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Tripeptidyl peptidase II (TPPII) is a serine peptidase which is involved in various cellular 

processes including antigen processing, cell growth and clearance of cholecystokinin 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

of TPPII [15].

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

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

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

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

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

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

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

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

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

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

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

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

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

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

degraded by the proteasome and many aminopeptidases. 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

essential function in various cellular processes. 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

E64 does not seem to be involved in its inhibition. 

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

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

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

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

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

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

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

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

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

inhibited.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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



chapter 4

50

mM NaCl, were pooled and further purified by size-exclusion chromatography (supplementary 

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

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

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

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

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

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

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

hydrolyzing peptidases. 

Design and synthesis of butabindide analogues 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

butabindide impair its inhibitory effect. 

the ic50 values for butabinde, boron-butabindide and AAF-CMK were ~12 nM, 90 nM and 1 
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Figure 2: AAF-AMC hydrolysis by purified TPPII. AAF-AMC (100 
μM) hydrolysis by purified TPPII in the presence or absence of 
MG132, E64, bestatin, butabindide or AAF-CMK at the indicated 
concentrations. 
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nM, respectively (figure 3A). boronic-ester and -acid moieties are usually applied to generate 

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

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

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

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

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

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

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

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

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

butabindide (figure 3b). 

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

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

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

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

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

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

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

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

aminopeptidases. 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

(>100 μM) (figure 3b and 4A, b). 

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

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

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

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

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

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

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

Figure 4: Selectivity of boron-butabindide as inhibitor of L-AMC and AAF-AMC hydrolysis by purified TPPII 
and live Mel JuSo cells. a) Dose-response curve of the hydrolysis of 100 μM L-AMC by Mel JuSo lysates in the 
presence of the indicated concentrations of boron-butabindide (blue line). Dose-response curves of hydroly-
sis of AAF-AMC by purified TPPII (red), Mel JuSo lysates (yellow) and Mel JuSo lysates pre-incubated with 10 
μM bestatin (orange) (identical curves as in Fig. 3D). B) Percentage of AAF-AMC hydrolysis by Mel JuSo cells 
pre-incubated with the indicated concentrations of butabindide, boron-butabindide, bestatin, butabindide 
and bestatin or boron-butabindide and bestatin for one and four hours before 100 μM AAF-AMC was added. 
AMC fluorescence intensity was determined after 60 minutes incubation.



chapter 4

54

wild-type MEF lysates the hydrolysis of butabindide-AMC was not affected by the inhibition of 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

ogenic substrate for TPPII, we show that AAF-AMC is mainly hydrolyzed by bestatin-

sensitive aminopeptidases, both in lysates and in living cells. In order to measure TPPII 

activity in lysates and in living cells using AAF-AMC, preincubation with bestatin is a 

prerequisite, which has been done by Saric et al. [24] but not in many other studies. 

The lack of specificity of AAF-AMC may explain why many TPPII siRNA constructs show 

only little inhibitory effect on AAF-AMC hydrolysis (unpublished results). Another reason 

may be the long half live of TPPII. Anyway, the fluorogenic substrate butabindide-AMC 

turned out to be a more specific substrate for TPPII, as hydrolysis is not affected by other 

classes of inhibitors and can be used in the absence of bestatin.

To improve the inhibitory effects of the reported instable butabindide, we used two strategies. 

First, we planned to prevent cyclization by altering the N-terminal amine, which is opposite 

to the strategy used by breslin et al. [20], which prevented cyclization by adding imidazoles at 

the c-terminus of butabindide. these imidazol-butabindides have ic
50 values as low as 4 nM, 

but are for reasons unknown to us not yet commercially available. unfortunately, the butab-

indide variants protected at the N-terminus showed no improvement in TPPII inhibition either 

in cell lysates or with purified TPPII. An explanation may be that the hydrogen atoms from the 

N-terminal amine are normally used for hydrogen-bridge interactions with the amino acids 

Asp43 and Thr333 of TPPII [25]. Replacement of these hydrogen atoms by a methyl or ethyl 

group results in a butabindide that lacks these hydrogen-bridge interactions and thereby loses 

its specificity for TPPII. 

