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Puromycin-sensitive aminopeptidase is the major
peptidase responsible for digesting polyglutamine
sequences released by proteasomes during

protein degradation

N Bhutani', P Venkatraman? and
AL Goldberg*

Department of Cell Biology, Harvard Medical School, Boston, MA, USA

Long stretches of glutamine (Q) residues are found in
many cellular proteins. Expansion of these polyglutamine
(polyQ) sequences is the underlying cause of several
neurodegenerative diseases (e.g. Huntington’s disease).
Eukaryotic proteasomes have been found to digest polyQ
sequences in proteins very slowly, or not at all, and to
release such potentially toxic sequences for degradation
by other peptidases. To identify these key peptidases, we
investigated the degradation in cell extracts of model
Q-rich fluorescent substrates and peptides containing 10-30
Q’s. Their degradation at neutral pH was due to a single
aminopeptidase, the puromycin-sensitive aminopeptidase
(PSA, cytosol alanyl aminopeptidase). No other known
cytosolic aminopeptidase or endopeptidase was found
to digest these polyQ peptides. Although tripeptidyl pepti-
dase II (TPPII) exhibited limited activity, studies with
specific inhibitors, pure enzymes and extracts of cells
treated with siRNA for TPPII or PSA showed PSA to be
the rate-limiting activity against polyQ peptides up to 30
residues long. (PSA digests such Q sequences, shorter ones
and typical (non-repeating) peptides at similar rates.)
Thus, PSA, which is induced in neurons expressing
mutant huntingtin, appears critical in preventing the
accumulation of polyQ peptides in normal cells, and its
activity may influence susceptibility to polyQ diseases.
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Introduction

Polyglutamine (polyQ) diseases like Huntington’s disease
(HD) and spinocerebral ataxia (SCA 1-7) are a set of inherited
neurodegenerative disorders caused by an expansion of the
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polyQ repeats in specific proteins. Normally, these proteins
have sequences containing 6-35 Q repeats, but the mutated
proteins contain sequences of 35-300 Q repeats (Zoghbi and
Orr, 2000). Interestingly, the age of onset of disease symp-
toms is inversely correlated with the repeat length of the
polyQ. The onset of the HD symptoms occurs typically at
about 40 years when huntingtin has an expansion of 36-50
Q’s, whereas a repeat length of 121 Q’s results in the disease
symptoms appearing in early childhood (Zoghbi and Orr,
2000). The pathological hallmark of these diseases is the
presence of cytosolic and nuclear inclusions in specific
regions of the brain (Davies et al, 1997). In HD, these
inclusions include the full-length mutant huntingtin protein,
N-terminal fragments of these proteins containing the polyQ
repeat, polyQ fragments from the wild-type huntingtin (Dyer
and McMurray, 2001), as well as other cellular proteins
bearing polyQ repeats (e.g. CREB and TATA box binding
proteins) (Kazantsev et al, 1999; Steffan et al, 2000). These
inclusions also contain ubiquitinated proteins and com-
ponents of the ubiquitin-proteasome pathway (Davies et al,
1997; Waelter et al, 2001). Using specific proteasome inhibi-
tors, it has been demonstrated in cultured cells as well as in
animal models of HD that the normal as well as the expanded
polyQ mutant proteins can be degraded by the ubiquitin-
proteasome pathway (Bence et al, 2001; Chai et al, 2001; Jana
et al, 2001; Verhoef et al, 2002; Holmberg et al, 2004).
However, recent studies have demonstrated a key role for
the autophagic-lysosomal pathway in clearing the aggregates
of the expanded polyQ mutant proteins (Ravikumar et al,
2002, 2004). These studies suggest that although the protea-
somal pathway can efficiently digest the normal polyQ-con-
taining proteins, it fails to clear the aggregated expanded
polyQ proteins that are instead cleared by the autophagic-
lysosomal pathway. Loss of bulk autophagy in the central
nervous system has also been shown recently to lead to
accumulation of protein aggregates and neurodegeneration
in mice (Hara et al, 2006; Komatsu et al, 2006).

In eukaryotes, ubiquitinated proteins are hydrolyzed by
the 26S proteasome, an ATP-hydrolyzing complex that
deubiquitinates, unfolds and translocates the substrate into
the 20S catalytic chamber where proteolysis takes place
(Goldberg, 2003). The 20S proteasomes digest proteins to
peptides that are 2-24 residues long, two-thirds of which are
shorter than nine residues (Kisselev et al, 1999). The peptides
released by proteasomes are initially digested by cellular
endopeptidases, especially thimet oligopeptidase (TOP), and
the resulting peptides are then hydrolyzed to amino acids by
aminopeptidases (Saric et al, 2004). Although the majority of
peptides released by the proteasome are digested completely,
a small fraction of these peptides are taken up into the
endoplasmic reticulum and function as the antigenic peptides
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that are presented on class I MHC molecules on the cell
surface. This mechanism enables the immune system
to screen for virally infected or cancer cells (Rock et al,
2004).

Recent studies in our lab demonstrated that the three types
of active sites in eukaryotic proteasomes can cleave only very
poorly (if at all) within polyQ sequences, even the short ones
(10-20 Q’s) found normally in a number of cell proteins
(Venkatraman et al, 2004). These experiments used 20S core
proteasomes with an open-gate so as to bypass the initial
requirement for ubiquitination. While digesting a myoglobin
fusion protein having a Qjs insertion, these proteasomes
released the polyQ sequence intact (Venkatraman et al,
2004). As polyQ sequences do not accumulate in cells nor-
mally, they must be digested by other peptidases after being
released by the proteasomes. The initial steps in the hydro-
lysis of most proteasomal products longer than 4-6 residues
appear to be catalyzed by two major endopeptidases, tripep-
tidyl peptidase (TPPII) (Reits et al, 2004) and especially TOP
(Saric et al, 2001; York et al, 2003). TPPII is an unusually
large (5-9 MDa) proteolytic complex (Geier et al, 1999) that
cleaves tripeptidases from the N terminus of peptides, but it
may also have some endopeptidase activity. Although it had
been proposed to have an important role in generating
antigenic peptides from longer precursors (Seifert et al,
2003; Reits et al, 2004), TPPII is critical in vivo for trimming
only those peptides that are greater than 15 residues, which
comprise only a small fraction of the proteasomal product
(York et al, 2006). By contrast, TOP has been shown to be
responsible for degrading peptides ranging from 9 to 15
residues (about 25% of proteasome products) (Saric et al,
2001, 2004). Unlike TPPII, TOP has been observed to limit
antigen presentation in vivo by destroying many antigenic
peptides (York et al, 2003, 2006). Although several
other cytosolic endopeptidases, specifically prolyl oligopepti-
dase (POP) (Fulop et al, 1998), insulin-degrading enzyme
(IDE) (Farris et al, 2003), angiotensin-converting
enzyme (ACE) (Hu et al, 2001) and neurolysin (Oliveira
et al, 2001), have been characterized, they have not been
shown to play key roles in the general breakdown of protea-
somal products.

