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The 26S proteasome is a eukaryotic ATP-dependent protease, but the molecular basis of its energy require-
ment is largely unknown. Ornithine decarboxylase (ODC) is the only known enzyme to be degraded by the 26S
proteasome without ubiquitinylation. We report here that the 26S proteasome is responsible for the irreversible
inactivation coupled to sequestration of ODC, a process requiring ATP and antizyme (AZ) but not proteolytic
activity. Neither the 20S proteasome (catalytic core) nor PA700 (the regulatory complex) by itself contributed
to this ODC inactivation. Analysis with a C-terminal mutant ODC revealed that the 26S proteasome recognizes
the C-terminal degradation signal of ODC exposed by attachment of AZ, and subsequent ATP-dependent
sequestration of ODC in the 26S proteasome causes irreversible inactivation, possibly unfolding, of ODC and
dissociation of AZ. These processes may be linked to the translocation of ODC into the 20S proteasomal inner
cavity, centralized within the 26S proteasome, for degradation.

Polyamines are indispensable for cell growth, but they be-
come harmful, displaying severe cytotoxic effects, if they accu-
mulate to excess in cells (2, 35, 43). To prevent abnormal
accumulation of polyamines in cells, a unique feedback regu-
latory system controlling the biosynthesis and uptake of poly-
amines has developed during the course of evolution. Since
ornithine decarboxylase (ODC) is a rate-limiting enzyme cat-
alyzing the first reaction in the multiple concerted pathways of
polyamine biosynthesis, one strategy for preventing overpro-
duction of cellular polyamines is precise control of ODC ac-
tivity in response to alterations in cellular polyamine levels.
Antizyme (AZ), an ODC inhibitory protein, is a key player in
this scenario, since it is induced by polyamines, end products of
the metabolic pathway, through programmed ribosomal frame-
shifting (30, 45) of the AZ mRNA that is abundant in cells
(29).

The regulation of ODC by AZ is of interest. Active ODC
consists of two identical monomer subunits with two active
sites formed at their interfaces. The enzymatically active dimer
form of ODC is in rapid equilibrium with the inactive mono-
mer form (7). AZ preferentially binds with the inactive ODC
monomer to form an ODC-AZ complex (31) and thus inhibits
ODC by preventing reassociation of its inactive subunits. How-
ever, the maximum level of ODC-AZ complex in cells is much
less than one-tenth of that of total ODC, suggesting that the
AZ-induced inhibition of ODC activity does not have much
significance in ODC regulation. An important role of AZ could
be to cause conformational change in the ODC subunit, re-
sulting in exposure of the carboxy-terminal region to attack by
the 26S proteasome. ODC is broken down by the proteasome,
whereas most of the AZ molecules are recycled to destabilize
more ODC monomers. Another function of AZ is the suppres-

sion of polyamine uptake at the cell membrane (32, 46). Thus,
AZ plays a pivotal role in an autoregulatory loop maintaining
normal polyamine levels in cells. The characteristics of the
ODC degradation directed by AZ were recently reviewed by
Hayashi et al. (18) and Coffino (6).

Antizyme inhibitor (AIn), another regulatory protein, is also
present in cells. It is highly homologous with ODC but is
clearly distinct and has no enzymatic activity. It binds to AZ
with higher affinity than that of ODC to AZ, releasing active
ODC from the inactive ODC-AZ complex (37). Accordingly,
AIn can be defined as a negative regulatory factor canceling
the feedback control mechanism mediated by AZ. Taken to-
gether, these two regulators, AZ and AIn, presumably contrib-
ute to fine control of the cellular polyamine concentration.

The 26S proteasome, a eukaryotic ATP-dependent protease,
is a 2,000-kDa multisubunit proteolytic complex consisting of a
central catalytic machine (called the 20S proteasome or simply
20S) and two terminal regulatory subcomplexes, termed
PA700 (also known as the 19S regulatory complexes), which
are attached to both ends of the central portion in opposite
orientations. The 20S proteasome is a protease complex with a
molecular mass of 700 to 750 kDa and is composed of 28
subunits. It is a barrel-like particle formed by the axial stacking
of four rings made up of two outer a-rings and two inner
b-rings, associated in the order abba (each ring is composed
of seven homologous subunits). PA700 is a 700-kDa protein
complex composed of about 20 subunits with display sizes of 25
to 110 kDa. These subunits can be divided into two subgroups:
6 homologous ATPases and approximately 14 non-ATPase
subunits that are structurally unrelated. The functions of many
of these subunits are still unknown (reviewed in references 3,
8, and 44). There is no experimental evidence to explain how
or why the energy is consumed. One possible explanation is
that the energy released in ATP hydrolysis is necessary for
formation of the 26S proteasome by the association of the 20S
proteasome with PA700 or other factors. Indeed, the energy-
dependent formation of a high-molecular-weight complex con-
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taining proteasome/PA700 has been reported (1, 5, 22). An-
other possible function of the ATPases is to unfold substrate
proteins to allow their passage through the narrow entry ports
of the proteasome and their translocation into the interior of
the 20S proteasome core, which harbors proteolytically active
sites (3, 17). However, evidence that the 26S proteasome in-
deed unfolds the substrate proteins in an ATP-dependent
manner before their degradation has not yet been obtained
(for reviews, see references 3, 8, 44, and 47). Most cellular
proteins are targeted for degradation by the 26S proteasome
after they have been covalently attached to ubiquitin (Ub) in
the form of a poly-Ub chain which functions as a degradation
signal (19, 20). The 26S proteasome has been shown to act as
protein-destroying machinery responsible for the selective deg-
radation of numerous ubiquitinylated cellular proteins. How-
ever, ODC is degraded in an ATP-dependent manner by the
26S proteasome without ubiquitinylation (4, 11, 38).

It is plausible that the 26S proteasome degrades both ODC
and polyubiquitinylated proteins by the same mechanism re-
quiring ATP, except for the manner of substrate recognition. It
was found recently that one subunit of the mammalian 26S
proteasome, named S5a (equivalent to yeast Rpn10/Sun1/
Mcb1), can bind specifically to proteins conjugated to poly-Ub
chains and thus functions as a poly-Ub receptor (abbreviated
as pUb-R) of the 26S proteasome (14, 44, 47). Intriguingly, the
pUb-R protein is present not only as a component associated
with the PA700 complex but also in a free form. The latter
presumably is capable of recruiting target polyubiquitinylated
proteins to the 26S proteasome for their breakdown. On the
other hand, it would be interesting to know how the 26S pro-
teasome recognizes a nonubiquitinylated protein, such as
ODC, prior to its degradation. Recent studies suggested that
the “C-terminal degradation domain” of ODC may be exposed
in collaboration with the N-terminal region of AZ and that the
exposure is needed for proteolytic attack by the 26S protea-
some (23, 24). However, the mechanism by which the 26S
proteasome can interact with the ODC molecule remains ob-
scure.

