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been documented (3, 4). First, polyamine-enhanced
d
a
O
t
p
g
m
w
e
O
s
a
r
t
t
(
e
a
m
g

S
R

4
t
r
t
t
(
t
O
a
A

Ornithine decarboxylase (ODC) is a key enzyme in
olyamine biosynthesis. Turnover of ODC is extremely
apid and highly regulated, and is accelerated when
olyamine levels increase. Polyamine-stimulated ODC
egradation is mediated by association with antizyme
AZ), an ODC inhibitory protein induced by poly-
mines. ODC, in association with AZ, is degraded by
he 26S proteasome in an ATP-dependent, but
biquitin-independent, manner. The 26S proteasome

rreversibly inactivates ODC prior to its degradation.
he inactivation, possibly due to unfolding, is coupled

o sequestration of ODC within the 26S proteasome.
his process requires AZ and ATP, but not proteolytic
ctivity of the 26S proteasome. The carboxyl-terminal
egion of ODC presumably exposed by interaction
ith AZ plays a critical role for being trapped by the

6S proteasome. Thus, the degradation pathway of
DC proceeds as a sequence of multiple distinct pro-
esses, including recognition, sequestration, unfold-
ng, translocation, and ultimate degradation mediated
y the 26S proteasome. © 2000 Academic Press

Ornithine decarboxylase (ODC) is the first and rate-
imiting enzyme in a metabolic pathway for polyamine
iosynthesis (1, 2). Polyamines are essential for normal
ell growth but cytotoxic in excess, therefore, cells have
eveloped several ways to increase the levels of poly-
mines rapidly and transiently. ODC is induced dra-
atically in response to various growth stimuli. It

urns over with the shortest half-life of all known en-
ymes ranging from minutes to more than one hour.
nstability of ODC is strongly augmented when cellu-
ar polyamine levels increase. Several unique features
or molecular mechanisms underlying the polyamine-
egulated ODC degradation in mammalian cells have
1

egradation is mediated exclusively by antizyme (AZ),
26.5 kDa protein induced by polyamines (5). Second,
DC associated with AZ is degraded by the 26S pro-

easome without ubiquitination. Third, polyamines
romote biosynthesis of AZ by raising efficiency of pro-
rammed, ribosomal frameshifting (6). Fourth, AZ-
ediated ODC degradation is canceled by AZ inhibitor,
hich is the product of an ODC-related gene without
nzymatic activity, and bind to AZ more firmly than
DC does (7). AZ inhibitor apparently stabilizes newly

ynthesized ODC during the phase of ODC increase
fter growth stimuli, whereas AZ accelerates ODC deg-
adation during the phase of ODC decline. In addition
o the role in the polyamine-regulated ODC degrada-
ion, AZ also suppresses cellular uptake of polyamines
8, 9). These dual functions of AZ effectively prevent
xcessive accumulation of cellular polyamines. This
rticle will review our current understanding of the
echanism by which ODC associated with AZ is tar-

eted to the proteasome.

TRUCTURAL ELEMENTS OF ODC AND AZ
EQUIRED FOR RAPID ODC DEGRADATION

Mouse ODC is composed of two identical subunits of
61 amino acids and two active sites are formed at
heir interface (10).The active homodimer is in equilib-
ium with the inactive monomer to which AZ preferen-
ially binds (11). Coffino’s group reported the struc-
ural elements of ODC responsible for its degradation
4, 12). Various deletion mutants and chimeras be-
ween stable trypanosome ODC and unstable mouse
DC reveal that the C-terminal region of ODC (amino
cids 423–461) is essential for both constitutive and
Z-dependent degradation of ODC (Fig. 1). The region
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.
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ontains one of two PEST regions in ODC, but removal
f the last five amino acids (outside the PEST region) or

single amino acid exchange in the PEST region
Cys441 to Trp) stabilizes ODC, suggesting that this
EST sequence is not a site for self-contained determi-
ation of ODC instability. Another internal PEST re-
ion (amino acids 298–333) also does not appear to be
ssociated with ODC instability. In addition, an inter-
al region of mouse ODC (amino acids 117–140) re-
uired for binding with AZ is needed for AZ-dependent
egradation of ODC. This region is highly conserved in
ammals, avians (chicken), and amphibians (frog)
hose ODC are rapidly degraded by an AZ-dependent
rocess (3). Recently, unique ODC was found in the
rypanosomatid, Crithidia fasciculata. This ODC lacks
oth the C-terminal degradation domain and AZ bind-
ng region, but shows a rapid turnover even when
xpressed in mammalian cells, suggesting that an-
ther signal(s) mediates the rapid turnover of the
DC (13).
Mutational analyses of AZ indicated that, although

he C-terminal half of AZ is sufficient for binding to
DC and inhibition of its activity, an adjacent region

amino acids 113–118) is also required for destabiliza-
ion of ODC (3, 4) (Fig. 1). This finding suggests that
inding of AZ maintains ODC in the inactive monomer
tate, but this dissociation is not sufficient for destabi-
ization of ODC. Consistently, AZ accelerates degrada-
ion of a single amino acid mutant ODC that can not
orm dimers (14).