The final steps in hydrolysis of intracellular peptides to
amino acids are carried out by aminopeptidases. Experiments
in rats and cultured cells using the general aminopeptidase
inhibitor, bestatin, showed an accumulation of di- and tripep-
tides, suggesting that aminopeptidases digest 2-3-residue
peptides into amino acids (Botbol and Scornik, 1983).
However, using N-terminal blocking of peptides injected in
cells, it has been suggested that these aminopeptidases may
be involved in digesting longer peptides as well (Reits et al,
2003). The major cytosolic aminopeptidases, bleomycin
hydrolase (BH) (Stoltze et al, 2000), leucine aminopeptidase
(LAP) (Beninga et al, 1998) and puromycin-sensitive
aminopeptidase (PSA) also called ‘cytosol alanyl aminopep-
tidase’ (Constam et al, 1995; Stoltze et al, 2000), generally
seem to show overlapping substrate specificities, and
therefore appear to be largely redundant in the degradation
of most proteasomal products, as also suggested by
recent knockout studies (York, Rock et al, personal commu-
nication).

The present studies were undertaken to identify the key
peptidases that digest the polyQ sequences released from the
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proteasomes, in order to understand the post-proteasomal
steps by which the polyQ sequences in proteins are degraded
to prevent the accumulation of these insoluble and poten-
tially toxic peptides. Identification of these peptidases will
help to understand why the proteasomal pathway, including
the peptidases acting after the proteasome, fails to clear the
proteins having expanded polyQ repeats although it can
efficiently clear the proteins having normal polyQ repeats.
The present biochemical studies have uncovered a unique
capacity of PSA to digest polyQ sequences (and also long
peptides), which imply an important role in protection
against polyQ and possibly other protein folding diseases,
as also suggested by recent transcriptional studies (Kita et al,
2002; Karsten et al, 2006).

Results

Polyglutamine sequences are digested slowly by cell
extracts
Because purified eukaryotic proteasomes cleave polyQ
sequences in proteins very slowly, if at all, and release
polyQ fragments (Venkatraman et al, 2004), we tested if mam-
malian cells contain peptidase activities that can digest polyQ
peptides released by the proteasomes. To screen for
such enzymes, we initially used the peptide substrate
Q20RRGRR, which has free N- and C-terminal flanking basic
residues to keep it soluble (this substrate preparation also
contains some minor amount of Q;9RRGRR as an unavoid-
able contaminant; Venkatraman et al, 2004). Using MALDI-
TOF MS, we observed that soluble HeLa extracts digested
Q,0RRGRR  sequentially to Q;9RRGRR, Q;3RRGRR,
Q;7RRGRR, Q;cRRGRR and shorter fragments (Figure 1).
The rate of digestion of Q,oRRGRR by the HeLa extracts
could be assayed by quantitatively measuring the N termini
of the new peptide products generated. To compare the rate
with a typical, non-repeat 25-residue peptide, we used a
collection of peptides with the general sequence RY (X),oNKTL,
where ‘X’ is an equimolar mixture of A, D, E, F, G, H, , K, L,
M, P, Q, R, S, Tor V. The rate of digestion of Q,QRRGRR
(1.5pmol peptide cleavages/h/ug) was 15-fold lower than
that of the 25-residue peptide library (22 pmol/h/pg). Thus,
the digestion of the polyQ peptide occurs, but is very slow as
compared to the rapid clearance of more typical peptides.
Purified eukaryotic proteasomes can cleave bonds in
Q20RRGRR only in the C-terminal basic flanking residues
to generate Q,oRRG (similarly, the proteasomes generate
Q19RRG from the Q;9RRGRR peptide that contaminates the
substrate) (Venkatraman et al, 2004). The observed digestion
pattern suggested that the cell extracts, unlike the protea-
somes, do not make any cuts in the flanking C-terminal
RRGRR sequence. The digestion products in the HeLa extract
did not change upon incubation in the presence of specific
proteasome inhibitors, epoxomicin and PS 341, even though
the HeLa extract had functionally active proteasomes as they
digested rapidly the standard fluorogenic substrate (Suc-
LLVY-amc) as well as protein substrates (casein) (data not
shown). We therefore decided to fractionate these extracts in
order to identify the peptidases that digest the polyQ peptide.
These observations also confirm our earlier findings that
mammalian cell extracts lack carboxypeptidase activities
(Beninga et al, 1998; Saric et al, 2004).
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Figure 1 PolyQ sequences are digested in HeLa cell extracts by an exopeptidase activity. Q,oRRGRR (15uM) (which contains some
contaminating Q;9RRGRR and traces of Q;sRRGRR) was incubated alone (A) and with 10 pg of freshly prepared HeLa extracts in 50 ul (B)
for 4h at 37°C and the reaction mixtures were analyzed by MALDI-TOF. Sequential loss of Q residues indicates aminopeptidase activity.

