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Abstract

Two proteins were isolated, in a stable form, from bovine brain by ion exchange chromatography, gel filtration and ultracentrifugation
on glycerol gradient. They were identified as 20S and 26S proteasomes on the basis of molecular mass, migration velocity on
non-denaturing gels, immunoreactivity, multipeptidase activity and the 26S proteasome also for dependence on ATP for the degradation
of short peptides and ubiquitinylated proteins. However, the 26S proteasome has some properties not yet described for its counterpart of
other tissues and from brain of this and other species. In particular, the ATP concentration required by the 26S proteasome to reach
maximal peptidase activity was approximately 40-fold lower than the one required for maximal proteolytic activity on polyubiquitinylated
substrates. Moreover, plots of substrate concentration vs. velocity gave a saturation curve for the 26S proteasome only, which, for the
trypsin-like and post-glutamyl peptide hydrolase activities fitted the Michaelis–Menten equation, whereas for the chymotrypsin-like

Ž .activity indicated multibinding site kinetics with positive cooperativity ns2.32"0.38 . As concerns the 20S proteasome, its
electrophoretic pattern on native gel revealed a single protein band, a feature, to our knowledge, not yet described for the brain particle of
any species. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The 26S proteasome is a multisubunit particle, dis-
tributed in the cytoplasmic and nuclear compartments,
which constitutes the catalytic machinery of the
ubiquitinrATP dependent protein degradation, one of the
two major pathways involved in the control of intracellular
protein degradation. This pathway has a part in the consti-
tutive turnover of intracellular proteins, rapid degradation

Žof abnormal proteins and critical regulatory proteins cell

AbbreÕiations: AMP-PCP: b,g-methyleneadenosine 5X-triphosphate;
X w xATP-g-S: adenosine 5 - g-thio triphosphate; DCI: 3,4-dichloroiso-

coumarin; DTT: dithiothreithol; EDTA: ethylenediaminetetraacetic acid;
AMC: 7-amino-4-methylcoumarin; bNA: b-naphthylamine; NEM: N-

wethylmaleinimide; PMSF: phenymethylsulfonyl fluoride; TRIS: Tris hy-
xdroxymethyl amino methane; TBS: TRIS-buffered saline
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.cycle proteins, transcriptional factors , modulation of cell
surface receptors and ion channels, and presumably in the
generation of peptides presented by MHC-I molecules
w x9,18,35,40,42 . To enter this pathway the protein has to be
labeled, through a cascade of events involving ATP con-

Žsumption, with multiple molecules of ubiquitin a 8.5-kDa
.protein composed of 76 amino acids , largely conserved in

the phylogenesis and widely distributed in tissues
w x.7,8,21,45 , thereby giving rise to ubiquitin conjugates
constituting the actual substrate of the 26S proteasome.

The 26S proteasome results from the ATP-dependent
association of two particles, the 20S proteasome and the
19S complex, constituting the catalytic core and the regula-
tory component, respectively. The 19S complex confers
upon 20S proteasome specificity for polyubiquitinylated
proteins and dependence of the hydrolytic activity on ATP
w x3,8,9,45 . It is constituted by at least 18 different subunits
with a molecular mass of 25–110 kDa, some with ATPase
activity, others behaving as ubiquitin-recognising elements

0169-328Xr00r$ - see front matter q 2000 Elsevier Science B.V. All rights reserved.
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w xand others with unknown function 3,9,13,46 . The 20S
w xproteasome EC 3.4.99.46 has been structurally and func-

tionally characterized in different mammalian tissues and
cells, in yeast and archaebacteria. In eukaryotes, the parti-
cle has been described to be composed of 28 subunits, with
a molecular mass of 22–34 kDa, coded from 14 different

Ž .genes, and staked in four heptameric rings a b b a7 7 7 7

giving rise to a cylindric-shaped structure. An interesting
feature of the 20S proteasome is the location of the active
sites which are distributed on the b subunits and face into
the hollow of the cylinder, so that the side walls of the
particle work as a barrier, preventing the free access of
cytoplasmic proteins to the luminal space. Analysis of the
different seven b-type subunits uncovered that only three
of them are proteolytically active and bear the N-terminal

w xthreonine as the catalytic nucleophile 3,9,19 . The a-type
subunits are, instead, all proteolytically inactive; they play
a part in stabilizing the two b rings and in promoting the
ATP-dependent capping of the cylinder with one or two

w x19S complex particles 3 . The 20S proteasome exists also
as an independent particle; in this form it has a very
limited proteolytic activity which can be revealed by its
three major peptidase activities, all enhanced by ATP
when it becomes part of the 26S particle. These peptidase
activities are prevalently directed against peptide bonds at

Žthe carboxyl side of basic and hydrophobic trypsin-like
.and chymotrypsin-like activities as well as acidic amino

Ž .acid post-glutamyl peptide hydrolase or PGPH activity
residues, as defined by the degradation of short fluorogenic

w xpeptides 3,9 . For this multiple substrate specificity the
20S proteasome is also defined as multiple catalytic pro-
tease or MCP.