We also generated a group of butabindide analogues that contained various moieties that 

covalently bind to the active site of the interacting peptidase, a strategy which was previously 

used to synthesize irreversible proteasome inhibitors. Here, the boron-butabindide showed to 
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be a potent and semi-specific TPPII inhibitor at low concentrations, whereas other aminopepti-

dases were inhibited at higher concentrations as well. 

in conclusion, the butabindide analogues, boron-butabindide and butabindide-AMc can be 

used as a selective inhibitor and substrate, respectively, to determine the effects of TPPII on 

cellular processes such as antigen processing [6], cell growth and clearance of aggregation 

prone fragments [26-28]. 
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Chemicals and reagents
The following fluorogenic substrates were used: H-AAF-AMC (bachem, bubendorf, Switzerland), 
the general aminopeptidase substrate Leu-AMC, Ala-AMC and the proteasome-specific substrate 
LLVy-AMC (Peptide Inst., Osaka, Japan). The inhibitors AAF-CMK, E64, bestatin and MG132 were 
purchased from Enzo Life Sciences (Farmingdale, Ny, USA). The inhibitors Z-GLA-OH and PMSF were 
purchased from Bachem, butabindide from tocris Biosciences (ellisville, Mo, usA) and phenanthro-
line from sigma (st. Louis, Mo, usA). 

Synthesis of inhibitors and butabindide-AMC

See supplementary text and supplementary figure S2.

Cell culture and DNA constructs
Human embryonic kidney cells (HEK293T) and Mel JuSo fibroblasts were cultured in IMDM (Invitrogen, 
Carlsbad, CA, USA) supplemented with 10% fetal calf serum (FCS) and penicillin/streptomycin/L-glutamine. 
The cells were transiently transfected with Fugene6 (Roche, basel, Switzerland). TPP+/+ and tPPii-/- MEF cells 
were grown in DMEM (Invitrogen) supplemented with 20% FCS and L-glutamine. 
A human TPPII containing plasmid was kindly provided by Dr. birgitta Tomkinson (Uppsala University, 
Uppsala, Sweden). This construct has an arginine at position 252 which affects complex formation [21]. To 
obtain wild-type TPPII, QuickChange Site-Directed Mutagenisis (Stratagene, La Jolla, CA, USA) and primers 
(forward) 5’-cgttaatatatacgatgatggaaacctgctctccattgtg-‘3 and (reverse) 5’-cacaatggagagcaggtttccatctcg-
tatatattaacg-‘3 were used to restore the Arg to a Gly residue. The pcDNA3-hsTPPII-R252G mutant was 
confirmed by sequence analysis. butabindide-AMC hydrolysis in living cells was visualized in Mel JuSo cells 
using a confocal microscope (SP2; Leica, Mannheim, Germany) using a 63x objective and excitation at 405 
nm and emission at 460 nm.

Preparation of crude cell extracts
Mel JuSo cells were washed with phosphate-buffered saline (PbS, Invitrogen) and resuspended in 500 μl 
KMH-buffer (110 mM KAc, 2 mM MgAc, and 20 mM HEPES-KOH, pH 7.2) containing 100 μM digitonin. 
Cells were incubated for 30 minutes at 4°C, followed by centrifugation at 15 min, 20,800 xg at 4°C in a 
5417R centrigufe (Eppendorf, Walldorf, Germany) to remove all membrane and nuclear fractions. Protein 
concentrations were determined by the bradford colorimetric protein assay. Protein lysates (~10 μg) were 
suspended in PbS in 96-wells plates and pre-incubated with inhibitors for 30 minutes before fluorogenic 
substrates were added. AMC (100 μM) fluorescence was measured with a Polarstar Galaxy (bMG Labtech, 
Offenburg, Germany) using 390 nm excitation and 460 nm emission.

Purification of TPPII
HEK293T cells transiently overexpressing TPPII (160x106 cells) were collected in 20 mM Tris pH7.4, 1 mM 
DTT, 1 mM ATP and 10% glycerol, and fractionated by mechanical stress using a dounce cell homogenizer. 
Fractionated cells were centrifuged for 15 min, 3400 xg at 4°C in a beckman centrifuge (beckman Coulter, 
brea, CA, USA). both the pellet and supernatant were tested for AAF-AMC-hydrolyzing activity to detect 
TPPII activity. The supernatant was incubated in 2 g pre-activated (20 mM Tris pH 7.4) Sephadex-beads 
(anion exchange) (GE-healthcare, Waukesha, WI, USA) for 3 hours at 4°C. Proteins were eluted with in-
creasing NaCl concentrations in 20 mM Tris pH 7.4, 1 mM DTT, 1 mM ATP and 10% glycerol. The eluted 
fractions were assayed for AAF-AMC-hydrolyzing activity. The highest AAF-AMC-hydrolyzing fractions were 
further purified by size exclusion using a Sephadex G-100 column (GE-healthcare). Total protein content 
was analyzed on a 10% polyacrylamide gel by coomassie blue staining. Proteasome activity was determined 
with fluorescent proteasome probes as described [22], and the presence of TPPII protein was confirmed 
by mass spectrometry.  
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Butabindide analogues and butabindide-AMC synthesis