Identification of cellular peptidases active against polyQ
sequences

To assay the polyQ-degrading activity in different fractions,
we designed an internally quenched fluorescent substrate
where the fluorescent (EDANS (5-[(2-aminoethyl) amino]-
naphthalene-1-sulfonic acid)) and fluorescence-quenching
group (DABSYL (4’-dimethylaminoazobenzene-4’-sulfonyl))
were separated by 9 Q’s (KKEEPANSIQuRPABSYLIK) - Thys,
a single endopeptidyl cut within this glutamine stretch
would lead to an increase in the fluorescence signal. We
also used the fluorescent substrate Q-amc to monitor any
aminopeptidase activity capable of removing Q residues.
However, we also found that repeated exopeptidase cleavages
could release the fluorescent EDANS from the quencher
(see below).

The cytosolic HeLa homogenates were centrifuged at
100000¢g for 6h to remove nearly all the proteasomes and
the extremely large cytosolic peptidase, TPPII. Therefore, we
also tested a purified preparation of TPPII separately for its
ability to cleave polyQ sequences (see below). Removal of
these high-molecular-weight enzymes had little or no effect
on the hydrolysis of the quenched Qy substrate or Q-amc.
Upon fractionation of the high-speed supernatants on a DEAE
column, one large peak of activity was found against the
quenched Qq substrate (10 uM) (Figure 2A). To our surprise, it
appeared to correspond to an aminopeptidase, as it was also
the only peak able to hydrolyze Q-amc (100 uM) (Figure 2A).
The activity against both these substrates coincided exactly,
but the peaks were broad. We therefore fractionated it further
on a Resource™ RPC hydrophobic column. The eluted frac-
tions from this column (Figure 2B) showed two sharp activity
peaks with overlapping activities against both the substrates.
When the ability of the two peaks to hydrolyze the Qg
fluorescent peptide was assayed using MALDI-TOF MS,
only peak 2 generated peptide products (not shown). By
contrast, the less active peak 1 only appeared to increase
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the fluorescence of the peptide without cleaving its peptide
bonds. We therefore focused on peak 2.

The fractions corresponding to peak 2 were pooled, con-
centrated, desalted and further fractionated on a CHT hydro-
xyapatite column. There was no activity in the flow-through
fractions. Upon batch-elution in steps of 0.1 M phosphate,
only the 0.2 M phosphate peak showed activity against both
the substrates. The 0.2 M fractions were desalted, concen-
trated and analyzed by native PAGE. An activity overlay assay
of the gel using either Q-amc or the quenched Qo substrate
showed a single, distinct band (Figure 2C), which was
excised, eluted and subjected to SDS-PAGE. Two bands
corresponding to 98 and 62 kDa, respectively, were visible
on the gel by silver staining (Figure 2D). The excised native
gel band was also subjected to liquid chromatography
coupled with mass spectrometry (LC/MS/MS), and 41 pep-
tides corresponding to different parts of the human PSA
sequence, 40 peptides corresponding to the human alanyl
t-RNA synthetase and 24 peptides corresponding to different
parts of the human annexin sequence were identified. The
molecular weights of PSA, alanyl-tRNA synthetase and
annexin are 98, 107 and 62 kDa respectively. Various other
proteins were identified with a much lower number of pep-
tide matches. PSA was identified as the only active peptidase
present, as the activity against both these substrates was
completely inhibited by puromycin, a specific inhibitor of
PSA (Hersh, 1981), as well as by the general aminopeptidase
inhibitor bestatin (Umezawa et al, 1976) (data not shown).
Also pure PSA rapidly digested each substrate (data not
shown).

Purified PSA can digest CKKQ,,KK as well as KKQ3,KK
peptide

To test the ability of PSA to digest larger Q peptides, 15uM
each of CKKQ,oKK and KKQ3oKK was incubated with 0.3 pg/
ul of PSA (pooled, concentrated fractions from CHT column)
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Figure 2 Identification of PSA as the enzyme active against the aminopeptidase substrate Q-amc and the quenched fluorescent substrate
KKEEPANS)Q K (PABSYLIK designed to detect endopeptidase(s) cleaving within the Q, sequence, but also able to detect repeated aminopeptidase
cleavages that sequentially remove KKE®PAN%) residues. (A) A 50 mg portion of 65000 g Hela extract was fractionated on a DEAE column as
described in Materials and methods. Five-microliter aliquots were analyzed for their ability to hydrolyze 100 uM Q-amc and 10pM
KKE®EPANS)Q K (PABSYLIK A single, overlapping activity peak was observed against both the substrates. The corresponding fractions were
pooled, concentrated and further fractionated on a Resource Q column. Five-microliter aliquots were analyzed for their ability to hydrolyze
100 uM Q-amc and 10 uM KKEEPANSIQ K PABSYLIK ' (B) The activity profile against both the substrates showed two sharp peaks. Fractions from
the second peak were pooled and the proteins separated on a CHT hydroxyapatite column. (C) Native gel activity overlay using the fluorogenic
substrate Q-amc. Active fractions from the CHT hydroxyapatite column were pooled, concentrated and run on a native PAGE labeled as the
Q-active pool along with 65000 g HeLa extract. The corresponding Q-amc active band was excised and run on an SDS—PAGE. (D) Two bands
corresponding to 98 and 62 kDa were visible. Using mass spectrometry, the 98 kDa band was identified as the human PSA and the 62 kDa band
was identified as annexin.