As concerns the distribution of the 20S and 26S protea-
somes in nervous tissue, they have been described in

w x w xbovine 2,28 and rat 1,36 brain. In this study we devel-
oped a purification procedure that allows to obtain the two
proteasomes, and in particular the 26S one, in a stable
form suitable for biochemical characterization. This is an
important preliminary step for a better understanding of
structural and functional properties of the brain ubiquitin-
dependent pathway proteolytic machinery. This issue is of
interest because the brain is a non-mitotic tissue with a
very active protein turnover; further, disorders of this
pathway, as well as of the catalytic activity of the two
proteasomes, have been envisaged in some neurodegenera-

w xtive diseases 11,15–17,25,27,29,31,32,45,47 .

2. Materials and methods

2.1. Products

ŽThe fluorogenic peptides; Suc-L-L-V-Y-AMC chy-
. Žmotrypsin-like activity , Z-L-L-R-AMC trypsin-like activ-

. Ž Ž .ity and Z-L-L-E-bNA post-glutamyl hydrolase PGPH
.activity were supplied by Bachem Feinchemikalien

Ž .Switzerland , DEAE Sepharose Fast Flow, Sephacryl S300
HR, High-Load Q Sepharose HP 10r16 column, Mono Q
HR 5r5 column and Superose 6 HR 10r30 column were
from Pharmacia Biotech, Centricon 30 were from Amicon
and the other products from Sigma, Boehringer and Amer-

w125 xsham. Ubiquitin- I lysozyme conjugates and part of the
antisera against human 20S proteasome and 19S regulatory
complex subunits were a kind gift of Dr. W. Dubiel

Fig. 1. Separation of the 20S and 26S proteasomes on DEAE Sepharose
Ž .fast flow fraction II . Elution profile from a 2.6=30-cm DEAE Sepharose

Fast Flow column of the adsorbed proteins from the clear supernatant of
bovine brain homogenate. One every seventh fraction was dialyzed
against buffer C and then evaluated for peptidase activity by the fluoro-
metric assay and analyzed through non-denaturing gel electrophoresis
followed by gel overlay with the fluorogenic substrate Suc-L-L-V-Y-
AMC. Gel fixation and Coomassie blue staining followed. Panel A: AMC
Ž .pmol produced by the cleavage of the fluorogenic peptide by 10 ml of

Žthe eluate in 30 min at 378C in the presence or absence of ATP closed
.and open circles, respectively , and the absorbance of the eluate moni-

Ž .tored at 280 nm dashed line . Panel B: a native gel in which fractions
with peptidase activity were electrophoresed and then subjected to sub-
strate overlay. Panel C: the same gels after fixation and Coomassie blue
staining. This elution profile was similar to that obtained in two other
independent proteasome preparations.
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Ž .Humboldt University, Berlin, Germany . Other antisera
Ž .were from Affiniti Research Products United Kingdom .

2.2. Buffers

Buffers used for the purification of the two enzymes
and for assays of their activities, were: buffer A, composed
of 10 mM NaCl, 25 mM KCl, 2 mM MgCl , 1 mM DTT,2

Ž .0.1 mM EDTA, 1 mM ATP, 20% glycerol vrv in 20
mM TRIS–HCl, pH 7.0; buffer B, composed of 10 mM
NaCl, 25 mM KCl, 2 mM MgCl , 1 mM DTT, 0.1 mM2

Ž .EDTA, 0.1 mM ATP, 20% glycerol vrv in 20 mM
TRIS–HCl, pH 7.0; buffer C, corresponding to buffer B

Ž .with 10% glycerol vrv ; buffer D, corresponding to
buffer B without glycerol; buffer E, 8 mM NaCl, 10 mM

Ž .KCl, 1 mM DTT, 0.2 mM EDTA, 20% glycerol vrv in
51 mM TRIS–HCl, pH 7.7; buffer F, composed of 1.6 mM
boric acid, 0.08 mM EDTA in 90 mM TRIS–HCl, pH 8.3.

2.3. Purification of the 20S and 26S proteasomes from
boÕine brain

All purification steps were performed at 48C, according
w x w xto Akaishi et al. 1 and Hoffman et al. 22 , with minor

modifications.

2.3.1. Tissue homogenization and fraction II preparation
Ž .Bovine brains about 700 g , immediately after slaugh-

ter, were extensively washed with phosphate-buffered
saline at pH 7.4, homogenized in two volumes of buffer A
Ž .wrv using a Waring blendor apparatus and centrifuged
at 30,000=g for 45 min. The clear supernatant was
adsorbed on a 2.6=30-cm DEAE-Sepharose Fast Flow
column pre-equilibrated in buffer B. The column was
washed with three column volumes of buffer B followed
by two volumes of buffer B supplemented with 0.1 M
KCl. Proteins were desorbed at a flow rate of 0.7 mlrmin
with a linear gradient from 0.1 to 0.45 M KCl in seven
volumes of buffer B. The eluate was monitored at 280 nm
and approximately 230 fractions of 4.8 ml were collected
Ž .fraction II .