In the present study, we investigated the mechanism of ODC
degradation mediated by the 26S proteasome and propose that
degradation of ODC by the 26S proteasome involves multiple
sequential processes: first, exposure of the C-terminal degra-
dation signal of ODC by attachment of the AZ molecule;
second, a process involving ATP-dependent sequestration of
ODC into the 26S proteasome associated with irreversible
ODC inactivation and dissociation of AZ; and finally, degra-
dation of ODC in the 26S supercomplex after its translocation
into the 20S inner cavity, the proteolytic center of the 26S
proteasome. ATP may be required to induce a conformational
change of ODC and/or to translocate the unfolded ODC. Both
processes are thought to be prerequisites for degradation. This
is the first report of how the 26S proteasome degrades a target
protein in an experimental model.

MATERIALS AND METHODS

Materials. A plasmid, p9T7ODC71, containing the rat ODC cDNA sequence
was kindly provided by H. Van Steeg of the National Institute of Public Health
and Environmental Protection, Bilthoven, The Netherlands. N-Benzyloxycar-
bonyl-Leu-Leu-Leu-aldehyde (Z-LLL-CHO) was purchased from the Peptide
Institute, Inc., Osaka, Japan. Clasto-lactacystin b-lactone was kindly supplied by
MBL (Nagoya, Japan). Proteinase K (PK) was purchased from Merck (Germa-
ny).

ODC, AZ, and AIn. Rat AZ cDNA Z1 (30) was expressed in Escherichia coli,
an extract (800-mg protein) was applied to a monoclonal anti-AZ antibody
(HZ-2E9) (28) AffiGel 10 column (1 ml), and the column was washed with buffer
A (25 mM Tris buffer, pH 7.5, containing 1 mM EDTA, 1 mM dithiothreitol
[DTT], and 0.01% Tween 80) containing 4 M NaCl. AZ was eluted with 4 ml of
3 M MgCl2, and the eluate was dialyzed against buffer A. Purified glutathione

S-transferase GST-AIn was prepared as described previously (37). ODC was
purified by DEAE-cellulose chromatography and immunoaffinity chromatogra-
phy (40) from rat liver. 35S-labeled wild-type or mutant ODC was synthesized
with an in vitro transcription/translation system (34) and purified by immuno-
affinity chromatography (40). Where indicated, ODC was metabolically labeled
and purified similarly; ODC was induced in FM3A or hepatoma tissue culture
(HTC) cells by replacing the growth medium with fresh medium. After incuba-
tion for 2.5 h, a mixture of L-[35S]methionine and L-[35S]cysteine (Du Pont NEN)
was added at 40 to 100 mCi/ml and the cells were incubated further for 1 h.

20S proteasome, PA700, and 26S proteasome. The 20S proteasome and the
26S proteasome were purified from rat liver as described previously (48). PA700
was purified from bovine erythrocytes by a modification of the method of Chu-
Ping et al. (5). Briefly, the supernatant of bovine erythrocyte lysate was applied
to a column of DE 52. The proteins were eluted with a linear gradient of KCl
from 0 to 0.5 M. The fractions containing high activity were centrifuged at
100,000 3 g for 10 h. The pellets were dissolved and applied to a hydroxyapatite
column. The flow-through fractions were applied to a heparin-Sepharose column
that had been equilibrated with 100 mM potassium phosphate buffer (pH 6.8)
containing 1 mM DTT. The proteins were eluted with a linear gradient of NaCl
from 0 to 0.4 M. The fractions with high activity were subjected to velocity
sedimentation centrifugation with glycerol gradients from 10 to 30% in 25 mM
Tris buffer containing 1 mM DTT and 2 mM ATP. Proteasome activity was
measured as hydrolysis of the synthetic peptide succinyl-Leu-Leu-Val-Tyr-4-
methyl-coumaryl-7-amide (Suc-LLVY-AMC), as described previously (48). One
unit of proteasome activity is defined as the amount degrading 1 nmol of Suc-
LLVY-AMC per min.

ODC inactivation and degradation assays of cell extract. HTC cells grown to
80 to 100% confluency in 10-cm dishes were washed twice with cold phosphate-
buffered saline and lysed by three cycles of freezing-thawing. Then, 0.1 ml of 50
mM Tris-HCl, pH 7.5, containing 1 mM DTT was added. Cell extract was
obtained by centrifugation of the homogenate at 12,000 rpm (rav, 6 cm) for 20
min. The reaction mixture (50 ml) for the inactivation assay contained cell extract
(15 to 30 mg of protein), 1.5 units of purified rat liver ODC, 1.0 unit of AZ (Z1
antizyme) (30), an ATP-regenerating system (2 mM ATP, 20 mM phosphocre-
atine, 10 mg of creatine kinase, and 10 mM MgCl2), 2.5 mM DTT, and 30 mM
Tris-HCl, pH 7.4. When degradation alone or degradation together with inacti-
vation was assayed, 35S-ODC (2,000 to 3,000 cpm) was added to the assay
mixture. The inactivation/degradation mixture was incubated at 37°C for 60 min,
and the amount of trichloroacetic acid (TCA)-soluble radioactivity of a part of
the mixture was measured for determination of ODC degradation, which was
expressed as the percentage of total ODC added. To determine ODC inactiva-
tion, pyridoxal phosphate, [14C]ornithine, and about 1.5 units of AIn were added
to another part of the mixture, and the remaining ODC activity was determined
(37). The zero time control was determined similarly but without incubation for
the first inactivation/degradation reaction. The decrease in ODC activity on
incubation should be caused by degradation and/or irreversible inactivation of
ODC and is expressed as a percent decrease in ODC activity.

Antibodies and immunological analysis. Antibodies against ODC, HO101
(27), and the 20S proteasome (48) were prepared as previously described. For
immunodepletion of the proteasome, HTC cell extract (300 mg of protein) was
incubated in a total volume of 200 ml containing 1 mM DTT, 2 mM ATP, and 25
mM Tris-HCl, pH 7.5, at 4°C for 60 min with the indicated amounts of anti-
proteasome immunoglobulin G (IgG) or control IgG and then centrifuged at
14,000 3 g for 30 min. Aliquots of the supernatants were used for proteolytic
assay. For immunoprecipitation, antibody was added and incubated at 4°C for 60
min. Formalin-fixed Staphylococcus aureus Cowan I cells (ZYSORBIN; Zymed)
or protein A-Sepharose (Pharmacia) was then added and shaken gently at 4°C
for 60 min. The pellet was washed four times with 25 mM Tris buffer, pH 7.5,
containing 0.1% sodium dodecyl sulfate (SDS), 0.1% Triton X-100, 2 mM
EDTA, and 1 mM DTT (for pellet with polyclonal antibody) or with 20 mM Tris
buffer, pH 7.5, containing 0.15 M NaCl and 0.05% Tween 20 (for monoclonal
antibody).