for 2h and the products generated were analyzed using pension, there was no activity against Q,oRRGRR; however,
MALDI-TOF MS. PSA could digest both peptides sequentially. TPPII rapidly loses activity under these conditions (unpub-
In a typical aminopeptidase fashion, PSA removed one Q lished observations). We therefore tested whether purified
residue at a time from both peptide substrates (Figure 3). TPPII can degrade polyQ sequences. Using MALDI-TOF MS,
Digestion of both peptides was completely inhibited by we observed that TPPII could release three residues from
puromycin, a specific inhibitor of PSA, as well as the general Q,0RRGRR to form Q;7RRGRR and then Q;4RRGRR
aminopeptidase inhibitor bestatin (data not shown). Also, (Figure 4). However, the rate of digestion of Q,o0RRGRR by
recombinant PSA (kindly provided by L Hersh) was found to TPPII (0.008 nmol/h/pg) was 50-fold lower than the rate of
digest CKKQ»oKK and KKQ;oKK by a similar aminopeptidase digestion of the non-repeat 21-residue peptide insulin chain A
mechanism (data not shown). The rate of digestion of (0.4nmol/h/pg), suggesting that Q,oRRGRR is quite resistant
CKKQ,oKK by purified PSA (0.3 nmol/h/ng) was similar to to TPPII as compared to a typical peptide lacking Q repeats.
the rate of digestion of a typical (non-repetitive) 20-residue Furthermore, no digestion was observed when TPPII was
peptide lacking Q residues, ANATKVSKNLEKNVSKNLEY, in tested against a longer Q peptide, KKQ;0KK (data not shown).
contrast to the crude cell extracts, which degraded the pep- These experiments and the sensitivity of crude extracts to
tide lacking Q residues much faster. This result is consistent inhibitors of PSA indicate that TPPII does not contribute
with the presence in the cells of multiple endopeptidases and significantly to the digestion of polyQ sequences released
aminopeptidases active against other peptide sequences, but by proteasomes.
only one, PSA, was capable of rapidly digesting polyQ
sequences. Lack of activity of other cytosolic peptidases

It was surprising that none of the other known cytosolic
Pure TPPII shows little activity against Q,,RRGRR endopeptidases were identified in the screen using the Qy
The HeLa extracts that we analyzed were centrifuged at high fluorescent peptide or Q-amc as substrates. Therefore, we
speeds to remove proteasomes as well as TPPII. Upon resus- tested the activity of purified preparations of the major

1388 The EMBO Journal VOL 26 | NO 5 | 2007 ©2007 European Molecular Biology Organization
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Figure 3 PSA can digest CKKQ,oKK as well as KKQ30KK. CKKQ,oKK (15uM) (A) and KKQ;oKK (15uM) (B) were incubated with 6.8 pg of
partially purified PSA in 20 pl reactions for 2 h at 37°C and the reaction mixtures were analyzed by MALDI-TOF. PSA digested both substrates to

shorter products by sequential aminopeptidase action (C) and (D).
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Figure 4 Pure TPPII shows limited tripeptidyl aminopeptidase activity against Q,0RRGRR. Q,,RRGRR (15 uM) was incubated alone (A) and
with 6 ug of purified TPPII in 20 pl reactions (B) for 4h at 37°C and the reaction mixtures were analyzed by MALDI-TOF. The production of

Q;7RRGRR indicates a tripeptidyl peptidase activity.

intracellular endopeptidases against the Qo and Q, peptides.
Neither recombinant POP nor a partially purified preparation
of human TOP, which plays a major role in degrading
proteasomal products 9-16 residues long (York et al, 2003;
Saric et al, 2004), could digest Q,0RRGRR or KKQ,cKK (data
not shown). We also tested commercially available recombi-
nant ACE and IDE, both of which have been implicated in the
degradation of the Alzheimer’s B-amyloid precursor protein
(Hu et al, 2001; Farris et al, 2003)—neither showed any
activity against the Qo peptides, as shown by measuring

©2007 European Molecular Biology Organization

new amino groups generated or MALDI-TOF MS (data not
shown). Finally, the two major cytosolic aminopeptidases,
purified, recombinant LAP and BH, were also found to be
inactive against Q,oRRGRR, KKQ,oKK as well as KKQ3oKK
(data not shown), in sharp contrast to findings with PSA.

Studies to clarify the importance of PSA and TPPIl in
degrading polyQ peptides

To study the metabolism of polyQ peptides in extracts
containing functional proteasomes, TPPII and particulate

The EMBO Journal VOL 26 | NO 5| 2007 1389
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enzymes, we prepared fresh HeLa lysates using only low-
speed centrifugation (10000g for 15min). TPPII was
observed to be active in these extracts, using the standard
fluorogenic substrate AAF-amc. The activity of these extracts
was then tested against several polyQ peptides, Q-amc and
KKEEPANS) g (PABSYLIK (Taple 1), in the presence or absence
of butabindide, the specific TPPII inhibitor (Rose et al, 1996),
as well as puromycin, the specific inhibitor for PSA, bestatin,
an inhibitor of most aminopeptidases (including PSA),
MG132, the proteasome inhibitor, and E64, the cysteine
protease inhibitor. In the presence of puromycin, the extract
activity was inhibited by 86 or 94% (with Q-amc), and in the
presence of bestatin, there was an inhibition of 69 or 33%
(with Q-amc). Surprisingly, there was no effect of the TPPII

Table I Digestion of fluorogenic polyQ substrates tested in the
presence of specific protease inhibitors

HeLa extract activity against KKE®PAN9 QQQ QQQ QQQ K PABSYLI g
% Inhibition

No inhibitor 0
Butabindide (4 nM) 0
Bestatin (100 uM) 69
Puromycin (100 pM) 86
MG132 (100 uM) 0
E64 (100 uM) 0

HeLa extract activity against Q-amc

% Inhibition
No inhibitor 0
Butabindide (4 nM) 0
Bestatin (100 uM) 33
Puromycin (100 pM) 94
MG132 (100 uM) 0
E64 (100 uM) 6

A100-

No inhibitor

N B O O
© ©o ©o o

o

inhibitor butabindide, even though TPPII was active in these
extracts as shown using the specific substrate AAF-amc.
Moreover, butabindide was able to completely inhibit its
hydrolysis although not affecting the polyQ substrates.
Therefore, the major, rate-limiting peptidase acting on the
polyQ peptides in these extracts is PSA.