2.3.2. 26S proteasome purification

2.3.2.1. Step 1. Samples from fraction II enriched with
ATP-dependent peptidase activity were pooled, dialyzed
against 2=500 ml of buffer C and loaded on a 1.6=10-cm
High-Load Q-Sepharose HR equilibrated with the same
buffer. After extensive washing the column was developed
by linearly increasing the KCl concentration in buffer C
from 0 to 0.6 M in 60 min at a flow rate of 1 mlrmin.

Fig. 2. Gel filtration analysis of the 20S and 26S proteasomes through Superose 6 HR column. The 20S proteasome containing fractions from the Mono Q
column and the 26S proteasome containing fractions from Sephacryl S300 HR column were loaded separately on the Superose 6 HR column and eluted as

Ž . Ž .detailed in Section 2. The eluate absorbance was monitored at 226 nm open symbol . Peptidase activity closed symbol was assayed fluorometrically by
incubating 5 ml of the eluate for 30 min at 378C with the fluorogenic peptide Suc-L-L-V-Y-AMC in the absence or in the presence of ATP. Triangle: 20S
proteasome. Circle: 26S proteasome. This elution profile was similar to that obtained in two other independent proteasome preparations.
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Eluted proteins were monitored at 280 nm. Fractions of 1
ml were collected.

2.3.2.2. Step 2. Fractions with ATP-dependent peptidase
activity were pooled and concentrated to 1.0 ml by cen-
trifugal ultrafiltration on Centricon 30 and loaded on a
1.6=70-cm Sephacryl S300 HR column equilibrated at a
flow rate of 0.5 mlrmin in buffer C. The eluate was
monitored at 226 nm and 0.5 ml fractions were collected.

2.3.2.3. Step 3. Active fractions were pooled, concentrated
to 0.5 ml and loaded on a Superose 6 HR 10r30 column
equilibrated in buffer C at a flow rate of 0.4 mlrmin. The
eluate was monitored at 226 nm and 0.4 ml fractions were
collected.

Columns in steps 2 and 3 were calibrated using dextran
Ž . Ž .blue 2000 kDa , apoferritin 443 kDa and alcohol dehy-

Ž .drogenase 150 kDa as standards.

2.3.2.4. Step 4. Fractions from step 3 were partially con-
centrated by centrifugal ultrafiltration and loaded on a
17–40% glycerol gradient in buffer D and centrifuged for
20 h at 25,000 rpm on a Beckman SW50.1 rotor. At the
end of centrifugation 250 ml fractions were collected,
searched for ATP-dependent peptidase activity, which was
evaluated by the fluorometric assay, and localized on
non-denaturing gels by substrate overlay and Coomassie
blue staining. Active fractions were pooled, partially con-
centrated and used for the characterization of the protein in
structural and functional terms.

Fig. 3. Resolution of the 20S and 26S proteasomes through non-denatur-
ing gel electrophoresis. The analysis was performed on glycerol gradient

Žfractions 28–30% glycerol for the 20S proteasome and 32–34% glycerol
.for the 26S proteasome . Proteasomes were localized on the gel by

Ž . Ž .substrate overlay procedures panel A and silver staining panel B . This
elution profile was similar to that obtained in two other independent
proteasome preparations.

Fig. 4. Subunit composition of the purified 20S and 26S proteasomes.
SDS–PAGE on 12% gel was performed on aliquots of the glycerol
gradient purified proteins. Resolved proteins were detected by silver
stain. Lane A: 20S proteasome. Lane B: 26S proteasome. Molecular

Ž .weight markers were: rabbit muscle myosin 205,000 ; Escherichia coli
Ž . Ž .b-galactosidase 116,000 ; rabbit muscle phosphorylase b 98,000 ; bovine
Ž . Ž .serum albumin 66,000 ; ovalbumin 45,000 ; rabbit muscle glyceralde-

Ž .hyde 3-phosphate dehydrogenase 36,000 ; bovine carbonic anhydrase
Ž . Ž .29,000 ; bovine trypsinogen 24,000 . This subunit composition was
similar to that obtained in two other independent proteasome prepara-
tions.

2.3.3. 20S proteasome purification
The ATP-dependent peptidase activity was purified es-

sentially through the same procedures described above
.with the following modifications: 1 from step 1 the used

.buffer were ATP-free; 2 an anion chromatography step on
MONO Q HR 5r5 was introduced between step 2 and 3:
the column was developed as described in step 1 except
that the flow rate was 0.5 mlrmin and fractions of 0.5 ml
were collected.