Assay for PK susceptibility of inactivated ODC (ODC bound to the protea-
some). ODC was preincubated in the inactivation assay mixture (50 ml) contain-
ing extracts of HTC cells (56 mg of protein) that had been treated with clasto-
lactacystin b-lactone and then treated with PK at a final concentration of 80
mg/ml for the indicated times at 0 or 37°C. Digestion was halted by addition of
phenylmethylsulfonyl fluoride (PMSF) (2 mM). Anti-20S proteasome antibody
(2 mg) and 20 ml of formalin-fixed S. aureus Cowan I cells (10% suspension) were
added to the reaction mixture, and bound ODC in the immunoprecipitates was
analyzed by SDS-polyacrylamide gel electrophoresis (PAGE), followed by radio-
autography. Unbound ODC in the supernatant was also analyzed for compari-
son. In addition, as another control, ODC without preincubation was treated
similarly with PK, except that bovine serum albumin (BSA) instead of crude cell
extracts was added, and then analyzed by SDS-PAGE.

RESULTS

Irreversible inactivation of ODC in HTC cell extracts. ODC
was induced in HTC cells in the presence of [35S]methionine
and purified. The labeled ODC was incubated with a fresh
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extract of HTC cells in a degradation/inactivation assay mix-
ture containing AZ and ATP. After incubation, the amount of
TCA-soluble radioactivity of a part of the mixture was mea-
sured for determination of ODC degradation. Pyridoxal phos-
phate, [14C]ornithine, and AIn were added to another part of
the mixture, and the remaining ODC activity was determined.
AIn was added to liberate ODC from the inactive ODC-AZ
complex, resulting in reactivation of ODC that had been re-
versibly inhibited with AZ. Surprisingly, we found that the
extent of decrease in ODC activity (irreversible inactivation)
was much greater than that of ODC protein (degradation)
during incubation with the cell extract, indicating that inacti-
vated ODC protein was formed and remained at least in part
without degradation in the reaction mixture (Fig. 1A). Similar
results were obtained when in vitro-translated 35S-labeled rat
ODC or metabolically labeled 35S-ODC from mouse FM3A
cells, both mixed with purified rat liver ODC, was used as an
ODC substrate (data not shown). Thereafter, the mixture of in
vitro-translated 35S-labeled rat ODC and purified rat liver
ODC was used as the ODC substrate unless otherwise noted.
The ratio of inactivation to degradation, however, varied con-
siderably (from about 1 to 5) in different cell extracts for some
unknown reason, indicating that the finding was not necessarily
reproducible. Later experiments showed that reproducibility of
overinactivation required the presence of proteasome inhibitor
(see below).

In these experiments, a decrease in ODC activity measured
after the addition of AIn to the postincubation mixture of
ODC, AZ, and cell extract was defined as “irreversible inacti-
vation of ODC” (or simply “inactivation of ODC”). That is,
inactivation of ODC corresponded to a loss of ODC activity
that could not be recovered with AIn. It should be noted that
this definition differs from “inhibition of ODC activity” by AZ,
which can be reactivated fully by AIn, and that the value for
irreversible inactivation of ODC measured by the present
method includes loss of activity caused by ODC degradation
(see below).

Energy and AZ requirement for irreversible inactivation of
ODC. Previously, we reported that degradation of ODC by an
HTC cell extract was energy dependent (38). Therefore, we
examined the energy requirement for irreversible inactivation
of ODC on incubation with HTC cell extract. First, we tested
the requirement for Mg21. In the absence of exogenous Mg21

and with the addition of 5 mM EDTA to remove endogenous
Mg21 in the extract, no significant inactivation of ODC was
observed, suggesting that energy from ATP is necessary for
irreversible inactivation of ODC (Table 1). Moreover, nonhy-
drolyzable ATP analogues, such as a,b-methylene-ATP and
b,g-methylene-ATP, had no appreciable effects on the inacti-
vation of ODC, as observed for ODC degradation (Table 1)
(38). Thus, irreversible inactivation of ODC is energy depen-
dent. Next, we examined the effects of various ribonucleotide
triphosphates on the inactivation of ODC. As shown in Table
1, all of the nucleotide triphosphates tested stimulated ODC
inactivation. Similar nucleotide dependence was observed for
the degradation of ODC (Table 1) (38) and ubiquitinylated
proteins by the 26S proteasome (1) and nucleotidase activities
of the 26S proteasome or PA700 (21).

Previously, AZ has been shown to be involved in in vitro

FIG. 1. Irreversible inactivation of ODC by cell extracts. (A) ODC metabolically labeled with [35S]methionine in HTC cells was incubated with or without cell
extracts that had been supplemented with AZ and ATP. Irreversible inactivation and degradation of ODC were determined as described in Materials and Methods.
(B) ODC (a mixture of in vitro-translated labeled rat ODC and cold ODC purified from rat liver) was incubated with cell extracts in an inactivation/degradation reaction
mixture. The assay was the same as for Fig. 1A, except that AZ was withdrawn or Z-LLL-CHO (100 mM) was added. When the effect of clasto-lactacystin b-lactone
was examined, cell extracts were preincubated with the inhibitor (200 mM) at 37°C for 15 min in an inactivation/degradation reaction mixture without ODC, and then
a one-sixth volume of ODC was added. The inactivation and degradation of ODC are represented by filled and open columns, respectively. Results are shown as
percentages of the values obtained in the complete reaction mixture without inhibitors.

TABLE 1. Both degradation and inactivation of ODC require a
hydrolyzable nucleotide triphosphate

Nucleotide (5 mM)
Degradation Inactivation

%/h % ATP %/h % ATP

None 1.9 0 15.8 18
ATP 49.5 100 87.4 100
CTP 47.5 89 91.4 105
UTP 34.7 42 73.4 84
GTP 41.0 69 83.3 95
a,b-Methylene-ATP 3.4 7 25.1 29
b,g-Methylene-ATP 0.9 2 3.8 4
ATP with no Mg21 and 5 mM EDTA 0 0 3.0 3

7218 MURAKAMI ET AL. MOL. CELL. BIOL.



ODC degradation by cell extracts (39) and by the purified 26S
proteasome (38). Therefore, we examined whether or not the
irreversible inactivation of ODC requires AZ. As shown in Fig.
1B, inactivation of ODC was greatly reduced in the absence of
AZ, as observed for ODC degradation, clearly indicating that
the irreversible inactivation of ODC is AZ dependent. The
requirements of a nucleotide and AZ for both irreversible
inactivation and degradation of ODC suggest that there is a
functional relationship between the two processes.