As observed using MALDI-TOF MS (Figure 5), Q,0RRGRR
is digested in these HeLa extracts by sequential aminopepti-
dase action. The addition of butabindide had no inhibitory
effect, whereas the digestion was strongly inhibited by the
presence of puromycin. These findings thus confirm the
results obtained with the quenched Qo peptide and Q-amc.
To further investigate the contributions of these two en-
zymes, we tried to eliminate their expression with siRNA.
HeLa cells were treated with control siRNA directed against
mouse TOP (5-CCUCAACGAGGACACCACCATAT-3’ and 5'-
GGUGGUGUCCUCGUUGAGGATAT-3’ corresponding to bases
673-691 of mouse TOP), siRNA specific for TPPII (5'-CAAC
UCACUGGCCAAAUU dTdT-3’ and 5-AAUUUGGCCAGUGA
GUUGC dTdT-3’ corresponding to bases 1017-1035 of
human TPPII) and siRNA specific for PSA (5-GAGUCCUUGG
CGCUACUC UdTdT-3' and 5'-AGAGUAGCGCCAAGGACUCAT
dT-3’ corresponding to bases 2405-2423 of human PSA).
mRNA levels for both enzymes were drastically reduced 3
or 4 days after transfection (Supplementary Figure 1A and C),
and there was a decrease in the specific enzymatic activity of
TPPII by about 90% and of PSA by 80% (Supplementary
Figure 1B and D). The extent of Q,oRRGRR digestion
(Figure 6) was identical in the wild-type HeLa extract and
the TPPII siRNA-treated HeLa extract, whereas there was
hardly any digestion of Q,0RRGRR by the PSA siRNA-treated
HeLa extracts. These experiments clearly established that
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Figure 5 In extracts, PSA and not TPPII is mainly responsible for digesting Q peptides. Q,0RRGRR (15uM) was incubated (A) with 10 pug of
cytosolic HeLa extracts in 10pl, (B) in the presence of 100 uM puromycin, a specific inhibitor of PSA, and (C) in the presence of 4 nM
butabindide, a specific inhibitor of TPPII, and, for 4 h at 37°C, and the reaction mixtures were analyzed by MALDI-TOF. Before the reaction, the
extracts were preincubated with the respective inhibitors for 20 min at room temperature. In the presence of puromycin, there was no digestion
of Q,0RRGRR at all (no change from time 0), whereas in the presence of butabindide, there was sequential digestion of Q,,RRGRR as in the
absence of any inhibitor. Also, no TPPII activity was detected even in the presence of puromycin.
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Q20RRGRR (15uM) was incubated in a 20 pl reaction (A) with 10 pg of cytosolic HeLa extracts transfected with control siRNA directed against
mouse TOP, (B) with siRNA against human PSA and (C) with siRNA against human TPPII (exact oligonucleotide sequences are described in
Results and Materials and methods) for 4h at 37°C and the reaction mixtures were analyzed by MALDI-TOF. Digestion of Q,,RRGRR was
completely blocked (no change from time 0) in the presence of PSA siRNA-treated HeLa extracts, whereas the digestion of Q,0RRGRR in the
presence of TPPII siRNA was indistinguishable from control. Also, no TPPII activity was detected even in the presence of reduced PSA
expression.
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Figure 7 (A) PSA digests at similar rates CKKQ,oKK and KKQ3,KK as well as a set of non-repeat peptides (B) with 13, 20, 30 and 42 residues
having identical N- and C-terminal residues. These N-terminal residues were ANATKVLEVSLEY (13), ANATKVSKNLE-KNVSKNLEY (20),
ANATKKNSLEVSKNLELEKNVSVSKNLEY (30), ANATKKNLEVSVSLEKNKNSLEVSKNLELEKNVSVSKNLEY (42). Their degradation at compar-
able rates indicates an ability of PSA to attack quite long polypeptides. A 15 uM portion of each peptide was incubated with 6.8 ug of PSA in a
20 pl reaction at 37°C and the number of new N termini generated was assayed, as described in Materials and methods. Error bars indicate
standard errors calculated from three independent experiments.

PSA is the only protease that can cleave the polyQ sequences tides studied were CKKQ,oKK and KKQ3oKK, which
in the cytosol at pH 7, and hence is probably responsible for correspond to the lengths of polyQ sequences in some normal
the degradation of the polyQ peptides released from the proteins. Longer peptides, which would reflect the polyQ
proteasome. sequences present in the disease states, such as KKQsoKK,

could not be tested with PSA, as these peptides are extremely
Influence of substrate length on susceptibility to PSA aggregation-prone and have very limited solubility (even with
Generally, aminopeptidases (including PSA) preferentially the terminal basic residues). (Also, longer polyQ peptides
digest short peptides 3-5 residues long, and most cannot such as KKQsoKK are difficult to detect by MALDI-TOF.) PSA
act on substrates longer than oligopeptides (Chang et al, cleaved CKKQ;oKK and KKQ3;oKK at very similar rates
2005). Therefore, we examined the ability of PSA to hydro- (Figure 7A). In order to compare, we also tested the ability
lyze polyQ peptides of increasing repeat length. The Q-pep- of PSA to digest peptides of increasing lengths using a set of
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Figure 8 Summary of pathways for degradation of a typical non-repeat cell protein and of a polyQ protein, based on the present observation.

non-repeat peptides with 13, 20, 30 and 42 residues having
similar N-terminal residues: ANATKVLEVSLEY (13), ANA
TKVSKNLEKNVSKNLEY (20), ANATKKNSLEVSK NLELEK
NVSVSKNLEY (30) and ANATKKNLEVSVSLEKNKNSLEV
SKNLELEKNVSVSKNLEY (42). Surprisingly, the rates of
digestion of these 13-, 20-, 30- and 42-residue peptides were
very similar and comparable to the rates of Q peptides with
polyQ N termini (Figure 7). Thus, PSA, unlike any other
cytosolic enzyme, can digest Q peptides as efficiently as non-
repeat peptides. This unusual capacity of an aminopeptidase
to digest such long polypeptides can account for the recently
discovered ability of PSA to degrade Tau in vivo and in
neurons (Karsten et al, 2006), and further suggests a role in
the elimination of normal-length Q sequences released by
proteasomes and perhaps also the expanded polyQ sequences
that may be generated in polyQ diseases.