2.3.4. Proteasome identification
.At each step the two proteasomes were identified by: 1

a fluorometric assay carried out in the presence and in the
absence of ATP using as a substrate the fluorogenic pep-

.tide Suc-L-L-V-Y-AMC; 2 non-denaturing gel elec-
trophoresis followed by gel overlay with the above peptide

.and Coomassie blue staining; 3 SDS–PAGE performed
on the dissociated fluorescent band resolved by non-dena-
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Table 1
Summary of the purification steps of 20S and 26S proteasomes from bovine brain

Ž . Ž . Ž .Activity was assayed in the presence of the fluorogenic peptide Suc-L-L-V-Y-AMC 130 mM and without 20S proteasome or with 26S proteasome 25 mM ATP. Data are the mean values of three
Ž .different proteasome preparations variation less than 5% .

Step 20S proteasome 26S proteasome

Total protein, Total activity, Specific activity, Yield, % Total protein, Total activity, Specific activity, Yield, %
mg nmolrmin nmolrminrmg protein mg nmolrmin nmolrminrmg protein

Homogenate 8800.0 352.0 0.04 100.0 8880.0 880 0.10 100.0
Fraction II 1450.0 72.5 0.05 20.5 1292.0 181 0.14 20.0
Q-Sepharose HP 343.0 41.2 0.12 11.7 16.5 132 8.00 15.0
Sephacryl S300 HR 34.2 14.7 0.43 4.0 3.0 63 21.00 7.2
Mono Q HR 5r5 5.6 8.2 1.47 2.3 – – – –
Superose 6 HR 2.8 5.9 2.10 1.6 0.8 29.3 38.00 3.3
Glycerol gradient 1.7 4.7 2.70 1.3 0.4 18.8 47.00 2.1
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turing gel electrophoresis and on aliquots of the proteins at
the end of the purification procedures. A detailed descrip-
tion of the procedures at points 1–3 is given below.

2.4. Enzyme actiÕity assay

ATP-dependent and ATP-independent peptidase activi-
w xties were evaluated according to Hoffman et al. 22 by

using a spectrofluorometric assay andror a non-denaturing
gel electrophoresis followed by a substrate overlay proce-
dure described below. For the fluorometric assay the fluo-
rogenic peptides Suc-L-L-V-Y-AMC, Z-L-L-R-AMC and
Z-L-L-E-bNA were used. The assay was carried out at

Ž378C in the presence or absence of 25 mM ATP unless
.otherwise stated in samples that in a final volume of 100

ml contained: 130 mM fluorogenic peptide, 50 ml buffer E
and 5 mM MgCl . The reaction was started by the addition2

Ž .of variable amounts see tables of the two proteins and
Ž .quenched at defined time intervals see tables with 200 ml

of cold absolute ethanol. In control samples, run in paral-
lel, the proteins were added at the end of incubation
immediately before ethanol. Samples were centrifuged and
evaluated for ethanol soluble fluorescence on a Perkin-
Elmer fluorometer using an excitation wavelength of 380
and 335 nm, and an emission wavelength of 440 and 410
nm for AMC and bNA releasing reactions, respectively.
Fluorescence was quantified using AMC and bNA as a
standard.

The purified ATP-dependent peptidase activity was also
evaluated for the ability to cleave ubiquitinylated
w125 x w xI lysozyme according to Hough and Rechsteiner 23 , in
samples that in a final volume of 100 ml contained 30 ml

Ž .buffer E, 5 mM MgCl , variable ATP amounts see tables ,2

4 mg of the purified protein and the radiolabeled substrate
Ž .25,000 cpm ; the reaction was started by the addition of
the purified protein and was left to go on at 378C for 3 h.
In control samples the purified protein was pre-incubated

Žat 248C for 30 min with apyrase potato type VIII from
.Sigma , and then the assay was performed as reported

above. Rate of conjugate degradation is expressed as per-
centage of acid soluble radioactivity formed in 60 min by
1 mg of protein vs. total radioactivity.

2.5. Kinetic measurements

Initial velocities of the hydrolytic reaction in the pres-
ence of the fluorogenic peptides Suc-L-L-V-Y-AMC, Z-L-
L-R-AMC and Z-L-L-E-bNA were plotted vs. substrate
concentrations and the experimental data were fitted by
least squares non-linear regression analysis to the
Michaelis–Menten and Hill equations.

2.6. Electrophoresis

At the different stages of purification, proteins were
analysed by non-denaturing andror denaturing polyacryl-

amide gel electrophoresis. Non-denaturing gel elec-
w xtrophoresis was performed according to Hoffman et al. 22

and buffer F was used. Resolved proteins were evidenced
w xwith either Coomassie blue or silver staining 26,33 . In

some cases, Coomassie Brilliant Blue-stained proteins were
excised, extensively washed in TBS, extracted in sample
buffer and subjected to SDS–PAGE followed by detection
of subunit composition. Denaturing gel electrophoresis
Ž . w xSDS–PAGE was carried out according to Laemmli 26 .

2.7. ImmunoreactiÕity assay

Aliquots of purified proteins were subjected to SDS–
PAGE followed by transfer to nitrocellulose or PVDF

w xmembranes 41,48 . Immunodecorated bands were identi-
fied using the ECL Western blotting detection system.