General
All reagents were commercial grade and were used as received unless indicated otherwise. toluene 
(tol.) (purum), ethyl acetate (etoAc) (puriss.), and light petroleum ether (Petet) (puriss.) were 
obtained from Riedel-de Haën and were distilled prior to use. Dichloromethane (DCM), dimethyl 
formamide (DMF), and dioxane (biosolve) were stored on 4 Å molecular sieves. Tetrahydrofuran 
(THF) (biosolve) was distilled from LiAlH4 prior to use. Reactions were conducted under an argon at-
mosphere. Reactions were monitored by TLC analysis by using DC-fertigfolien (Schleicher & Schuell, 
F1500, LS254) or Merck aluminium sheets precoated with silica gel 60 F254 with detection by 
UV absorption (254 nm), spraying with 20% H2so4 in ethanol, followed by charring at ~150°C; by 
spraying with a solution of (NH4)6Mo7o24c4H2O (25 g/L) and (NH4)4ce(so4)4c2H2o (10 g/L) in 10% 
sulfuric acid, followed by charring at ~150˚C; or by spraying with an aqueous solution of KMnO4 

(7%) and KOH (2%). Column chromatography was performed on Screening devices (0.040–0.063 
nm). LC/MS analysis was performed on a LCQ Advantage Max (Thermo Finnigan) equipped with 
an Gemini C18 column (Phenomenex), gradient 10% → 90% ACN/(0.1% TFA/H2O) in 15 minutes 
(System A) or on a Waters 2795 Seperation Module (Alliance HT), Waters 2996 Photodiode Array 
Detector (190 – 750 nm), an LCTTM Orthogonal Acceleration Time of Flight Mass Spectrometer 
and a Waters Atlantis T3 C18 column, 2.1 x 100 mm, 3 μM), gradient 5% buffer b (1% water, 0.1% 
formic acid in cH3CN) and 95% buffer A (1% CH3CN in 0.1% aqueous formic acid) to 95% buffer 

b and 5% buffer A in 20 min. (System b). HRMS were recorded on a LTQ Orbitrap (Thermo Finnigan). 
Nuclear magnetic resonance spectra (1H-nMR, 13c-nMR, cosY and HsQc) were determined in deuter-
ated methanol (Meod-d4, 1H reference δ 4.87 ppm; 13C reference δ 49.15 ppm) or deuterated chloroform 
(cdcl3, 

1H reference δ 7.26 ppm; 13C reference δ 77.00 ppm) using a bruker Avance-III 300 Spectrometer 
(300/75 MHz), bruker DPX-300 (300/75 MHz), bruker AV-400 (400/100 MHz) equipped with a pulsed field 
gradient accessory or a bruker AV-500 (500/125 MHz) at 298K unless indicated otherwise. Peak shapes 
in the nMR spectra are indicated with the symbols ‘d’ (doublet), ‘dd’ (double doublet), ‘s’ (singlet), ‘br s’ 
(broad singlet), ‘t’ (triplet) and ‘m’ (multiplet). Chemical shifts (δ) are given in ppm and coupling constants 
J in Hz. Optical rotations were measured on a Propol automatic polarimeter (sodium D line, λ = 589 nm).