Discussion

The present studies further clarify the pathway of degradation
of polyQ-containing proteins under normal conditions and
may have important implications for understanding the ac-
cumulation of polyQ proteins and fragments during disease
states. Our earlier studies showed that the eukaryotic protea-
somes while degrading polyQ proteins cannot digest the
polyQ sequences and release these sequences intact
(Venkatraman et al, 2004). As shown here, the only cytosolic
peptidase capable of digesting these polyQ peptides is the
PSA. By fractionation of cell extracts and using purified
cytosolic peptidases, we found that PSA was the only pepti-
dase active against a variety of Q peptides. The only other
peptidase showing any activity against the Q peptides at pH 7
was TPPII, a large (5-9 MDa) enzyme complex (Geier et al,
1999) having a unique spindle-shaped structure formed of
two twisted strands (Rockel et al, 2002, 2005). Although the
biological importance of its complex architecture remains
unknown, it has been shown to play a minor role in the
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generation of antigenic peptides, particularly for the trim-
ming of peptides greater than 15 residues (Seifert et al, 2003;
Reits et al, 2004; York et al, 2006). Purified TPPII could cleave
QQQ peptides from Q,RRGRR but the rate of digestion for
Q20RRGRR was 50-fold lower than the degradation of a
control peptide lacking Q repeats. TPPII, unlike PSA, failed
also to cleave the longer KKQ;oKK. Moreover, experiments
with specific inhibitors as well as RNAi showed that PSA,
and not TPPII, is mainly responsible for the digestion of Q
peptides in cell extracts. Also, no other endopeptidase,
including TOP, which hydrolyzes many longer proteasomal
products (Saric et al, 2001; York et al, 2003), and no cytosolic
aminopeptidases, including LAP and BH, could digest these Q
peptides, even though these enzymes contribute to the very
rapid elimination of other proteasomal products.

PSA is a ubiquitous 100kDa, Zn? " metallopeptidase pre-
sent in high concentrations in mammalian brain (especially
cerebellum; Karsten et al, 2006) from which it was initially
purified as an enkephalin-degrading aminopeptidase (Hersh
et al, 1980). PSA exists primarily in soluble form in the
cytosol and nucleus, but is also found in a membrane-
bound form and associated with the microtubule-spindle
apparatus during mitosis (Constam et al, 1995). PSA has
been proposed to function in a number of processes including
metabolism of neuropeptides (Hersh et al, 1980; Hersh and
McKelvy, 1981), regulation of the cell cycle (Constam et al,
1995), processing of antigenic peptides for presentation on
MHC Class I molecules (Stoltze et al, 2000) and hydrolysis of
proteasomal products to amino acids (Botbol and Scornik,
1983; Saric et al, 2004). It has a broad specificity against
various N-terminal residues with some preference for basic
and hydrophobic amino acids (Johnson and Hersh, 1990;
Constam et al, 1995; Stoltze et al, 2000). Although the
residues important for substrate binding have been defined
(Thompson et al, 2003; Thompson and Hersh, 2003), they do
not explain its unusual capacity to bind to Q peptides. Unlike
proteasomes and most peptidases which bind these Q pep-
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tides very poorly, PSA digests even long polyQ sequences at
rates similar to Q-free sequences.

Silencing of the Caenorhabditis elegans ortholog of PSA
caused defects in embryogenesis and reproduction (Brooks
et al, 2003). The homozygous PSA knockout mice show
dwarfism and impairment of reproductive functions in both
the sexes (Osada et al, 2001a,b). Interestingly, the PSA-
deficient mice also show altered locomotor activity, increased
anxiety and impaired response to pain (Osada et al, 1999).
Perhaps these behavioral and neurological abnormalities are
related to the failure to metabolize polyQ peptides and the
abnormalities seen in mice overexpressing polyQ proteins.
The present findings suggest that a lack of PSA leads to a
greater susceptibility to polyQ diseases as PSA appears to be
critical in the clearance of polyQ sequences derived from
even normal polyQ proteins, which when overproduced can
a be toxic.

Degradation of even normal-length polyQ peptides is
unusually slow

An important observation was that the digestion of all Q
peptides by the cellular extracts is inherently quite inefficient.
For example, the rate of digestion of Q,oRRGRR is 15-fold
lower than the digestion of a non-repeat 25-residue peptide
library. A typical protein is degraded by proteasomes to 3-24-
residue peptides (Kisselev et al, 1999). The smaller products
are then digested by a set of aminopeptidases and the longer
ones (>8 residues) are cleaved by endopeptidases to pep-
tides six residues or smaller, which are then hydrolyzed to
amino acids by this set of aminopeptidases (Saric et al, 2004).
Our results show that the degradation pathway for even the
wild-type polyQ proteins is quite different (and probably
proceeds more slowly). First, the proteasomes release the
undigested polyQ sequences, which subsequently are hydro-
lyzed mainly by a single aminopeptidase (Figure 8). Although
PSA is capable of digesting polyQ peptides as long as 30
residues (and maybe longer), exopeptidases are a much
slower degradative mechanism than endoproteolytic clea-
vages followed by multiple exopeptidases. In addition,
normal as well as expanded polyQ peptides are prone to
oligomerization and aggregation, which may render them
resistant to PSA and contribute to their accumulation. Thus,
the slow clearance of polyQ peptides by PSA, especially
extended ones, could be a critical factor in the development
of polyQ disorders.

Degradation of expanded polyQ proteins and protection
against polyQ diseases

The majority of peptide products released by proteasomes are
smaller than eight residues and nearly all are shorter than 25
residues (Kisselev et al, 1999), presumably because of the
narrow channel for product exit (Kohler et al, 2001). HDs and
other polyQ diseases are associated with polyQ extensions
longer than 35 residues (Zoghbi and Orr, 2000). As such
sequences are not degraded by proteasomes, we proposed
that these peptides when extended beyond 35 residues diffuse
out of the proteasome only very slowly compared to typical
peptide sequences (Venkatraman et al, 2004). Occasional
failure of such extended polyQ peptides to exit the protea-
somes would be expected to block proteasome function, as
was observed in cells and animal models of polyQ disease.
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Such a pathogenic mechanism could contribute to the length
dependence of disease onset.