2.8. Protein quantification

The protein content of samples in each purification step
w xwas determined according to Bradford 4 using bovine

serum albumin as a standard.

3. Results

3.1. Enzyme purification

Resolution of the 20S and 26S proteasomes on DEAE-
Sepharose Fast Flow column and their identification by
fluorometric assay and non-denaturing gel electrophoresis
is reported in Fig. 1.

Fig. 5. Immunodecoration of the dissociated 26S proteasome. Aliquots of
the purified proteasome were subjected to SDS–PAGE, electrotransferred
to nitrocellulose and immunodecorated with antisera directed against

Ž .human 20S proteasome lane A and subunits of human 19S complex, S4
Ž . Ž . X Ž . Ž . Ž . Ž . w xlane B , S5a lane C , S6 Tbp1 lane D and S7 Mss1 lane E 14 .
Molecular weight markers are described in Fig. 4.
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Table 2
Dependence of the hydrolytic reaction rate of the three fluorogenic peptides Suc-L-L-V-Y-AMC, Z-L-L-R-AMC and Z-L-L-E-bNA on the concentration
of the 20S and 26S proteasomes
The experiments were carried out on purified proteasomes dialyzed against buffer E for 1 h, and then incubated, at the concentrations reported in the table,

Ž . Ž . Ž .without 20S proteasome and with 26S proteasome 25 mM ATP and the three fluorogenic peptides 130 mM , as described in Section 2. Data are the
mean values"S.D. of experiments performed in duplicate on three independent proteasome preparations. Activity is expressed as pmol of AMC or bNA
releasedrmin.

Protein, mg 20S proteasome 26S proteasome

Chymotrypsin- Trypsin- PGPH activity Chymotrypsin- Trypsin- PGPH activity
like activity like activity like activity like activity

2.0 5.5"0.44 5.5"0.41 4.9"0.51 95.2"4.7 10.1"1.22 16.2"0.9
1.0 2.7"0.20 2.9"0.32 2.5"0.15 47.7"2.7 4.5"0.7 7.7"1.0
0.5 1.3"0.17 1.5"0.10 1.3"0.10 22.3"1.3 2.4"0.3 3.6"0.2

Following gel filtration on Sephacryl S300 HR, the 20S
proteasome eluted in a volume corresponding to a molecu-
lar mass close to 800 kDa; instead, the 26S eluted in the
void column volume, suggesting a molecular mass above
1500 kDa. Gel filtration on Superose 6 confirmed the
molecular mass of the former enzyme and allowed to

Ž .establish that of the latter as close to 1900 kDa Fig. 2 .
On glycerol gradients the 26S proteasome was recovered
in fractions at 32–34% and the 20S in fractions at 28–30%.

The purified proteasomes, when subjected to non-dena-
turing gel electrophoresis, showed different migration ve-
locities, the 20S proteasome being the faster migrating
one. Worthy of note is the electrophoretic pattern of the
20S proteasome which was characterized by a single pro-
tein band when detected with substrate overlying, or
Coomassie blue, or silver staining; on the other hand, two
closely paired protein bands characterized the 26S protea-

Ž .some Fig. 3 . These migration modalities were a trait of
the two proteasomes throughout the entire purification

Ž .procedure Fig. 1 . No other bands were observed on the
gel whether by substrate overlying, or Coomassie blue, or
silver staining, thus excluding the presence of a specific
peptidases or proteins.

The band identifying the 20S proteasome, excised from
the gel and resolved by SDS–PAGE, showed a heteromul-
timeric nature with subunits in the size range 22–34 kDa.

The subunit composition of the two protein bands identify-
ing the 26S proteasome included all the components of the
20S proteasome and additional ones in the size range 25
kDa up to almost 120 kDa. The subunit composition was
confirmed on aliquots of those samples that were used for
non-denaturing gel electrophoresis, which in this case were

Ž .analysed directly by SDS–PAGE Fig. 4 .
The procedures used for the purification of the two

enzymes and the enrichment of the relative peptidase
activity in the various steps are summarized in Table 1.

3.2. Immunological characterization

The purified 20S and 26S proteasomes cross-reacted
with a series of antisera against human 20S proteasome

Ž .and 19S complex Fig. 5 .

3.3. Functional characterization

The two purified enzymes hydrolyzed, although at dif-
ferent rates, the three fluorogenic peptides constituting a
substrate for chymotrypsin-like, trypsin-like and PGPH
activities.

The hydrolytic reaction rates, when tested in function of
enzyme concentration and incubation time, were linear,
indicating that the two enzymes were stable in the condi-

Ž .tions selected for the assay Tables 2 and 3 .