Proteolytic activity of the proteasome is not required for its
irreversible inactivation of ODC. We then tested the require-
ment of proteolytic activity of the proteasome for its irrevers-
ible inactivation of ODC with proteasome-selective inhibitors.
When the substrate-related peptidyl aldehyde inhibitor
Z-LLL-CHO, also named MG132, was added at a final con-
centration of 100 mM, degradation of ODC was markedly
inhibited; intriguingly, however, the irreversible inactivation
was not decreased appreciably, resulting in an increase in the
ratio of inactivation to degradation of ODC (Fig. 1B). A fur-
ther increase in the ratio was observed in assays using extracts
prepared from HTC cells that had been pretreated with Z-
LLL-CHO (50 mM) for 2 h (data not shown). Z-LLL-CHO is
known to affect the activities of both the proteasome and other
proteases, such as calpains and lysosomal thiol proteases (48).
Therefore, we studied the effect of clasto-lactacystin b-lactone,
spontaneously formed from lactacystin, which is a more potent
and specific inhibitor of the proteasome (10, 13). Clasto-lacta-
cystin b-lactone strongly inhibited ODC degradation in a con-
centration-dependent manner (data not shown) but had only a
weak effect on the irreversible inactivation of ODC even at the
high concentration of 200 mM, resulting in the accumulation of
inactivated ODC, as observed in the treatment with Z-LLL-
CHO (Fig. 1B). These results clearly indicate that, unlike ODC
degradation, the proteolytic function of the proteasome is not
required for irreversible inactivation of ODC. Thereafter, to
measure the irreversible inactivation of ODC accurately and
reproducibly, we assayed ODC inactivation routinely in the
presence of Z-LLL-CHO or clasto-lactacystin b-lactone to re-
press degradation activity. Unless otherwise mentioned, cell
extracts or 26S proteasome preparations were preincubated
with clasto-lactacystin b-lactone (200 mM) for 15 min at 37°C
and then added to the inactivation assay mixture.

We analyzed the electrophoretic mobility of the inactivated
ODC. 35S-ODC was incubated with a fresh extract of HTC
cells in an inactivation assay mixture containing 100 mM Z-
LLL-CHO for 1 h. Under this condition, approximately 80% of
the ODC was inactivated irreversibly, but only about 6% was
degraded (Fig. 2). We then analyzed the 35S-ODC by SDS-
PAGE, followed by autoradiography. As shown in Fig. 2, the
inactivated 35S-ODC had a size similar to the original 35S-
ODC, estimated to be approximately 50 kDa. The decrease in
the radioactive intensity of 35S-ODC estimated with an image
analyzer (Fujix BAS2000) was calculated to be only 16%,
which was comparable to the value obtained as TCA-soluble
radioactivity, indicating that the irreversibly inactivated ODC
retained its native size without any digestion. The inactivated
35S-ODC was also analyzed by nondenaturing PAGE (4.5%).
Its electrophoretic mobility was much smaller than that of the
native 35S-ODC (data not shown).

Involvement of the proteasome in irreversible inactivation
of ODC. As mentioned above, the proteolytic activity of the
proteasome is not necessary for the irreversible inactivation of
ODC observed in cell extracts, but whether the proteasome
itself was involved in the event remained unknown. Therefore,
we examined the effect of immunodepletion of the proteasome
from cell extracts on ODC inactivation. As shown in Fig. 3A,

the addition of polyclonal antibody against the 20S proteasome
resulted in almost complete loss of proteasome activity in a
concentration-dependent fashion, judging from the hydrolysis
of a fluorogenic peptide, Suc-LLVY-AMC, a typical substrate
for the 20S proteasome (48). The disappearance of both 20S
and 26S proteasomes was confirmed by Western blotting anal-
ysis (data not shown). The polyclonal antibody was also found
to cause marked and dose-dependent suppression of ODC
inactivation (Fig. 3C), as well as its degradation (Fig. 3B),
whereas control IgG had no significant effect in parallel exper-
iments. These results indicate clearly that the irreversible in-
activation of ODC is catalyzed by the proteasome, but that its
proteolytic activity is not required for the process.

The 26S proteasome, not PA700 or the 20S proteasome
alone, catalyzes ATP- and AZ-dependent ODC inactivation.
Previously we reported that the 26S proteasome, but not the
20S proteasome, catalyzes ATP- and AZ-dependent ODC deg-
radation in vitro (38). In the present work we have demon-
strated involvement of the proteasome, but not its proteolytic
activity, in the ATP-dependent irreversible inactivation of
ODC. Judging from the energy dependency, it seemed likely
that the 26S proteasome was the enzyme responsible for the
inactivation of ODC. However, it was still considered possible
that PA700 alone had the ability to inactivate ODC and then
recruited it to the 20S proteasome for degradation. Therefore,
we examined whether ODC was inactivated by free PA700. To
test this possibility, we isolated PA700 in a highly purified state
from bovine erythrocytes as described in Materials and Meth-
ods. Figure 4A shows the protein-staining profile analyzed by
SDS-PAGE of PA700 preparations obtained by fractionation
after glycerol density gradient centrifugation. Components of
25 to 110 kDa were observed, in excellent accord with the
broad distribution of PA700 components reported previously
(5). We detected no proteasome activity or immunoreactivity
on Western analysis with the anti-20S proteasomal antibody in
these PA700 preparations (data not shown), indicating that the
preparations were free from the 20S proteasome. Curiously,
however, many 25- to 110-kDa components were detected in a
broad range of fractions from lightly to heavily sedimenting