Very recently, new types of AZ molecular species
ere found in fish (15) and mammals (16, 17). They can

nhibit ODC activity, but cannot accelerate ODC deg-
adation by the 26S proteasome, at least in vitro, im-
lying that the effect of AZ on the inhibitory activity
nd induction of destabilization against ODC can be
learly discriminated.

FIG. 1. Structural features of mouse ODC and rat AZ. (A) Mouse
DC. See text for the details of AZ binding, PEST 1/2, and the
-terminal region that functions as the putative “degradation sig-
al.” (B) Rat AZ. Deg, the region required for destabilization of ODC;
S, the amino acid residue corresponding to the translational frame-
hift site; ORF, open reading frame. Note that ORF1 of AZ mRNA is
ormally translated, but its ORF2 is consecutively translated to form
he full-length AZ only in the presence of polyamines.
2

OR ODC DEGRADATION

ODC is degraded rapidly in the crude extract of
ultured cells or reticulocytes in the presence of AZ and
TP (see below). Immunoremoval of the proteasome

rom these extracts causes almost complete loss of
DC degradation. In living cells, lactacystin (protea-

ome inhibitor) almost completely inhibits the degra-
ation of ODC. These findings strongly indicate that
he proteasome is the main enzyme for ODC degrada-
ion.

The proteasome is a multisubunit complex, consist-
ng of a central proteinase (called the 20S proteasome)
nd two terminal regulatory subcomplexes, termed
A700 (also called 19S complex) and PA28 (equivalent
o 11S regulator), that are attached to both ends of the
entral portion in opposite orientations (18–21). The
0S proteasome is a 700 kDa, cylinder-shaped particle
rranged as four axially stacked heptameric rings
ade up of two outer a-rings and two inner b-rings.
he a- and b-rings are each made up of seven struc-
urally similar a- and b-subunits, respectively. It has
ultiple catalytic centers located within a hollow cav-

ty of the b-ring and exists as a latent form in cells. The
tructural observation of the yeast proteasome showed
hat entrances of both a-rings are almost closed by the
-terminal portions of the a-subunits (19, 21). Inter-
ction between the 20S core particle and regulatory
omplexes such as PA700 and PA28 presumably opens
he proteasome channel for entry of the protein sub-
trate, thereby accessing the catalytic sites (19–20).
inding of PA28 activates degradation of peptides,
hile PA700 enhances degradation not only of pep-

ides, but also of ubiquitinated proteins (see below).
A700 can be dissociated into two subcomplexes,
amed “base” and “lid” (22). The base complex contains
ix AAA-type ATPases and two non-ATPase subunits,
nd is directly linked to the a-ring of the 20S core
article. The base is sufficient to activate the peptidase
ctivity of the proteolytic 20S core in the presence of
TP, possibly by opening the channel. The lid complex
ontains at least eight non-ATPase subunits and is
ttached to the base complex. The lid is required for the
egradation of ubiquitinated proteins, suggesting that
t has a role for trapping ubiquitinated proteins.

In cells at least four different forms of proteasomes
xist: 26S proteasome (with PA700 at its both ends),
0S proteasome (without regulatory proteins), homo-
A28 proteasome (with PA28 at its both ends) and
ybrid-type proteasome (a hetero-complex containing
oth PA28 and PA700) (23). ODC is degraded rapidly
n vitro by purified 26S, but not 20S, proteasome in the
resence of ATP and AZ (24). Recently, the hybrid-type
roteasome also was found to be responsible for ODC
egradation, although the homo-PA28 proteasome was



incapable of degrading ODC (Tanahashi et al., submit-
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ed for publication).

DC DEGRADATION REQUIRES ENERGY
UT NOT UBIQUITINATION

The 26S proteasome has been shown to act as the
rotein-destroying machinery for selective degradation
f numerous cellular proteins tagged with the poly-
biquitin (Ub) chain functioning as a degradation sig-
al. Intriguingly, it degrades ODC without ubiquitina-
ion as mentioned above, and ATP hydrolysis is
equired for the degradation of ODC analogous to that
f ubiquitinated proteins. The base complex of PA700
ontains six ATPases which may account for energy
ependency (22). Although the exact functions of the
TPases remain elusive, mutation analysis showed

hat they are functionally different (25). For degrada-
ion of mouse ODC in yeast cells, two ATPases, Cim3
nd Cim5, are required, whereas only Cim3 is required
or degradation of yeast ODC, suggesting their contri-
ution to the direct recognition of target proteins (26).
t has been proposed that these ATPases unfold sub-
trate proteins and translocate them into the inner
spect of the b-ring of the 20S proteasome on which the
roteolytically active sites are located. However, it has
ot yet been shown that a protein substrate is unfolded
y the proteasome in an ATP-dependent manner. To
xamine the degradation mechanism of the protea-
ome, especially unfolding of a substrate protein, ODC
ppears to be an advantageous substrate, since ODC is
naturally-occurring sole substrate of the 26S protea-

ome without ubiquitination and changes in both ODC
rotein and its activity can be determined easily. A
ecombinant AZ is capable of providing the degrada-
ion signal of cell-free translated ODC in vitro. In ad-
ition, inactive ODC-AZ complex, the form of ODC
ecognized by the 26S proteasome, can be completely
eactivated by AZ inhibitor as mentioned above. Fol-
owing alterations of both the activity and protein lev-
ls of ODC, it becomes clear that the degradation path-
ay of ODC by the 26S proteasome can be dissected

nto multiple steps, which proceed in a sequential fash-
on, as discussed below (27).