Table 3
Dependence of the hydrolytic reaction rate catalysed by the 20S and 26S proteasomes on time of incubation
The experiments were carried out on purified proteasomes, dialyzed against buffer E for 1 h, and then incubated, at the times reported in the table, with the

Ž . Ž . Ž .three fluorogenic peptides 130 mM and without 20S proteasome or with 26S proteasome 25 mM ATP as described in Section 2. Data are the mean
values"S.D. of experiments performed in duplicate on three different proteasome preparations. Activity is expressed as pmol of AMC or bNA
releasedrmg protein.

Incubation, min 20S proteasome 26S proteasome

Chymotrypsin- Trypsin- PGPH activity Chymotrypsin- Trypsin- PGPH activity
like activity like activity like activity like activity

5 14"2 14"1 11"1 240"12 22"1 39"2
10 28"1 29"2 25"1 481"10 47"1 77"3
15 41"3 43"3 38"2 735"15 65"3 111"5
20 53"3 59"3 50"3 970"23 95"6 155"10
40 103"9 121"8 98"4 1924"38 201"8 307"11
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The initial velocities of the hydrolytic reaction of the
chymotrypsin-like, trypsin-like and PGPH activities of the
two enzymes were measured at different substrate concen-

Ž .trations in the range 8.12–260 mM Fig. 6 . Due to the
limited substrate solubility, the reaction rates for the three
activities of the 20S protesome did not reach saturation.
The opposite applied to the activities of the 26S protea-
some; the sigmoidal kinetics of the chymotrypsin-like ac-
tivity was fitted by non-linear regression analysis with the

Fig. 6. Kinetic analysis of the chymotrypsin-like, trypsin-like and PGPH
activities of the 26S proteasome. The experiments were carried out on
purified proteasome, dialyzed against buffer E for 1 h and then incubated
with the three fluorogenic peptides in presence of 25 mM ATP. For the

Ž .assay of the chymotrypsin-like activity, A 300 ng of protein were used
Ž .and the incubation lasted 15 min; for the assay of the trypsin-like B and

Ž .PGPH C activities, 600 ng were used and the incubation lasted 30 min.
Data are the mean values of experiments performed in duplicate from

Ž .three different proteasome preparations variation less than 5% . Activity
is expressed as AMC or bNA released.

Hill equation, whereas the hyperbolic kinetics of the
trypsin-like and PGPH activities with that of Michaelis–

Ž .Menten. In the first case K , V and Hill coefficient Nm max

values were 44.17"3.9 mM, 46.86"2.3 pmolrmin per
mg protein and 2.32"0.38, respectively; in the case of
trypsin-like and PGPH activities, K values were 27.71"m

2.5 and 48.5"8.1 mM, respectively, and V valuesmax

were, for the former 5.08"0.17, and for the latter, 10.76
"0.6 pmolrmin per mg protein.

The peptidase activity of the two proteasomes was
tested in the presence of a series of reagents, known to

w xaffect that of the 20S proteasome from other tissues 24,39 .
The three peptidase activities tested were all inhibited by
NEM and DCI, and almost unaffected by iodoacetamide
and PMSF; only the trypsin-like activity was inhibited by

Ž .leupeptin Table 4 .
ATP maximally activated the three peptidase activities

of the 26S proteasome at 12.5–25 mM, whereas at concen-
trations higher than 0.5 mM, it was less effective and, in
the case of the chymotrypsin-like and trypsin-like activi-

Ž .ties, slightly inhibiting Table 5 . ATP 12.5–25 mM left
Žunaffected the three activities of the 20S proteasome unre-

.ported results .
The activity of the 26S proteasome was also evaluated

in the presence of ATP analogues at 25 mM, this concen-
tration being that at which ATP determined maximal pro-

Ž .teasome activation Table 6 .
w125 xUbiquitin I lysozyme conjugates were cleaved by

the 26S proteasome, providing ATP was at least 0.1 mM;
however, the reaction rate rose further as the nucleotide

Ž .concentration was brought up to 1 mM Table 7 .

4. Discussion

Two heteromultimeric proteins were isolated in a stable
form from the cytoplasmic compartment of bovine brain
and identified as 20S and 26S proteasomes, on the basis of

w xmolecular mass 1,2,9,22,30 , subunit composition
w x w x1,3,6,9,10,22,28,30,44 , immunoreactivity 11 , as well as

w xmigration velocity on non-denaturing gels 10,22 . Similar
to the 26S proteasome from rabbit reticulocytes and rat

w xskeletal muscle 10,22 , the purified 26S proteasome mi-
grated on non-denaturing gels as a closely paired band
when visualized by substrate overlay and silver staining
Ž .Fig. 3 . During the purification procedures, usually lasting
10 days, the ratio between the two fluorescent protein
bands remained unvaried, indicating that in the selected
conditions the bands were the expression of two stable

Ž .protein conformations Figs. 1 and 3 . The yield of the 26S
proteasome was instead compromised when a Mono-Q
chromatography step was introduced before or after gel
filtration on Superose 6. In our hands, this step caused the
dissociation of a large part of 26S complex in the constitut-

Ž .ing 19S and 20S complexes unreported results .
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Table 4
Effects of group specific reagents on the chymotrypsin-like, trypsin-like and PGPH activities of the 20S and 26S proteasomes