FIG. 2. Molecular size of irreversibly inactivated ODC. ODC (mixture of
purified rat ODC and metabolically labeled 35S-ODC from FM3A mouse cells)
was incubated for 60 min at 37°C in an inactivation/degradation reaction mixture
containing an extract of HTC cells that had been treated with Z-LLL-CHO. The
decreases in ODC activity and ODC protein during incubation were 80 and 6%,
respectively. Aliquots of the reaction mixture were subjected to SDS-PAGE and
analyzed by autoradiography. Relative intensities of ODC bands determined
with an image analyzer (Fujix BAS2000) are shown below each lane.
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fractions, as judged by the protein-staining pattern (Fig. 4A).
Since these protein components were broadly distributed and
appeared to be similar, but not identical, we assumed that the
complexes recovered in the lightly sedimenting fractions prob-
ably lack some components or have altered conformations. To
clarify the functional relationship between PA700 and the 20S
proteasome, we assayed the chymotryptic activity of the 20S
proteasome by using Suc-LLVY-AMC as a substrate after ad-
dition of purified latent 20S proteasome. In contrast to the
broad distribution of the PA700 component on the SDS-poly-
acrylamide gel, a sharp peak of chymotryptic activity was re-
covered only in the heavily sedimenting fractions around frac-
tion 16 (Fig. 4B). This activation required incubation with the
20S proteasome for at least 15 min at 37°C in the presence of
ATP-Mg21, like that required for formation of the 26S pro-
teasome by association of PA700 with the 20S proteasome (5).
Subsequently, we examined the inactivation and degradation
of ODC by using this reconstituted system. No fraction of
PA700 had significant activity for ODC degradation without
the 20S proteasome, but incubation of the same fractions with
the 20S proteasome for over 15 min at 37°C in the presence of
ATP-Mg21 generated significant activity for degradation of
ODC (Fig. 4C). Similarly, irreversible inactivation of ODC was
observed in the same fractions possessing ODC degradation
activity under entirely the same assay conditions except that
clasto-lactacystin b-lactone was added to inhibit ODC degra-
dation (Fig. 4D). These results indicate that PA700 itself can-
not irreversibly inactivate ODC. Since the 20S proteasome was
added to all fractions examined, it is clear that the 20S pro-
teasome itself also had no effect on the inactivation or degra-
dation of ODC. From these findings, we concluded that the
26S proteasome reconstituted from PA700 and the 20S pro-
teasome was the main enzyme responsible for ATP- and AZ-
dependent ODC inactivation. We also confirmed that the
highly purified 26S proteasome irreversibly inactivated ODC in
an ATP- and AZ-dependent manner (data not shown).

Binding of inactivated ODC to the 26S proteasome. To
examine immunoreactivity of inactivated ODC, immunopre-
cipitates with the HO101 ODC monoclonal antibody were

analyzed by SDS-PAGE separation followed by autoradiogra-
phy. The HO101 antibody did not react with the ODC protein,
which had been denatured by a high concentration of MgCl2
(27) or by SDS (data not shown). After incubation for inacti-
vation (Fig. 5A, right lane), 35S-ODC had decreased greatly
compared to that in the nonincubated control (Fig. 5A, left
lane). The intensity of the radioactivity measured with the
image analyzer was determined to be 37%, which was compa-
rable to the value of the remaining activity of ODC that es-
caped inactivation, indicating that the irreversibly inactivated
35S-ODC resisted immunoprecipitation with the antibody
used. These results suggest that the irreversible inactivation of
ODC was associated with a drastic change in its protein struc-
ture and/or that, owing to its sequestration in some macromol-
ecules such as the proteasome, inactivated ODC lost its acces-
sibility to the antibody. Furthermore, we found that inactivated
ODC also lost immunoreactivity against polyclonal anti-ODC
antibody (data not shown).

We examined whether or not the inactivated ODC was
trapped in the proteasome. ODC was preincubated with par-
tially purified 26S proteasome in an inactivation assay mixture,
and then the proteasome was immunoprecipitated with specific
antibody against the 20S proteasome. The immunoprecipitates
were washed extensively and analyzed by SDS-PAGE. As
shown in Fig. 5B (lane 8), anti-20S antibody effectively coim-
munoprecipitated 35S-ODC which had been preincubated with
the 26S proteasome in the presence of AZ. For this coimmu-
noprecipitation, AZ was essential during preincubation, be-
cause only small amounts of 35S-ODC were immunoprecipi-
tated after preincubation without AZ (Fig. 5B, lane 6).
However, after preincubation, AZ was not necessary for coim-
munoprecipitation (data not shown). ATP appears to be nec-
essary for this coimmunoprecipitation, because the addition of
EDTA, instead of Mg21, during preincubation inhibited coim-
munoprecipitation almost completely (Fig. 5C, lane 12). In the
presence of AZ, a very small amount of 35S-ODC was detected
in the immunoprecipitates of the reaction mixture without
incubation (Fig. 5B, lane 4). Control IgG did not precipitate
35S-ODC, irrespective of the incubation and/or addition of AZ

FIG. 3. Effects of immunodepletion of the proteasome on inactivation of ODC by an HTC cell extract. Samples (300 mg) of HTC cell extracts were treated with
anti-proteasome IgG (■) or control IgG ({), and aliquots of the supernatants were assayed for Suc-LLVY-AMC degradation (A), ODC degradation (B), and ODC
inactivation (C). Values are percentages of the activities measured with no added IgG, namely, 600 nmol/h for peptide hydrolysis, 25%/h for ODC inactivation, and
10%/h for ODC degradation.
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(lanes 1, 3, 5, and 7). These findings indicate that the protea-
some effectively entraps AZ-bound ODC but not free ODC, as
for its AZ-dependent inactivation by the 26S proteasome.
Thus, the inactivated ODC was likely to be entrapped by the
26S proteasome.

To further confirm the binding of ODC to the proteasome,
we determined whether ODC cosedimented with the protea-
some in a glycerol gradient. ODC was preincubated for 1 h
with a crude extract of HTC cells in the inactivation assay
mixture, and then the mixture was centrifuged at 128,000 3 g
for 5 h to enrich the proteasome and roughly separate ODC
bound to the proteasome from large amounts of unbound
ODC and its degradation products. The precipitates were sus-
pended and subjected to glycerol density gradient centrifuga-
tion (Fig. 6). The 20S and 26S proteasomes were sedimented at
fractions with Suc-LLVY-AMC degrading activity observed in
the presence and absence of SDS, respectively (see arrows).
The radioactivity derived from free 35S-ODC appeared as light
fractions 2 through 6. Moreover, two additional unequal peaks
were detected in more heavily sedimenting fractions 15
through 24. The first small peak had a slightly greater Mr than

that of the 20S proteasome and was suggested to be consistent
with that of PA700 detected by Western blotting in similar
experiments (data not shown). The second peak, with greater
radioactivity, was sedimented at a position corresponding to
the 26S proteasome. This result confirmed the binding of ODC
to the proteasome and at the same time indicated that most of
the inactivated ODC was bound preferentially to the 26S form
but not to free PA700. However, it was not shown whether
35S-ODC was incorporated into the interior of the core or
trapped by PA700 of the 26S proteasome.