Boc-Gly-AMC 1
boc-Gly-OH (240 mg, 1.37 mmol, 1 equiv.) was dissolved in DCM and cooled to 00C. EDC.HCl (131 mg, 685 
µmol, 0.5 equiv.) was added and the mixture was stirred for 2h. AMC (100 mg, 571 µmol, 0.42 equiv.) and 
DMAP (cat.) were added, followed by pyridine (0.5 mL), and the mixture was stirred 12 hr. EDC.HCl (262 
mg, 1.37 mmol, 1 equiv.) was added and the mixture was stirred for 6 hr. The mixture was extracted with 
1M aq. HCl (2x). Upon addition of sat. aq. NaHCO3, a precipitate formed. the dcM was removed in vacuo, 
after which filtration yielded the title compound (189 mg, quant.). 1H nMR (400 MHz, cdcl3/cd3od 1/1, 
v/v) δ ppm 1.48 (s, 9H), 2.45 (s, 3H), 3.96-3.91 (m, 2H), 6.21 (s, 1H), 7.55-7.49 (m, 1H), 7.59 (d, J = 8.61 Hz, 
1H), 7.72 (d, J = 1.93 Hz, 1H). 13c nMR (100 MHz, cdcl3/cd3OD 1/1, v/v) δ ppm 175.93, 161.76, 153.63, 
153.09, 151.50, 141.39, 124.90, 115.58, 112.37, 106.73, 79.90, 43.83, 27.70, 17.90.
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(2S)-1-(Boc-Abu)-indoline-2-carboxylic acid methyl ester 2
boc-Abu-OH (50 mg, 246 µmol, 1 equiv.) was dissolved in THF (5 mL) and cooled to -100°C. NMM (30 µL, 
271 µmol, 1.1 equiv.) and IbCF (35 µL, 271 µmol, 1.1 equiv.) were added and the mixture was stirred for 
30 min. A suspension of methyl (S)-indoline-2-carboxylate hydrochloride (58 mg, 271 µmol, 1.1 equiv.) and 
NMM (30 µ, 271 µmol, 1.1 equiv.) in DCM (20 mL) was added and the mixture was allowed to warm to RT 
o/n. The mixture was wahsed with 1M aq. HCl (2x), sat. aq. NaHCO3 (2x) and dried over na2so4. column 
chromatography (tol → 15% EA:tol) yielded the title compound (27 mg, 74 µmol, 30%). 1H nMR (400 MHz, 
cdcl3, rotamers) δ ppm 0.98 (t, J = 7.41, 7.41 Hz, 1.5H), 1.10 (t, J = 7.38, 7.38 Hz, 1.5H), 1.46-1.42 (m, 9H), 
1.89-1.57 (m, 2H), 2.11-1.98 (m, 0.5H), 3.12 (dd, J = 16.65, 3.83 Hz, 0.5H), 3.35 (d, J = 16.36 Hz, 0.5H), 3.49 
(dd, J = 16.55, 11.25 Hz, 0.5H), 3.61 (dd, J = 16.38, 10.74 Hz, 0.5H), 3.75 (s, 1.5H), 3.73 (s, 1.5H), 4.37 (dd, 
J = 14.04, 7.78 Hz, 0.5H), 5.04-4.94 (m, 1H), 5.24 (dd, J = 11.14, 4.00 Hz, 0.5H), 5.41 (dd, J = 25.98, 8.67 Hz, 
1H), 7.06 (dd, J = 14.39, 7.19 Hz, 1H), 7.29-7.12 (m, 2.5H), 8.26 (d, J = 8.11 Hz, 0.5H). 13c nMR (100 MHz, 
CDCl3, rotamers) δ ppm 171.06, 171.50, 171.31, 155.61, 155.12, 128.24, 128.00, 125.83, 124.52, 124.40, 
123.98, 117.44, 113.99, 79.48, 60.46, 60.26, 53.73, 53.28, 53.21, 52.44, 33.44, 31.21, 29.67, 28.31, 27.31, 
25.84, 9.69, 9.23. LC-MS system A: Rt (min): 8.82 (ESI-MS (m/z): 362.87 (M + H+)).

(2S)-1-(Boc-Abu)-indoline-2-carbohydrazide 3
Methyl ester 2 (27 mg, 74 µmol) was dissolved in MeOH (6 mL), add hydrazine monohydrate (200 µL, 4.4 
mmol, 60 equiv.) and the mixture was stirred o/n. The mixture was coevaporated with toluene (3x) and 
used without further purification. LC-MS system A: Rt (min): 5.77 (ESI-MS (m/z): 362.87 (M + H+)).