Ž . Ž .The experiments were carried out on purified proteins, dialyzed against buffer E for 1 h and then incubated without 20S proteasome and with 25 mM ATP 26S proteasome and with the three fluorogenic
Ž .peptides 130 mM , in the absence and presence of the various group-specific reagents. For the assay of the 26S proteasome chymotrypsin-like activity, 300 ng of protein were used and the incubation lasted

15 min; for the other two activities, 600 ng were used and the incubation lasted 30 min. For the assay of all the peptidase activities of the 20S proteasome, 500 ng of the purified protein were used and the
incubation lasted 60 min. Variations are estimated with respect to the activity in the absence of specific-group reagents and considered equal to 100. Data are the mean values of experiments performed in

Ž .duplicate on three different proteasome preparations variation less than 5% .

Reagents 20S proteasome 26S proteasome

Chymotrypsin-like activity Trypsin-like activity PGPH activity Chymotrypsin-like activity Trypsin-like activity PGPH activity

None 100 100 100 100 100 100
Ž .DCI 1 mM 19 37 28 2 15 3
Ž .NEM 2 mM 216 22 86 23 32 70
Ž .PMSF 2 mM 93 86 88 110 95 83

Ž .I-acetamide 2 mM 117 100 83 97 106 105
Ž .Leupeptin 40 mM 96 19 100 105 19 79
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Table 5
Effect of ATP concentration on the peptidase activity of the 26S protea-
some
The experiments were carried out on the purified proteasome dialysed for
1 h against buffer E and then incubated without and with ATP in the
presence of the three substrates as described in Section 2. For the assay of
the chymotrypsin-like activity, 300 ng of the purified complex were used
and the incubation lasted 15 min; for the assay of the other two activities,
600 ng of the purified complex were used and the incubation lasted 30
min. Variations are estimated with respect to the activity tested in the
absence of ATP and considered equal to 100. Data are the mean values of
experiments performed in duplicate on three different proteasome prepa-

Ž .rations variation less than 5% .

ATP, mM Chymotrypsin- Trypsin- PGPH activity
like activity like activity

None 100 100 100
0.006 147 162 150
0.012 182 209 204
0.025 171 203 237
0.050 133 200 193
0.100 131 200 181
0.500 114 126 185
1.000 92 100 144
2.000 73 80 119

The two purified proteasomes share a number of func-
tional properties with their counterparts from other tissues.

w xThey behaved as multicatalytic peptidases 9 and were
sensitive to defined group-specific reagents with sensitivity

w xvarying in relation to the substrate used 3,9,24,39 . The
26S proteasome was highly responsive to ATP and ATP-
analogues, the PGPH activity being the most sensitive one
to ATPgS. AMP and CMP were instead ineffective, thus

Table 6
Effects of ATP and ATP analogues on the chymotrypsin and trypsin-like,
as well as PGPH, activities of the 26S proteasome
The experiments were carried out on the purified proteasome, dialyzed
against buffer E for 1 h and then incubated with the three fluorogenic

Ž .peptides 130 mM in the absence or presence of the various nucleotides.
For the assay of the chymotrypsin-like activity, 300 ng of the purified
proteasome was used and the incubation lasted 15 min; for the assay of
the other two activities, 600 ng of the purified complex was used and the
incubation lasted 30 min. Differences are estimated with respect to the
activity tested in the absence of whatever nucleotide and estimated equal
to 100. Data are the mean values of experiments performed in duplicate

Ž .on three different proteasome preparations variation less than 5% .

ATP analogues, Chymotrypsin- Trypsin- PGPH
25 mM like activity like activity activity

None 100 100 100
ATP 180 203 237
ATPgS 260 207 430
AMP-PCP 127 89 113
GTP 196 123 190
CTP 129 132 227
ADP 140 96 193
AMP 109 89 93
GMP 102 87 90

Table 7
w125 xHydrolytic activity of the 26S proteasome on ubiquitin I lysozyme

conjugates
The hydrolytic reaction was carried out at 378C for 3 h in the presence of

w125 x Ž .ubiquitin I lysozyme conjugates 25,000 cpm , 4 mg of purified 26S
proteasome and ATP at the concentrations referred in the table. In control
samples 26S proteasome was omitted or was preincubated with 1 U
potato apyrase for 30 min at 248C. Percentage difference is referred to the
increase of activity in samples incubated with ATP and without apyrase,
and those incubated with ATP and apyrase. Data are the mean values of
an experiment performed in triplicate.