To address the relationship between ODC binding, inacti-
vation, and degradation by the 26S proteasome, we examined
the time courses of these reactions with or without clasto-
lactacystin b-lactone. In the absence of the proteasome inhib-
itor, both ODC inactivation and degradation were time depen-
dent, and the inactivation/degradation ratio decreased slightly
but clearly (Fig. 7A). In the presence of proteasome inhibitor,
the time courses of ODC inactivation and degradation were
essentially the same as those in the absence of the inhibitor
except for a reduced degradation rate, and binding of ODC to
the proteasome was observed almost in parallel with the inac-

FIG. 4. PA700 inactivates ODC in the presence of the 20S proteasome but not in the absence of the proteasome. Purified PA700 was separated by glycerol density
gradient centrifugation. The gradient was separated into 30 fractions of 1 ml each. Samples of 150 ml of the gradient fractions were precipitated with 750 ml of acetone,
and the precipitates were subjected to SDS-PAGE and stained with Coomassie blue (A). Twenty microliters of the samples were assayed for proteasome activity (B)
and ODC degradation (C) and inactivation (D) in the presence (■) and absence (h) of purified 20S proteasome. For the ODC inactivation assay, samples were
preincubated with clasto-lactacystin b-lactone (200 mM) at 37°C for 15 min. The inset in panel B shows SDS-PAGE of the 20S proteasome used.
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tivation of ODC (Fig. 7B). These results indicated that ODC
binding and inactivation were almost simultaneous events and
preceded ODC degradation.

Next, we examined whether or not the inactivated ODC was
sequestrated in the 26S proteasome by a proteinase protection
assay. 35S-ODC was preincubated for 1 h with a crude extract
of HTC cells in the inactivation assay mixture. The preincu-
bated reaction mixtures were then treated with PK for varying
times at 0 or 37°C. After digestion was halted by the addition
of PMSF, the proteasome was precipitated with anti-20S anti-
body. The supernatant and washed immunoprecipitates were
analyzed for unbound and proteasome-bound ODCs, respec-
tively, by SDS-PAGE. As a control, unpreincubated 35S-ODC
was treated with PK under the same conditions except that
BSA was used instead of a crude extract of HTC cells. As
shown in Fig. 8, control ODC was found to be rapidly digested
at both 0°C (lanes 1 through 3) and 37°C (lanes 11 and 12). No
protease resistance was observed with the ODC unbound to
the proteasome contained in the preincubated mixture (ODC
in the supernatant fraction after immunoprecipitation with
anti-20S proteasome antibody) (lanes 7 through 9, 15, and 16).
By contrast, ODCs bound to the proteasome were clearly re-
sistant to proteinase K digestion (lanes 4 through 6, 13, and
14). The apparent increase of ODC in the proteasome (lanes 4
through 6) may be due to incorporation of full-length or trun-
cated ODC into the 26S proteasome during incubation at 0°C.
These results indicated that inactivated ODC was sequestrated
into the proteasome.

Role of the carboxyl-terminal region of ODC in its irrevers-
ible inactivation. The C-terminal domain of ODC is required
for its rapid degradation (6, 15). A single amino acid replace-

ment of Cys-441 by Trp-441 in this domain also has a strongly
stabilizing effect (33, 34). Notably, this mutant ODC, ODC
(C441W), has the same enzymatic activity as normal ODC and
can bind to AZ (42) but resists rapid degradation, resulting in
abnormal accumulation of its complex with AZ in the cells
(36). Thus, it has become clear that AZ prompts the degrada-
tion of ODC mediated by the 26S proteasome perhaps by
exposing the C-terminal domain of ODC as a degradation
signal (23). Therefore, it was of particular interest to examine
whether the mutant ODC shows irreversible inactivation sim-
ilar to that of normal ODC, as found in this study, and whether
it binds to the 26S proteasome.

We incubated ODC(C441W) with the 26S proteasome in
the presence of AZ and ATP-Mg21. Unlike wild-type ODC,
the mutant ODC considerably resisted inactivation (Fig. 9A).
Moreover, after preincubation, as shown in Fig. 7A, 35S-
ODC(C441W) was not significantly immunoprecipitated with
anti-20S proteasome antibodies (Fig. 9B). Similar resistance to
26S proteasome entrapment was observed with another mu-
tant, ODC(C441A), in which Cys at position 441 was replaced
by Ala (Fig. 9B). Like ODC(C441W), mutant ODC(C441A)
was strongly stabilized (34). These findings show that the C-
terminal region of ODC exposed by AZ is recognized by the
26S proteasome for binding, followed by its irreversible inac-
tivation. Hence, the binding signal governs ODC stability.

DISCUSSION

In the present study, we found that the 26S proteasome, but
not the 20S proteasome or PA700, irreversibly inactivated
ODC prior to its degradation. The inactivation was coupled to

FIG. 5. Energy- and AZ-dependent binding of ODC to the 26S proteasome. (A) ODC was incubated with a crude cell extract of HTC cells in the inactivation assay
mixture for 60 min at 37°C. Aliquots of the reaction mixture before and after incubation were examined for ODC activity and ODC protein, and aliquots were
immunoprecipitated with monoclonal antibody to ODC (HO101) or control IgG followed by SDS-PAGE and autoradiography. Intensities of ODC bands were
determined with an image analyzer (Fujix BAS2000), and specific bindings were obtained by subtracting the value with control IgG and are expressed relative to the
amount of time zero control. (B and C) ODC was incubated with partially purified 26S proteasome in the inactivation assay mixture. Where indicated, AZ was removed
from the reaction mixture or EDTA was added to it instead of MgCl2. The incubated mixture was immunoprecipitated with anti-20S proteasome antibody (20S) or
control IgG (Cont). The mixture without incubation was similarly treated with antibodies. The immunoprecipitates were washed extensively with buffer containing 0.1%
SDS and 0.1% Triton X-100 and subjected to SDS-PAGE and then to autoradiography. Panels B and C represent separate experiments. The control (with MgCl2,
without EDTA) is not shown in panel C but was almost the same as in panel B. Intensities of ODC bands were determined by an image analyzer, and the specific
precipitation of ODC with anti-20S proteasome antibody was obtained by subtracting the value with control IgG and is expressed relative to the amount immuno-
precipitated when ODC was incubated in the presence of AZ and MgCl2.
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sequestration of ODC within the 26S proteasome. These pro-
cesses required AZ, ATP hydrolysis, and the presence of a
native ODC carboxy-terminal region but not proteolytic activ-
ity of the 26S proteasome. Based on the present and previous
observations, we propose a new model (Fig. 10) for the energy-
and AZ-dependent pathway for ODC degradation mediated

by the 26S proteasome which involves two distinct steps: irre-
versible inactivation and ODC degradation. Here, we discuss
several steps involved in the process.

