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An alanyl-alanyl-phenylalanyl-7-amino-4-methylcoumarin-hydrolyzing pro- 
tease particle copurifying wi th  265 proteasomes was isolated and identified as 
tripeptidyl peptidase II (TPPII), a cytosolic subtilisin-like peptidase of unknown 
fuGtion. The particle is larger than the 265 proteasome and has a rod-shaped, 
dynamic supramolecular structure. TPPll exhibits enhanced activity in  protea- 
some inhibitor-adapted cells and degrades polypeptides by exo- as well as 
predominantly trypsin-like endoproteolytic cleavage. TPPll may thus partici- 
pate in extralysosomal polypeptide degradation and may in part account for 
nonproteasomal epitope generation as postulated for certain major histocom- 
patibility complex class I alleles. In addition, TPPll may be able t o  substitute for 
some metabolic functions of the proteasome. 

The proteasome appears to be the major pro- 
tease of the nuclear and cytoplasmic compart- 
ments of the eukaryotic cell. Proteasomal 
degradation controls the lifetime of most cel- 
lular proteins, including many regulatory pro- 
teins, and generates peptide antigens for pre- 
sentation by major histocompatibility com- 
plex (MHC) class I molecules to CD8+ cy- 
totoxic T cells (I) .  Proteasome inhibitors are 
usually lethal for the eukaryotic cell. Howev- 
er. the vital functions of proteasonles may to 
soine extent be redundant: Mouse EL4 lym- 
phoma cells could be adapted to grow in the 
presence of vinyl sulphone (VS)-proteasome 
~nhibitors at concentrations lethal for most 
cells (2). The adapted cells can degrade ubi- 
quithated proteins, control the cell cycle, and 
assemble MHC class I molecules and had 
enhanced ala11yl-alanyl-phei1ylala11yl-7-ami11o- 
4-methylcoumarin (AAF-AMC)-hydrolyz- 
ing activity residing in a proteolytic complex 
larger than proteasomes. 

During attempts to purify 2 6 s  protea- 
soines from mammalian cell lysates. we de- 
tected in high molecular weight (HMW) frac- 
tions enonnous quantities of AAF-AMC-hy- 
drolyzing activity eluting from Mono Q-an- 
ion-exchange columns between 2 0 s  and 26s  
proteasomes and from Superose 6 size-exclu- 
sion coluinr~s slightly before the 26s  protea- 
somes (Fig. 1A) (3. 4). On silver-stained 
SDS-polyac~ylamide gels, the isolated pro- 
tease displayed as one predominant band 
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larger in size than any of the proteasoine 
bands (Fig. 1B). This band was excised. 
cleaved in the gel by trypsin, and analyzed by 
nano-electrospray tandem mass spectron~etry 
(5). The sequences of 11 tryptic fragments 
unambiguously identified murine tripeptidyl 
peptidase I1 (TPPII) (E.C. 3.4.14.10; molec- 
ular mass 138 kD) (6). TPPII has a mem- 
brane-bound (7) as well as a HMW cytosolic 
form and is a serine-peptidase of the subtili- 
sill-type that remo~les tripeptides from the 
free NH,-terminus of oligopeptides (8). 

Electron microscopic examination of TPPII 
(9) displayed a rod-shaped assembly about 50 
iun in length and 17 nm in diameter (Fig. lC, 
a). Averages over the whole data set of 1365 
individual particles based on a multireference 
align~ne~lt procedure reveal a longitudinal 
segmentation pattern (inset). All particles are 
built of eight segments, each -6.5 run in 
width. This indicates that a scaffolding pro- 
tein participates in the assen~bly of the parti- 
cle and determines its length. Because such a 
protein cannot be detected in the mature par- 
ticle. it may be degraded during maturation, 
similar perhaps to the Ump 1 protein, which is 
required for the assembly of yeast 20s  pro- 
teasomes (10). An electron-dense stripe rull- 
iling pelpendicular to the plane of the eight 
disks spans the assembly from end-to-end, 
possibly representing an internal channel. 
Depeildiilg 011 the size of internal channels or 
cavities, the total mass of the particle is esti- 
mated to be between 5 and 9 MD. Some 
variations between individual colnplexes call 
be discerned; they appear either ovoid (white 
box in Fig. lC, a) or dumbbell-shaped (black 
box in Fig. lC, a). Eigenvector-eigenvalue 
image classification (Fig. lC, b to e) revealed 
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arerages (Fig. lC, f to i) show that the con- 
strictions comprise two adjacent segments 
that may be located centrally (segments 415, 
Fig. lC, f) ,  terminally (segments 112 and 718, 
Fig. lC, i). or at intermediate positions (for 
example. segments 213, Fig. 1C. g). The co- 
existence of classes with alternate constric- 
tions suggests that the cornplex can undergo a 
peristaltic movement. 