The finding that polyQ sequences are degraded by an
exopeptidase mechanism indicates another negative conse-
quence of these extended polyQ repeats that could also possi-
bly contribute to the progression of disease and its length
dependence. PSA appears exceptional compared to other cyto-
solic aminopeptidases, which generally prefer substrates only
several residues long, in its ability to digest rapidly longer
peptides, that is, it releases amino acids at similar rates from
non-repeat peptides up to 42 residues. This unusual capacity of
PSA to hydrolyze long peptides presumably accounts for its
recently reported remarkable ability to reduce tau levels in
Drosophila neurons and to protect against neurodegeneration
induced by overproduction of mutant tau (Karsten et al, 2006).
PSA is also unique in its ability to remove N-terminal Q’s from
Q,0 and Qjp at rates similar to other amino acids. However,
exopeptidase attack is the most inefficient enzymatic mechan-
ism for rapid elimination of a lengthy substrate, and the longer
the polyQ sequence, the longer it takes PSA to completely
hydrolyze it. Furthermore, polyQ peptides of increasing
Q-repeat length are prone to aggregate. In fact, such polyQ
fragments are much more aggregation-prone than the original
polyQ-containing protein from which they are derived. Thus,
exclusive digestion by an aminopeptidase mechanism means
that the potentially most toxic, aggregation-prone products of
the proteasome will also be the most long-lived in the cytosol.
These features could also contribute to the influence of increas-
ing Q-repeat length on the onset of polyQ inclusions and
disease symptoms. It is noteworthy that the mRNA for PSA
was among those induced most highly (up to 12-fold in a day)
after overexpression of huntingtin containing 74Q but not with
normal exon 1 (24Q) (Kita et al, 2002). This induction (which
we learned about only after the present studies were submitted
for publication) together with the present findings strongly
implies a key role for PSA in protecting against build-up
of polyQ fragments, similar to its newly discovered role in
protecting neurons against tauopathies (Karsten et al, 2006).

However, in addition to PSA, cells contain other mechan-
isms to retard the accumulation of such poorly degraded
species. Recent studies indicated that the autophagic-lysoso-
mal pathway is also an important mechanism responsible
for the clearance of inclusions formed by the expanded
polyQ-containing proteins (Ravikumar et al, 2002, 2004).
Presumably, the inefficient clearance of extended polyQ
sequences by PSA favors the formation of cytosolic inclu-
sions, which are then hydrolyzed in lysosomes by acid
hydrolases, some of which can digest these polyQ sequences
rapidly (Bhutani et al, in preparation). Although our studies
have identified PSA to be the key peptidase required for the
digestion of the wild-type polyQ sequences released by
proteasomes under normal conditions, its importance in
clearing the expanded polyQ peptides remains unclear. To
what extent polyQ fragments do accumulate in PSA-deficient
cells must depend on the rates of degradation of the polyQ
proteins and the rate of clearance of these proteins and polyQ
peptides by autophagy. These key questions should now be
explored in various models of the polyQ disorders to ascer-
tain the exact role of PSA in different cell types, to learn if the
content of PSA may help determine disease susceptibility and
to test whether PSA induction can retard the progression of
these diseases.
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Materials and methods

Peptides and enzymes

The various polyQ peptides were a kind gift by Professor Ron
Wetzel and were disaggregated, stored and used as described
previously (Chen and Wetzel, 2001; Venkatraman et al, 2004). The
peptide library RY (X;9)NKTL, where ‘X’ is an equimolar mixture of
A,D,E,F,G,H, LK, L, M,P,Q,R,S, TorV, as well as the peptides
ANATKVLEVSLEY, ANATKVSKNLEKNVSKNLEY, ANATKKNSLEV
SKNLE KN VSVSKNLEY and ANATKKNLEVSVSLEKNKNSLEVSKN-
LELEKNVSVSKNLEY were a gift from Professor Frank Momberg.
The quenched Q, peptide, KKEEPANSIQ KIPABSYLIK = was custom
synthesized and purified to >95% homogeneity by Genemed
Synthesis Inc. Fluorogenic substrates used for assaying peptidase
activities were purchased from Bachem (Basel, Switzerland). The
specific peptidase inhibitors leupeptin, bestatin, pefabloc, pepstatin
and E64 were purchased from Sigma, TOP inhibitor N-[1(R,S)-
carboxy-3-phenylpropyl]-Ala-Ala-Phe-p-aminobenzoate  (Cpp-AAF-
pAb) was purchased from Bachem (Basel, Switzerland), butabindide
was purchased from TOCRIS (UK) and PS341 was a gift from
Millenium (USA). Porcine kidney LAP was purchased from Sigma
and was additionally purified as described (Beninga et al, 1998).
Recombinant human PSA was kindly provided by Dr Louis B Hersh,
recombinant human POP was kindly provided by Dr Laszio Polger
and recombinant human BH was a kind gift of Dr Leemor Joshua-Tor.
Recombinant human IDE and ACE were purchased from Calbiochem.

Preparation of cytosolic extracts

To prepare cytosolic extracts (Saric et al, 2004), HeLa cells or
mammalian muscle or liver tissues were resuspended in ice-cold
50 mM sodium phosphate, pH 7.5, 5mM MgCl,, 2mM ATP, 1 mM
DTT and 10% glycerol. Cell extracts were prepared by Dounce
homogenization with 10 manual strokes on ice. This homogenate
was spun at 10000 g for 15min to remove the nuclear fraction and
then at a higher speed of 100000g to remove membranous
organelles. The resulting supernatant fractions were aliquoted,
snap-frozen in liquid nitrogen and stored at —80°C until use. Both
the 10000 and 100000g supernatants were tested for cytosolic
peptidases at pH 7, to ensure that there was no loss of relevant
peptidases by the high-speed centrifugation.