How does the 26S proteasome recognize ODC for degrada-
tion? It is of particular interest that two mutant ODCs,
ODC(C441W) and ODC(C441A), which carry a single amino

FIG. 6. Cosedimentation of inactivated ODC with the 26S proteasome in glycerol density gradient centrifugation. 35S-ODC was incubated for 1 h with a crude
extract of HTC cells (640 mg of protein) in the inactivation assay mixture (500 ml), and the mixture was centrifuged at 128,000 3 g for 5 h. The precipitates were
resuspended and subjected to glycerol density gradient centrifugation as for Fig. 4. Fraction 1 represents the top of the gradient (10% glycerol), and fraction 30
represents the bottom of the gradient (40% glycerol). Samples (0.8 ml) of the gradient fractions were used for determinations of ODC radioactivity, and proteasome
activities in the presence and absence of SDS were determined for each 20 ml of the fractions. Arrows indicate the positions of elution of purified 20S and 26S
proteasomes.

FIG. 7. Time courses of ODC inactivation, degradation, and binding. ODC was incubated for the indicated times at 37°C in an inactivation/degradation assay
mixture containing partially purified 26S proteasome that had been treated (B) or not treated (A) with clasto-lactacystin b-lactone (200 mM). ODC inactivation,
degradation, and binding were determined as described in Materials and Methods. The inset (B) shows SDS-PAGE of ODC coimmunoprecipitated with anti-20S
proteasome antibody after the inactivation reaction at the indicated times. The relative amounts of coimmunoprecipitated ODC (ODC binding) were quantitated with
an image analyzer.
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acid exchange in their C-terminal regions, show high resistance
to ODC degradation as well as to binding and inactivation. As
these mutated ODCs both retained normal enzymatic activity
and AZ-binding ability that led to loss of their activity, the
mutant ODCs should maintain an almost normal tertiary con-
formation and resemble the wild-type ODC in many respects,
except for one critical difference in their defective stable phe-
notype. Therefore, it is likely that the C-terminal region of
ODC plays an essential role in its rapid turnover: the in vitro
findings obtained in the present study are consistent with pre-

vious reports showing that rapid ODC degradation depends on
the presence of a cis-acting element in its carboxyl terminus in
addition to a trans-acting factor, AZ (23), and that a single
amino acid replacement in the carboxyl-terminal region
(C441W) results in ODC stabilization in living HMOA cells
(34). The most likely interpretation of these observations is
that “the C-terminal degradation signal” of ODC exposed by
attachment of AZ is somehow recognized by the 26S protea-
some.

The alternative possibility, that AZ bound to ODC provides
a recognition site for the 26S proteasome, cannot be ruled out
completely. However, it seems unlikely that AZ is directly
recognized by the 26S proteasome. We presume that AZ is
dissociated from ODC before sequestration of ODC into the
26S proteasome (Fig. 10), since a few AZ molecules could
promote the degradation of a large number of ODC molecules
(26, 39), and ODC, but not AZ, was degraded to oligopeptides
of similar size in an in vitro ODC degradation assay by the 26S
proteasome (49). The recycling of AZ seems to be similar to
that of Ub, but their action mechanisms may be different. Ub
is directly recognized by pUb-R (see the introduction) of the
26S proteasome, and Ub or the polyubiquitin chain is removed
from the protein substrate by isopeptidase associated with the
26S proteasome. Furthermore, the degradation of polyubiq-
uitinylated protein is inhibited by excessive amounts of both
Ub-R (9) and poly-Ub (41), whereas ODC degradation is in-
hibited by C-terminal peptides of ODC (unpublished results)
but not excessive AZ (39). Finally, ODC can be degraded
slowly by the purified 26S proteasome in the absence of AZ.
These findings suggest that ODC, rather than AZ, is directly
recognized by the 26S proteasome.

The question that arises is how can the 26S proteasome
recognize the C-terminal degradation signal of ODC, and
which molecule(s) or subunit(s) of the 26S proteasome recog-
nizes it? At present, we do not have any clear evidence to
explain the direct relationship between the degradation signal
of ODC and its ability to be recognized by the 26S proteasome.
Very recently, Glickman et al. (16) reported that yeast PA700
can be separated into two subcomplexes: a lid and a base
complex. The base consists of six ATPases and two other sub-
units of Rpn1/p97/S2 and Rpn2/p112/S1, whereas the lid com-
plex is composed of the other 10 subunits. Interestingly, asso-
ciation of the base with the 20S proteasome results in marked
activation of peptidase activity but not ATP-dependent degra-
dation of ubiquitinylated proteins. We observed sometimes
that purified PA700 lost activities to inactivate and degrade

FIG. 8. Resistance of inactivated ODC to PK digestion. 35S-ODC was preincubated for 1 h with a crude extract of HTC cells in the inactivation assay mixture. The
mixtures were treated with PK (80 mg/ml) for varying times at the indicated temperatures (lanes 4 to 9 and 13 to 16). Digestion was halted by the addition of PMSF.
ODCs bound to the proteasome and unbound (shown by P and S, respectively) were separated with anti-20S proteasome antibody, and both ODCs were analyzed by
SDS-PAGE followed by autoradiography. As another control, unpreincubated ODC was similarly treated with PK in the presence of BSA instead of a crude cell extract
and then analyzed by SDS-PAGE (shown in lanes 1 to 3, 11, and 12). Purified substrate 35S-ODC is shown in lane 10.

FIG. 9. The C-terminal region of ODC is necessary for binding to and inac-
tivation by the 26S proteasome. (A) Recombinant ODC with replacement of
cysteine at position 441 by tryptophan (C441W) was obtained by using a pET
vector expression system, purified by immunoaffinity chromatography, and tested
for inactivation by the 26S proteasome. mRNA encoding ODC (C441W) was
translated in a rabbit reticulocyte lysate in the presence of [35S]methionine. The
protein product was purified by immunoaffinity chromatography and tested for
degradation by the 26S proteasome. Wild-type ODC was similarly treated for
comparison. (B) Purified 35S-labeled stable ODCs were prepared as described
above, and binding to the 26S proteasome was examined as in Fig. 5B. Results
with wild-type ODC treated similarly are shown for comparison.
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ODC even when incubated with the 20S proteasome, but the
activation of peptidase activity for Suc-LLVY-AMC degrada-
tion remained, suggesting that the attachment of the base to
the a-ring outer complex of the 20S proteasome may be a
stable form retaining activity for peptide degradation. From
this, we speculate that a certain component(s) present in the
lid complex is capable of recognizing the C-terminal degrada-
tion signal of ODC. It will be important to determine the
physical features of ODC attached to AZ and to identify the
subunit(s) of the 26S proteasome that interacts directly with
ODC molecules.