Of a panel of fluorogenic proteasome sub- 
strates, TPPII rapidly hydrolyzed chymotryp- 
sin- and trypsin-like tripeptidyl substrates 
with unblocked NH,-tennini (Table 1). The 
specific activity of TPPII for AAF-AMC is 
several orders of magnitude higher than that 
of mouse 20s  proteasomes or the Tricorn 
protease (80 plnol pgg '  millg1) (11). Like 
Tricorn protease ( l l ) ,  TPPII requires a free 
NH,-terminus to hydrolyze this substrate ef- 
ficiently. On the protein level, TPPII is about 
one-tenth as abundant as proteasomes in un- 
ma~lipulated EL4 cells, as estimated from the 
specific activities for fluorogenic substrates. 
The proteasome inhibitor lV-acetyl-L-leuci- 
nyl-L-leucinal-L-norleucinal (LLnL) does not 
inhibit TPPII at all, whereas the potent TPPII 
inhibitor AAF-chloromethylketone (AAF- 
CMK) shows marginal inhibition of the chy- 
motrypsin-like activity of the proteasome 
(Fig. 2). Unexpectedly. the AAF-AMC-hy- 
drolyzing activity of TPPII was inhibited by 
lactacystin. although less efficiently than that 
of proteasomes. 

Next a7e studied whether TPPII could ac- 
count for the enhanced HMW AAF-AMC- 
hydrolyzii~g activity reported for cells adapt- 
ed to proteasome inhibitors (2). EL4 thymo- 
ma cells were cultured in the presence of 6 
pM lactacystin, which severely inhibits the 
chymotrypsin- and trypsin-like activities of 

Table 1. Hydrolysis of synthetic substates by mu- 
rine TPPll and by murine 205 proteasomes. Activ- 
i ty  was assayed by incubation of 480 ng of purified 
proteasomes or of 6 ng of purified TPPll wi th  
fluorogenic substrates (final concentration, 100 
kM,  purchased from Bachem or Sigma) for 30 min 
at 37°C. The fluorescence of AMC or DNA was 
measured. Suc, succinyl; Z, benzoxycarbonyl; Bz, 
benzoyl. 

Substrate 

Specific activity 

Tppll 20S pro- 
teasomes 
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the proteasome (12), whereas the AAF- 
AMC-hydrolyzing activity of TPPII is only 
partially impaired. Although less than 0.1% 
of  the cells survived repeated applications o f  
the proteasome inhibitor, resistant cells grew 
out after 2 to 3 weeks, with a viability grad- 
ually increasing to 70 to 90% after 2 to 3 
months. Hydrolysis o f  proteasome substrates 
such as Z-GGL-AMC was reduced in adapted 
cells to about 8 to 30% of  that o f  untreated 
cells, and AAF-AMC-hydrolyzing activity 
was enhanced 1.5- to 4.5-fold, as determined 
at several time points in  intact cells or whole- 
cell lysates o f  several independent cultures 

(1 3). The enhanced AAF-AMC- hydrolyzing 
activity resided in the fraction o f  HMW cy- 
tosolic proteins. On either size-exclusion or 
anion-exchange columns this enhancement 
was exclusively at the elution position o f  
TPPII (Fig. 3, A and B). More than 95% o f  
this activity could be depleted with a TPPII- 
specific antiserum (13). 

TPPII removes tripeptides stepwise from 
the free NH2-terminus o f  oligopeptides and is 
classified as a tripeptidyl peptidase (8), that 
is, as an exopeptidase. Although such an 
enzyme may participate in  general protein 
degradation, i t  i s  difficult to envisage the 

