KK
Q

K dR dY

K

K K K K

K K

K K

K

A

B

Supplementary �gure 1

0 100 200 300 400 500 600 700
0

250

500

750

1000

1250

2K
3K
4K
5K
6K

Time (min)

N
or

m
al

iz
ed

 fl
uo

re
sc

en
ce

 (A
.U

.)

RR RQ RF RD
0

25

50

75

100

125
No inhibition
Cpp-AAF-pAb
Butabindide

N
or

m
al

iz
ed

 a
ct

iv
ity

 (%
)

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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Supplementary �gure 3Supplementary figure S3: The effect of 10 μM 
bestatin, 5 μM AAF-CMK, 100 μM E64 and 1 mM 
PMSF inhibition on the MHC class I recovery in 
HLA-A2, -A3, -A11 and –b8 single allele-expressing 
cells. The recovery of MHC class I presentation in 
the non-inhibited cells was set at 100%. data are the 
mean ± sd of 4 separate experiments.
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