Fractionation of HelLa extracts

HeLa (50mg) extracts, devoid of the nuclear fraction and kindly
provided by Dr Robin Reed’s laboratory, were subjected to high-
speed centrifugation at 65000g for 6h in order to completely
remove the proteasome activity initially present in the extract. The
resulting supernatant was fractionated by ion-exchange chromato-
graphy on a 250 ml DE-52 column in 50 mM Tris-HCL, pH 7.5, 5mM
MgCl,, 1mM ATP, 1mM DTT and 10% glycerol. Bound proteins
were eluted in a 500ml gradient from 0 to 0.5M NaCl and 5ml
fractions were collected. Five-microliter aliquots of the fractions
were analyzed for their ability to hydrolyze 100 uM Q-amc and 10 uM
KKEEPANS) K (PABSYLIK ' The fractions corresponding to the single,
overlapping activity peak against both the substrates were pooled,
concentrated and further fractionated on a Resource™ RPC column.
Bound proteins were eluted in a 100 ml gradient from 0.2 to OM
NaCl. Five-microliter aliquots were analyzed for their ability to
hydrolyze 100 uM Q-amc and 10 uM KKEEPANSIQuR(PABSYLIK “The
fractions corresponding to the active peak were pooled, concen-
trated, desalted and further fractionated on a CHT hydroxyapatite
column. There was no activity in the flow-through fractions. Upon
batch-elution in steps of 0.1 M phosphate, only the 0.2 M phosphate
peak showed activity against both the substrates. The 0.2 M fractions
were desalted, concentrated and analyzed by a native PAGE activity
overlay using the fluorogenic substrate Q-amc and the quenched Qo.
Crude extract and the concentrated Q-active pool were run on
a native PAGE and the gel was incubated in 10 ml of 100 uM Q-amc
for 30 min. Q-amc hydrolysis by the active enzyme generated a
fluorescent band that was visualized using a gel document system
(Bio-Rad). The active fluorescent band was excised and run on an
SDS-PAGE. Two bands corresponding to 98 and 62 kDa were visible.
These bands were excised, eluted and identified using LC-MS.

Peptide product analysis
N termini of new peptides, generated by enzyme digestion, interact
with fluorescamine (Udenfriend et al, 1972). After the reaction, 5 ul
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of each sample was first mixed with 50ul of 0.2M sodium
phosphate, pH 7, and then mixed and rotated with 25pl of
fluorescamine solution in acetone (0.3 mg/ml) for 3 min. Reaction
was arrested by diluting the mixture with 200 pl of ice-cold water.
A 200 pl measure of each sample was then transferred to a 96-well
plate and measured with the FLUOstar Galaxy plate reader (BMG
Labtechnologies Inc.) at an excitation wavelength of 380 nm and an
emission wavelength of 480 nm. An equimolar mixture of peptides
of known concentration (EAA-NH,, AEAA-NH,, AAEAAG-NH,,
AAVVAAG and TTQRTRALV) was used as the standard to calculate
the amount of new peptide products generated. Alternatively,
aliquots of the reaction mixtures were directly analyzed by matrix-
assisted laser desorption/ionization-time of flight mass spectrometry
(MALDI-TOF MS; Applied Biosytems Voyager 4036 at the Dana-
farber Core Facility), using the linear mode of analysis to
increase the sensitivity of detection, as described (Venkatraman
et al, 2004).

Purification of TPPII

TPPII was purified from young rabbit muscle, using high
concentrations of DTT and ammonium sulfate for stabilizing its
structure as reported for the Drosophila homolog (Rockel et al,
2002). After the muscles were minced to small pieces, they were
homogenized in a buffer containing 50 mM sodium phosphate, pH
7.5, 0.25M sucrose, 5SmM DTT, 5mM MgCl,, 2mM ATP and 10%
glycerol. The homogenate was centrifuged for 15 min at 10000 g to
remove cell debris and then was centrifuged for 1h at 100000g to
remove membranous fractions. The supernatants were loaded onto
a DE-52 column (Whatman) and, after washing, were eluted with a
linear gradient of 0-400 mM ammonium sulfate. TPPII protein peak
was followed by butabindide-sensitive activity against AAF-amc.
Active fractions were collected, loaded on a Resource Q column
after diluting the ammonium sulfate concentration to 10mM and
eluted with a linear gradient of 0-300mM ammonium sulfate.
Fractions from the Resource Q column containing TPPII (i.e. AAF-
amc activity that was inhibited by 4nM butabindide) were
concentrated to 1 ml and loaded on a 38-ml glycerol gradient (23-
37% glycerol in 25mM HEPES, pH 7.5, 5mM DTT, 0.5mM ATP,
5mM MgCl,) in a swinging bucket rotor SW 28 (Beckman). After
centrifugation for 22h at 100000g, the gradient was fractionated
and the fractions active against AAF-amc were pooled and
concentrated. The resulting preparations were free of proteasomes
as they showed no activity against the proteasomal substrate Suc-
LLVY-amc, and of aminopeptidases as the activity against AAF-amc
was not affected by the aminopeptidase inhibitor bestatin.

siRNA experiments

RNA oligonucleotides mTOP1 (directed to the base positions
673-691 of mouse TOP (GenBank accession no. XM_122062)) used
as a control siRNA, TPPII (directed to base positions 1017-1035 of
human TPPII (GenBank accession no. M73047) and PSA (directed
to base positions 2405-2423 of the human PSA (GenBank accession
no. NM_006310)) were purchased from Dharmacon (Lafeyette, CO)
and annealed as described (Elbashir et al, 2001). HeLa cells were
transfected with the siRNA as previously described (York et al,
2002, 2003). mRNA was extracted from cells using an RNeasy kit
(Qiagen) and cDNA was prepared using SuperScript II (Invitrogen).
RT-PCR or real-time PCR was performed using primers directed
against TPPII (GGTGGGCAAGTCTCAGTGAT and CATCAAAGCGG
TTGATTCCT), ERAP1 (GGGAGCTGGAGAGAGGCTAT and CTTGCTT
TGAAGGCAGGTTC), PSA (CTCAACTCTCTTGTCCCAC and GGAGTG
CATCGAGATGACC), TOP (ACTTCCCCCTCCTGAAGAAA and CCTT
GAGGATAGCGCAGTTC) and B-actin (CGAGGCCCAGAGCAAGAGAG
and CGGTTGGCCTTAGGGTTCAG). Cytosolic cell extracts were
prepared and the activities against fluorogenic substrates were
measured as described above.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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