15 3 
lumber 

Fig. 1. Isolation and structural characterization of a HMW AAF-AMC-hydrolyzing protease copu- 
rifying with 265 proteasomes. (A) HMW proteins obtained from EL4 cytosol by 5 hours of 
ultracentrifugation were separated on analytical columns (a and b) or (after 3 hours of ultracen- 
trifugation) on preparative columns (c and d). The maximum of AAF-AMC-hydrolyzing activity is 
sedimented at 100,000g in 1 to 3 hours, and 265 proteasornes sediment in 5 hours. (a) A massive 
peak of AAF-AMC-hydrolyzing peptidase activity elutes on a Mono Q-anion-exchange column 
between 205 and 265 proteasomes. Proteasomes were detected by their Suc-LLVY-AMC-hydro- 
lyzing activity. The gradient step between 32 and 47% of eluent B is shown. (b) The HMW 
AAF-AMC-hydrolyzing activity elutes from Superose 6 size-exclusion columns just before the 265 
proteasomes. (c) For large-scale purification (3), the HMW AAF-AMC-hydrolyzing activity was 
sedimented completely by 3 hours of ultracentrifugation at 100,000g. Resuspended material was 
separated on a Mono Q-anion exchange column. The gradient step between 37 and 40% of eluent 
B is shown. (d) Fractions containing AAF-AMC-hydrolyzing activity were further purified on a 
Superose 6 column. SUC-LLVY-AMC-hydrolyzing activity is shown on an expanded scale in order to 
visualize fractions containing proteasomes. (B) SDS-polyacrylamide gel electrophoresis and silver 
staining of P-galactosidase (116 kD) (lane I), purified TPPll (lane 2), fast- and slow-running 
electrophoretic isoforms of 265 proteasomes (lanes 3 and 4, respectively), and purified 205 
proteasomes (lane 5). (C, a) Electron micrograph of a TPPll preparation negatively stained with 
uranyl acetate. White box, particle with an ovoid shape; black box, dumbbell-shaped particle. 
(Inset) Global average of the data set from 1365 individual particles. (b to e) The dominant 
variances resulting from an eigenvector-eigenvalue image classification. (f to i) Class averages of 
the predominant conformers of TPPII. Constrictions are indicated by arrows. 

substitution o f  the multiple functions o f  pro- 
teasomes by an exopeptidase or to rationalize 
the need for TPPII to. have an elaborate su- 
pramolecular structure. To determine if TPPII 
has additional proteolytic activities permitting 
the degradation of polypeptides into oligopep- 
tides, we studied the digestion o f  a synthetic 
41-amino acid polypeptide corresponding to 
the ovalbumin amino acid residues 37 to 77 
(Fig. 4). Several degradation products o f  
Ova,,, were produced by the tripeptidase 
activity o f  TPPII, shortened from the NH2- 
terminus by multiples o f  three residues. A prod- 
uct lacking 24 NH,-terminal residues was also 
readily detected, but fragments shortened by 15, 
18, or 21 amino acids were not found. The 
remaining fragments were produced by endo- 
proteolytic cleavage, either as primary products 
or through intermediates initially produced by 
the tripeptidyl peptidase activity. Degradation 
of the COOH-terminal two-thirds o f  the sub- 
strate was almost entirely due to endoproteo- 
lytic cleavage, and the velocity o f  degradation 
was faster than by proteasomes (80 pmol minp' 
1~g- l  versus 5 pmol min-' kgp'). Frequently, 
but not exclusively, the endoproteolytic cleav- 
age sites were located at the carboxyl side o f  
lysine 0() and arginine (R), suggesting that the 
endopeptidase activity is predominantly, but 

E l oo  AAF-CMK 6 b-1 
q 75 

pM lnhibltor 

Fig. 2. Inhibition of proteasomes and of TPPll 
by various protease inhibitors. Purified prepa- 
rations of mouse 205 proteasomes (closed 
symbols) and of mouse TPPll (open symbols) 
were incubated with increasing concentrations 
of the inhibitors LLnL, AAF-CMK, and lactacys- 
tin for 45 min at 37"C, followed by determina- 
tion of the SUC-LLVY-AMC- (0) and AAF-AMC- 
hydrolyzing activities (A) of proteasornes and 
the AAF-AMC-hydrolyzing activity of TPPll (A). 
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not exclusively, trqpsin-like. The cleavage pat- 
tern clearly differs from that generated by pro- 
teasomes. Major proteasome cleavage sites lie 
after L,,. I,,, R58, F,,, L62, D6, (14). More- 
over, the hypsin-like activity of proteasomes 
prefers arginine (R) over lysine (K). whereas 
TPPII also efficiently cleaves after lysine (K). 
Similar results were obtained with a second 
polypeptide substrate. The cleavage patterns 
observed with biochemically purified and with 
immunoprecipitated TPPII were similar (com- 
pare Fig. 4A and 4C). The degradation of 
polypeptide substrates was blocked by the 
serine proteinase inhibitor phenylmethylsulfo- 
nyl fluoride and by AM-CMK (13). Combined 
amino-exopeptidase and endopeptidase activity 
of proteases is not unprecedented, and cathep- 
sin H, BANA hydrolase. and dipeptidyl pepti- 
dase IV have been tei~ned "aminoendopepti- 
dases" (15). 