Additives 26S proteasome

Acid solubler Percentage
total radioactivity, difference
cpm

Without proteasome 10.8 –
Apyrase and 1 mMATP 11.1 –
0.025 mM ATP 11.8 7
0.100 mM ATP 17.1 55
1.000 mM ATP 18.9 70

confirming that, also for 26S proteasome from brain, the
hydrolysis of phosphoanhydride bonds is not essential for

w xpeptidase activity 6,10 . In this view, ATP should not be
considered as a free energy donor but rather as an al-
losteric activator of the catalytic core of the 26S protea-
some, a role that ATP shares with some of its analogues.
From our data the active sites responsible for PGPH
activity appear to be the most sensitive to such conforma-
tional stabilization. The 26S proteasome-mediated degrada-
tion of ubiquitin-lysozyme conjugates was instead highly
responsive to increasing ATP concentrations. In this re-
spect, it is of interest that non-hydrolyzable ATP analogues
are ineffective on the 26S proteasome proteolytic activity

w xof the 26S proteasome 20,34 . The decreasing activation
or even inhibition of the 26S proteasome peptidase activity
for increasing ATP concentrations, approaching those es-
sential for proteolytic activity, further supports the differ-
ent role played by the nucleotide towards peptide or
protein substrates and suggests that accumulation of nega-
tively charged compounds inside the catalytic core is
detrimental for the interaction of the core with the peptide
substrate, e.g., non-ubiquitinylated and unfolded sub-
strates. Lastly, the three specific activities of the 20S
proteasome were below those of the 26S proteasome,

w xparticularly the chymotrypsin-like one 3,6,10 , in line with
the commonly held view that the 20S proteasome activity

w xis latent 1,5,30,37 . In addition, as concerns the purified
26S proteasome, the chymotrypsin-like to trypsin-like ac-
tivity ratio is considerably greater than that of the 20S
proteasome, similar to what is described for the two pro-

w xteasomes from bovine red blood cells 6 , but not for those
w xfrom rat brain and skeletal muscle 1,10 .

There are still other structural and functional properties
of the two purified proteasomes that are of note. The 20S
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proteasome migrates in non-denaturing gels, as a single
band, when detected both by substrate overlay and silver

Ž . w xstaining Fig. 3 , a feature of its counterpart of other 10 ,
w xbut not of all 12,22 , tissues, and not yet described, to our

knowledge, for brain in this and other species. As concerns
the 26S proteasome, plots of the degradation rate of the
Suc-L-L-V-Y-AMC, Z-L-L-R-AMC, Z-L-L-E-bNA fluo-
rogenic peptides vs. substrate concentration produced sig-
moidal curves in the first case and hyperbolic ones in the
latter two cases. To our knowledge, these kinetic character-
istics have not yet been described for its counterpart from
other tissues and from brain of this and other species. At
the same substrate concentrations, a saturation curve was
not obtained in the case of the 20S proteasome, in line
with what is described for this complex from bovine red

w xblood cells 5 . Therefore, at least for the 26S proteasome
from bovine brain, the catalytic core should behave differ-
ently with respect to polypeptide substrates depending on
the fact that it is in association with the 19S regulatory
complex or a single particle. If so, the regulatory complex
would also have a modulatory role on the steric conforma-
tion of the subunits, facing the cylindric hollow, once
exposed to specific substrates. The sigmoidal curve ob-
tained by the kinetic analysis of the chymotrypsin-like
activity of the 26S proteasome is the expression of a
positive cooperativity of the particle towards this substrate;
this is an expected feature in view of the multisubunit
structure of this particle; the Hill coefficient around the
value of 2 suggests the participation in the catalysis of at
least two b-type subunits. The absence of cooperativity
towards the trypsin-like and PGPH activity substrates is,
instead, surprising since both activities belong to the same
multisubunit protein. At present we cannot rule out the
possibility that using peptides with a different amino acid

w xsequence 38 , cooperativity can be evidenced for these
two activities too. Further, the ATP concentration required
by purified 26S proteasome to degrade ubiquitinylated
conjugates was many times higher than that needed for

Žoptimal cleavage of small peptides 1 mM in the former
.case vs. 12.5–25 mM in the latter case . Thus, to cleave

peptide bonds in ubiquitin conjugated proteins, brain 26S
proteasome requires a 40-fold higher ATP concentration
than that necessary for its activity on non-ubiquitinylated
substrates. Possibly, the ATP concentration in the catalytic
core is kept separate from that needed for the accomplish-
ment of those steps preceding injection of the ubiquitiny-
lated protein into the proteolytic compartment, and sug-
gested to involve docking of substrate to the proteasome,

w xits unfolding and removal of polyubiquitin chains 9,43 .
Disorders of the ATPases, known to be components of the
19S complex and involved in the above mentioned early

w xsteps 3,9,13,43,46 , might thus give rise to an accumula-
tion of ubiquitin conjugates even if the catalytic core is not
impaired. Interestingly, in certain neurodegenerative disor-
ders, as well as in normal aging of brain, intraneuronal
accumulation of ubiquitin conjugates has been described

and in some of these disorders, alterations of the prote-
olytic activity of the two proteasomes can be envisaged
w x11,15–17,25,27,29,31,32,45,47 . In this respect, the prop-
erties described here, which appear to be unique for the
two brain proteasomes, might be worth investigating in
brain disorders.
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