(2S)-1-(Boc-Abu)-indoline-2-carbonylglycine-aminomethylcoumarine (Boc-Buta-AMC) 4
boc-Gly-AMC 1 was dissolved in 1:1 TFA:DCM and stirred for 40 minutes before being coevaporated with 
toluene (3x). In a separate flask, (2S)-1-(boc-Abu)-indoline-2-carbohydrazide 3 (27 mg, 74 µmol) was 
dissolved in DMF at -30˚C. tbuONO (11 µL, 81 µmol, 1.1 equiv.) and HCl (52 µL 4M/dioxane sln, 207 µmol, 
2.8 equiv.) were added and the mixture was stirred for 3 hr. after which the starting material was consumed 
(TLC 10% methanol:DCM). Glycine-AMC TFA salt was dissolved in DMF and added to the reaction mixture 
and DiPEA (100 µL, 600 µmol, 8 equiv.) was added. The reaction mixture was allowed to warm to RT o/n 
before being concentrated. The residue was dissolved in DCM and washed with 1M aq. HCl (2x), sat. aq. 
naHco3 and H2o and the dcM was dried over na2so4. Column chromatography (DCM → 2% MeOH:DCM) 
yielded the title compound (30 mg, 53 µmol, 72%). 1H nMR (400 MHz, cdcl3:CD3OD 1:1, rotamers) δ ppm 
1.07 (t, J = 7.31, 7.31 Hz, 3H), 1.51-1.35 (m, 9H), 2.09-1.65 (m, 2H), 2.46 (s, 3H), 3.73-3.17 (m, 2H), 4.04-3.89 
(m, 1H), 4.39-4.06 (m, 2H), 4.98-4.83 (m, 0.5H), 5.25-5.04 (m,1), 6.17-6.07 (m, 0.5H), 6.22 (s, 0.5H), 7.11 
(t, J = 7.34, 7.34 Hz, 1H), 7.35-7.19 (m,b2.5), 7.51-7.40 (m,0.5H), 7.77-7.56 (m, 2H), 8.20-8.14 (m, 0.5H), 
7.98-7.87 (m, 0.5H). LC-MS system A: Rt (min): 8.31 (ESI-MS (m/z): 562.93 (M + H+)).
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TFA . Buta-AMC 5
boc-buta-AMC 4 (30 mg, 53 µmol) was dissolved in 1:1 TFA:DCM and the solution was stirred for 30 minutes 
before being concentrated with toluene (3x) to yield the title compound in quantitative yield. 1H nMR (400 
MHz, cd3OD) δ ppm 1.15 (t, J = 7.48, 7.48 Hz, 3H), 2.17-1.92 (m, 2H), 3.37-3.31 (m, 1H), 2.42 (s, 3H), 3.78 
(dd, J = 16.61, 10.99 Hz, 1H), 4.02 (d, J = 16.72 Hz, 1H), 4.20 (d, J = 16.82 Hz, 1H), 4.29 (t, J = 6.15, 6.15 Hz, 
1H), 5.20 (dd, J = 10.85, 2.75 Hz, 1H), 6.21 (s, 1H), 7.10 (t, J = 7.41, 7.41 Hz, 1H), 7.27-7.17 (m, 2H), 7.33 
(dd, J = 8.59, 1.28 Hz, 1H), 7.66 (d, J = 8.65 Hz, 1H), 7.92-7.88 (m, 1H), 8.23 (d, J = 8.07 Hz, 1H). 13c nMR 
(100 MHz, cd3OD) δ ppm 174.36, 169.60, 169.07, 163.26, 155.40, 155.26, 143.70, 143.27, 130.90, 128.71, 
126.72, 126.18, 125.78, 118.19, 117.15, 116.83, 113.57, 107.97, 62.17, 55.18, 44.09, 35.39, 25.54, 18.52, 
9.54. LC-MS system A: Rt (min): 5.24 (ESI-MS (m/z): 463.13 (M + H+)). HRMS: Calcd. For [C25H26n4o5+H+] 
463.19760 found 463.19742.

General Procedure for the coupling of BocIndolinecaboxylic acid. 
boc-(S)-Indoline-2-carboxylic acida (1 mmol) was dissolved in methylenechloride (5 mL) followed by the 
addition of DIC (1,25 equivalents), DIPEA (1,25 equivalents) and the corresponding amines i.e. 1-aminobu-
tane, leucinevinylsulphone TFA saltb , leucinevinylmethylester c TFA salt or leucineboronic acid pinane 
diol ester d TFA salt (1.1 equivalents). Reactions were stirred for three hours upon which TLC indicated 
complete consumption of bocIndolinecaboxylic acid in all cases. Crude reaction mixtures were extracted 
with ammoniumchloride, sat. bicarbonate and brine and dried over sodium sulfate, filtered and concen-
trated under reduced pressure. The residues were dissolved in little methylene chloride and purified by 
silica gel chromatography using a gradient of ethylacetate in toluene to afford the desired products in 
good yields (>80%) in all cases. LC-MS analysis (system b) confirmed homogeneous products in which the 
expected protonated singly charged ion was detected in all cases.