It remains to be determined whether TPPII 
accounts for the HMW AAF-AMC-hydro- 
lyzing protease recognized by Glas ef al. that 
appeared to be essential for survival of EL4 
cells adapted to LLL(VS) (2). As in that 
study. we find an enhancement of total AAF- 
AMC-hydrolyzing activity of similar magni- 
tude for whole cells. However, we see con- 
siderable AAF-AMC-hydrolyzing activity in 
HMW fractions of lysates of normal, untreat- 
ed EL4 cells (Figs. 1 and 3), whereas Glas et 
01. did not. This suggests that factors in ad- 
dition to TPPII are required for survival of 

10 20 30 40 
Fraction number 

Fig. 3. The AAF-AMC-hydrolyzing activi ty o f  
TPPll is increased in lactacystin-adapted cells. 
Cytosolic H M W  proteins of lactacystin-adapted 
(open symbols) and control (solid symbols) EL4 
cells were fractionated by Superose 6 gel filtra- 
t i on  (A) or on  a Mono Q-anion exchange (B) 
column. A linear gradient f rom 0 t o  500 m M  
NaCl of eluent B was used for anion-exchange 
chromatography. Fractions were assayed for 
hydrolysis of the proteasome substrate Suc- 
LLVY-AMC (squares) or the TPPll substrate AAF- 
AMC (circles). SUC-LLVY-AMC- hydrolyzing activ- 
i ty  is shown on an expanded scale in order t o  
visualize fractions containing proteasomes. 

the "adapted" cells. For example, proteasome 
inhibitors induce apoptotic cell death in pro- 
liferating cells (16). Thus, the few EL4 cells 
su~viving the initial inhibitor treatment pre- 
sumably have high antiapoptotic potential. 
Proteasome inhibitors also strongly induce 
heat shock protein chaperones (1 7), which 
clear unfolded polypeptides by refolding or 
by targeting them to proteases. In addition, 
proteases other than TPPII may also contrib- 
ute to survival and proliferation of the resis- 
tant cells. TPPII and perhaps other proteases 
may be highly expressed in the few surviving 
cells or become induced upon accu~nulation 
of misfolded polypeptides during the adapta- 
tion process. 

The physiological functions of cytosolic 
TPPII are not known. TPPII may play a role 
in the degradation of oligopeptides, including 
cytotoxic T lymphocyte epitopes and epitope 
precursors. given its high tripeptidyl pepti- 
dase activity toward such substrates (8).  
These oligopeptides are mainly the products 

of proteasome-mediated proteolysis. Al- 
though TPPII is not an obvious molecular 
homolog of the archaebacterial Tricorn pro- 
tease. it may act as a fi~nctional homolog in 
eukaryotes. The Tricorn protease acts at post- 
proteasomal steps of protein degradation in 
archaebacteria (18). Because purified TPPII 
can degrade polypeptides, it may also partic- 
ipate in the degradation of a proportion of 
cytosolic proteins. 

To wat extent can TPPII substitute for loss 
of proteasome functions? In cells with im- 
paired proteasomal function. TPPII may con- 
tribute to the degradation of accumulating 
misfolded proteins and protein fragments re- 
sulting from partial digestion by residual pro- 
teasomes. TPPII may also generate epitopes 
or epitope precursors. The peptide loading of 
the related MHC class I alleles HLA-A3 and 
HLA-A1 1 is not impaired when the trypsin- 
like activity of the proteasome is severely 
inhibited (19). Both alleles strongly prefer 
peptides with a lysine in the COOH-terminal 

t r r r  I 
ALA MVY LGA KDS TRT Q I N  KW RFD KLP GFG D S I  EAQ CGT SV 

Ova 37-77 + + t  t 

m' 
0, 
2 
P 
u Fig. 4. TPPll displays endopeptidase activity in addition 

t o  tripeptidyl peptidase activity. A synthetic 41-amino 
46h acid peptide substrate corresponding t o  the ovalbumin 

amino acids 37 t o  77 was digested wi th purified TPPll 
(20). (A) Products were harvested at various t ime points 
of digestion and separated by reversed-phase high-per- 
formance liquid chromatography. The peptides in  num- 
bered peaks were identified by matrix-assisted laser 
desorption/ionization-time-of-flight-mass spectrome- 
t ry  or Edman degradation (or both). Peaks marked by an 
asterisk did not contain peptide material. (B) Cleavage 
sites by TPPll in Ova,,-,, were deduced from the results 
in  (A) and are marked by arrows; lines denote degrada- 
t ion fragments. Individual peptide products are arbitrari- 
ly  numbered. Abbreviations for the amino acid residues 
are as follows: A, Ala; C, Cys; D, Asp; E, Clu; F, Phe; C, Gly; 
I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; 