How is ODC sequestrated in the 26S proteasome? Recent
structural analyses of 20S and 26S proteasomes have shown
that the catalytically active sites of the 20S proteasome face the
interior of the cylinder and reside in a chamber formed by
the centers of the abutting b-rings. Substrates gain access to
the active sites only after passing through a narrow opening
corresponding to the center of the rings, and the amino termini
of the subunits form an additional physical barrier for sub-
strates to reach the active sites (see the introduction). The
latency of the 20S proteasome is supported by the above-
described observation that the center of the a-ring is almost
closed, preventing penetration of proteins into the inner sur-
face of the b-ring, on which the proteolytically active sites are
located (17). The PA700 complex contains six ATPases that

may attach directly to the a-ring of the 20S proteasome and
open the channel for translocation of the protein (16). How-
ever, there is no evidence that substrate proteins are unfolded
by the 26S proteasome before their penetration of the channel
into the a- and b-rings of the 20S proteasome, and no ATP-
dependent unfolding of a substrate has been shown experimen-
tally. Here, we demonstrated a pathway for energy- and AZ-
dependent binding of ODC to the 26S proteasome and
inactivation of ODC. This clearly demonstrated that ATP-
energy is required for the process before proteolysis itself. The
finding that ODC bound to the proteasome was almost com-
pletely protected from PK attack indicates that the inactivated
ODC was sequestrated in the 26S proteasome, although it was
not shown whether the ODC was sequestrated into the interior
of the 20S proteasome or retained in PA700. For the reason
that ATP hydrolysis is needed for proteasome-dependent in-
activation of ODC, liberated energy may be required to induce
a conformational change of ODC (unfolding) and/or to trans-
locate the unfolded ODC. We assume that sequestration and
unfolding (irreversible inactivation of ODC) may be coupled
to substrate translocation into the 20S proteasomal inner cavity
centralized within the 26S proteasome complex. However, it is
difficult to separate the processes of sequestration and trans-
location of ODC as distinct biochemical steps, because they

FIG. 10. Model of ODC degradation by the 26S proteasome. ODC is active as a homodimer complex. AZ, which is induced by translational frameshifting, binds
to inactive monomeric ODC to form an ODC-AZ complex. Two terminal regulatory subcomplexes, termed PA700, are attached in an ATP-dependent manner to both
ends of the 20S proteasome (central catalytic machinery) in opposite orientations to form enzymatically active proteasomes. The 26S proteasome may attack the
exposed ODC C-terminal region and pull the ODC molecule, but not AZ, into the interior, which is associated with ATP-dependent substrate unfolding. The
continuous translocation of unfolded ODC (inactivated ODC) may be required for further continuous unfolding of ODC (ODC inactivation), and the two processes
may proceed in concert with each other. The unfolded ODC translocated into the cavity of the 20S proteasome, which harbors proteolytically active sites, is degraded,
but it is unknown whether ATP consumption is needed for the degradative process itself. After degradation, the 26S proteasome traps another substrate(s) or may be
in part dissociated into its constituents, the 20S proteasome and PA700. See the text for details.
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appear to occur simultaneously in the 26S proteasome. Further
studies are required to answer this fundamental question.

It would be interesting to know the structural features of the
ODC that enters the 26S proteasome. It was not shown
whether 35S-ODC trapped by the 26S proteasome is enzymat-
ically active or is inactivated by unfolding. We initially found
that ODC was irreversibly inactivated after its incubation with
cell extracts or the 26S proteasome and ATP and AZ, judging
from its insensitivity to reactivation with AIn. From additional
data showing the loss of immunoreactivity of the inactivated
ODC with anti-ODC antibodies, we now assume that the ter-
tiary structure of the inactivated ODC is altered dramatically,
perhaps due to unfolding. However, it is also possible that the
insensitivities to AIn and the antibody used may be because
they have no access to the ODC molecule trapped in the 26S
proteasome complex, even if the sequestrated ODC has the
native structure without being unfolded or denatured. We fa-
vor the possibility that the inactivated ODC formed by incu-
bation with the 26S proteasome was unfolded, since the inac-
tivated ODC had the same molecular size as native ODC and
was free from AZ, as discussed above, but no ODC activity was
detected, suggesting that the entrapped ODC lost the func-
tional tertiary structure responsible for enzymatic activity. This
finding is in marked contrast to findings with a2-macroglobulin
a large protease inhibitor complex that can entrap a broad
spectrum of proteases, all of which have enzymatic activities
for the small substrates tested, indicating that when entrapped
by the large a2-macroglobulin complex they retain their native
tertiary structures (12). However, we cannot exclude the pos-
sibility that the ODC monomer with a folded structure cannot
form an active enzyme in the inner cavity of the 26S protea-
some. Whether or not ODC entrapped in the 26S proteasome
is actually unfolded remains unclear and requires further
study.

Inactivation of ODC was dependent on energy but not on
the proteolytic activity of the proteasome. However, isolated
PA700 alone could not inactivate ODC: its association with the
20S proteasome was required for its inactivating function.
These findings suggest that the functions of both the 20S pro-
teasome and PA700 are required for efficient function, hence
the 20S proteasome is necessary for the function of PA700 and
vice versa. Recently, Rechsteiner (44) proposed two possible
mechanisms of proteolysis catalyzed by the 26S proteasome:
the “ribosome model” and the “solid-state model.” According
to the ribosome model, free PA700 can trap target proteins,
mostly ubiquitinylated, and recruit them to the 20S catalytic
proteasome, and then the 26S proteasome formed degrades
the substrate. In the solid-state model, the 26S proteasome can
directly trap target proteins for degradation. These two models
were proposed without any experimentation, but considering
the action mechanism of the 26S proteasome, such specula-
tions are interesting. Our present findings that PA700 itself
could not inactivate ODC and that the 26S proteasome, but
not the PA700 peak, contained most of inactivated 35S-ODC
(Fig. 6) appear to support the second solid-state model. How-
ever, the ribosome model cannot be excluded completely, be-
cause of the possibility that PA700 can trap ODC without
conformational change, and hence without irreversible inacti-
vation of ODC, or that the small number of PA700 molecules
is sufficient to recruit the target protein to the 20S catalytic
proteasome. In fact, the possible protein-binding ability of
PA700, the chaperone activity of isolated PA700 towards
nonubiquitinylated misfolded proteins, has been pointed out
recently (25).
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