General procedure for Boc deprotection and condensation with chloroacetylchloride.
The derivatives coupled as described above (0.5 mmol each) were dissolved in little methylene chloride 
and TFA was added to remove the boc protecting group. After 10 minutes TFA was removed under reduced 
pressure, residues were taken up in toluene and concentrated once more. Methylene chloride was then 
added to dissolve the residue and and equal amount of saturated sodium bicarbonate solution was added. 
The resulting biphasic reaction mixture was stirred vigorously and cooled on ice. A solution of chloroacetyl 
chloride was then added in portions over a period of 1 hour (2 mmol chloroacetyl chloride is added in 
total) and the reaction mixture was stirred overnight. The methylenechloride phase was collected, dried 
over sodium sulphate, filtered and concentrated under reduced pressure. The desired chloroacetamides 
were obtained in high yield in all cases (>90%). Lc-Ms analysis (system B) of the products indicated no side 
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product formation and confirmed homogeneous products in which the expected protonated singly charged 
ion was detected in all cases. Note: it is important to directly convert amines after boc deprotection as we 
found that aromatization occurs to significant extents upon exposing the free amine to air.

General procedure for the substitution of chloroacetamides with dialkylamines, morpholine and piperi-
dine.
Chloroacetamides (typically 50 mg) were dissolved in little methylene chloride (1 ml) and a large excess 
of respective dialkyl amine, morpholine or piperidine was added (20 equivalents). Reactions were stirred 
overnight and concentrated under reduced pressure. Residues were dissolved in little acetonitrile and 
water containing 1% TFA and purified by reversed phase preparative HPLC purification. All fractions were 
analyzed by LC-MS system b and product peaks were pooled and lyophilized to afford the desired products 
in quantities ranging from 20 to 30 milligrams. Reanalysis of the lyophilized product by LC-MS system b 
confirmed homogeneous products in which the expected protonated singly charged ion was detected in 
all cases.

a Sato, S., Watanabe, H., Asami, M. Tetrahedron: Asymmetry 2000 (11), 4329-4340.
b leuVS; M. bogyo, J. S. McMaster, M. Gaczynska, D. Tortorella, A. L. Goldberg and H. Ploegh, Proc. Natl.   
Acad. Sci. U. S. A., 1997, 94,6629–6634.
c leuVME; T. Hintermann, K. Gademann, b. Jaun, D. Seebach, Helv. Chim. Acta., 2004, 81, 983-1002
d Adams, J.; behnke, M.; Cruickshank, A. A.; Dick, L. R.; Grenier, L.; Klunder, J. M.; Ma, J.-T.; Plamondon, L.; 
Stein, R. L. bioorg. Med. Chem. Lett. 1998, 8, 333–338. 
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Supplementary figure S1: A) TPPII was purified from HEK293T cells over-expressing human TPPII. AAF-AMC 
(100 μM) hydrolysis was measured in the presence or absence of butabindide in the various supernatant 
eluates with increasing concentrations of NaCl. B) Proteasomes and most proteins are in the pellet fraction 
as indicated by proteasome-specific probes and Coomassie blue staining. The supernatant fraction which was 
used for purification was devoid of proteasomes. c) AAF-AMC (100 μM) hydrolysis in the various fractions 
obtained from a size-exclusion column. d) The pooled fractions 17 to 19 were concentrated and run on a 
polyacrylamide gel. The arrow shows the proteins that were sliced out of the gel and identified as TPPII by 
mass spectrometry. 
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Supplementary figure S2: a) structures of all synthesized butabindides. B) Inhibitory effect of various but-
abindide analogues on AAF-AMC hydrolysis in lysates. The bars show from left to right concentrations of 
inhibitor in the range of 25 μM -500 μM, respectively.
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Supplementary table S1: AAF-AMC (100 μM) hydrolysis by purified TPPII after preincubation in the presence 
or absence of all the butabindide analogues, Z-GLA-OH, AAF-CMK and MG132, as determined as mean ± SD 
of 3 experiments.  

Supplementary table 1

Inhibitor Average activity (%) SD 
None 100 1.6

Butabindide 37 0.7
Me2-butabindide 123 1.3
Et2-butabindide 118 1.9
Pr2-butabindide 118 1.8
iPr2-butabindide 121 7.2
Bu2-butabindide 98 17.4
Morpholino-butabindide 114 1.8
Piperidyl-butabindide 112 2.1

Boron-butabindide 31 0.6
Butabindide-VMe 110 1.0
Butabindide-VS 119 0.3

Z-GLA-OH 89 8.4
AAF-CMK (10 μM) 26 0.9
MG132 (20 μM) 100 3.0