14116 S, Ser; T, Thr; V, Val; and Y, Tyr. (C) TPPll purified by 
l 7  8 1516 11 immunoprecipitation was used t o  digest Ova,,,,. Prod- 

ucts were harvested at 40 hours and identified as de- 
20 30 40 50 scribed in (A). 

Retention time (min) 
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position, compatible with the endoprotease 13. E. Geier, K. Eichmann, G. Niedermann, data not 19. A. H. Benham, M. Gromme, j. Neefjes, J. Immunol. 

specificity of-TPPII. ~ o s t  MHC Elass I- 
binding peptldes have hydrophobic COOH-ter- 
minal amino acids generated by proteasornes. 
However, we have observed occasional endo- 
proteolytic cleavage after hydrophobic amino 
acids by TPPII as well (13). Limited peptide 
supply may also be compensated by protection 
of peptides by increased levels of heat shock 
proteins. In combination. these factors may ac- 
count for the partially maintained MHC class I 
expression in LLL(VS)-adapted cells (2) and in 
lactacystin-adapted cells (13). Cell-cycle pro- 
gression and degradation of ubiq~~itinated pro- 
teins appear to collti~lue in the absence of nor- 
mal proteasome hnction (2). What role TPPII 
plays in these processes is not yet clear. We 
envisage multiple compensatory mechanisms 
operating in cells with compromised proteaso- 
nlal function. 
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Glucose metabolism in glycolysis and in mitochondria is pivotal t o  glucose- 
induced insulin secretion from pancreatic P cells. One or more factors derived 
from glycolysis other than pyruvate appear t o  be required for the generation 
of mitochondrial signals that lead t o  insulin secretion. The electrons of the 
glycolysis-derived reduced form of nicotinamide adenine dinucleotide (NADH) 
are transferred t o  mitochondria through the NADH shuttle system. By abol- 

-80°C. Samples of the resuspended material were ishing the NADH shuttle function, glucose-induced increases in NADH autofluo- 
separated on a Mono Q (HR16110) anion-exchange 
column [buffer A: 20 mM Hepes (pH 7.2), 15% rescence, mitochondrial membrane potential, and adenosine triphosphate con- 
glycerol, I m~ ATP; buffer B: 20 m~ Hepes ( p ~  tent were reduced and glucose-induced insulin secretion was abrogated. The 
7.2), 15% glycerol, I M NaCI, I m~ ATP] followed NADH shuttle evidently couples glycolysis with activation of mitochondrial 
by gel filtration on a Superose 6-column [2 cm by 
50 cm: elution buffer: 20 mM HeDeS ~ D H  7.2). 100 

energy metabolism t o  trigger insulin secretion. 
mM NaCI, 15% glycerol, 1 mM ATP]."AII pu;ifica- 
tion steps were carried out at 4 " ~ .  Samples of Glucose metabolism through glycolysis in the sine diphosphate (ADP) in pancreatic P cells 
collected fractions were used to measure hydroly- cytosol and then through the tricarboxylic (I). However. pyruvate, an end-product of 
sis of SUC-LLVY-AMC and AAF-AMC (4). 

4, Peptidase were performed as described (,4), 
acid (TCA) cycle in mitochondria has been aerobic glycolysis. fails to stimulate insulin 

5. ~h~ Drotein was digested with trvDsin in a 50 m~ proposed to promote glucose-induced insulin secretion, although it can be oxidized in islets , , 
NH,HCO,, 5 mM C a c l  buffer containing 33% iso- Secretion thl.ough generation of metabolic as efficiently as glucose (2). Studies with an 
topically labeled H2'80. Peptides are isotopically la- signals such as adenosine triphosphate (ATP) inhibitor of pyruvate transport into mitochon- 
beled to 33% at their COOH-terminus, thereby al- 
lowinn C O O H - ~ ~ ~ ~ ~ ~ ~ ~  franments (".ions) to be dis. or an increase in the ratio of ATP to adeno- dria or an inhibitor of the TCA cycle suggest 
tingu<hed from other fragment ion; by their specific that metabolism of glucose-derived pyruvate 
'60/ '80 isotopic distribution. The peptides were se- 
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