TP-DEPENDENT INACTIVATION OF ODC
Y THE 26S PROTEASOME

When ODC was incubated with cell extracts in the
resence of ATP and AZ, the extent of decrease in ODC
ctivity was much greater than that of ODC protein.
his observation indicates that inactivated ODC was

ormed and remained at least in part without degra-
ation in the reaction mixture. This inactivated ODC
as different from ODC inhibited by AZ which could be

eactivated fully by AZ inhibitor. The apparently irre-
3

Z-dependent fashion like its degradation. A selective
roteasome inhibitor Clasto-lactacystin b-lactone did
ot inhibit ODC inactivation caused by cell extracts,
ut resulted in considerable accumulation of inacti-
ated ODC. Immunodepletion of proteasomes from cell
xtracts, however, almost completely prevented this
nactivation. These findings indicate that inactivation
f ODC is catalyzed by the proteasome, but the proteo-
ytic activity is not required for the process. Purified
6S proteasome, but not the 20S proteasome, catalyzed
Z- and energy-dependent ODC inactivation. PA700
lone could not inactivate ODC, but preincubation
ith the 20S proteasome in the presence of ATP-Mg

evealed inactivation activity, suggesting that the 26S
roteasome reconstituted from PA700 and the 20S pro-
easome is responsible for ODC inactivation.

EQUESTRATION OF ODC INTO
HE 26S PROTEASOME

The apparent size of the inactivated ODC resembles
hat of the native ODC on SDS–PAGE, but its mobility
n the nondenaturing PAGE was much slower than
hat of the native ODC. Subsequently, it was found
hat the inactivated ODC was immunoprecipitated
ith anti-proteasome antibody, but not with anti-ODC
ntibody, suggesting that ODC is trapped within the
roteasome. Indeed, glycerol density gradient centrif-
gation analysis revealed co-sedimentation of ODC
nd the 26S proteasome, indicating that most of the
DC binds preferentially to the 26S proteasome, but
ot to free PA700. However, it is not shown whether

nactivated ODC is incorporated into the interior of the
ore or trapped by PA700 of the 26S proteasome. Se-
uestration of the inactivated ODC within the protea-
ome was demonstrated by its resistance to proteinase

digestion: immunoprecipitatable ODC with anti-
roteasome antibody resisted proteinase K digestion
hile unprecipitatable ODC (free ODC) was rapidly
egraded by proteinase K.

NACTIVATION AND SEQUESTRATION OF ODC
S PREREQUISITE FOR DEGRADATION

Time courses of ODC inactivation, sequestration and
egradation indicated that ODC sequestration and in-
ctivation occurred almost simultaneously and pre-
eded ODC degradation. Inactivation coupled to se-
uestration required AZ and ATP hydrolysis, but not
roteolytic activity of the 26S proteasome. Thus, the
nergy and AZ-dependent pathway for ODC degrada-
ion by the 26S proteasome can be dissociated into two
istinct steps: first irreversible inactivation and subse-
uent degradation, which may occur sequentially at a
ery rapid rate in living cells, because the inactivated



i
n

H
O

w
t
a
o
l
p
C
p
s
t
t

f
H
c
2
t
t
(
d
o
s
o
p
a
a
2
d
b
p

t
O
T
p
a
s
c

Vol. 267, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
ntermediate form of ODC is barely detected under
ormal conditions (Fig. 2).

OW DOES THE 26S PROTEASOME RECOGNIZE
DC FOR DEGRADATION?

ODC mutants lacking the intact C-terminal region
ere not subject to the AZ-dependent inactivation by

he 26S proteasome. Thus, although both inactivation
nd degradation are triggered by AZ, they also depend
n the cis-acting element on the substrate. A most
ikely interpretation of these observation is that the
utative “degradation signal” of ODC is located at the
-terminal region which is normally masked, but ex-
osed by attachment of AZ and finally recognized in
ome way by the 26S proteasome (Fig. 2). An alterna-
ive possibility that AZ bound to ODC together with
he signal on ODC molecule provides a recognition site

FIG. 2. Model of AZ-dependent ODC degradation pathway. The
he inactive monomeric form. AZ, which is induced by polyamine-depe
DC to form an ODC–antizyme complex and is thought to expose th
hus, ODC is targeted for degradation through a unique negative-fe
roteins tagged with a poly-Ub chain (left) but also ODC moiety in th
nd AZ are recycled. The degradation pathway of ODC proceeds
equestration, unfolding, translocation, and ultimate degradation.
onjugating enzyme; E3, Ub-ligating enzyme.
4

or the 26S proteasome cannot be ruled out completely.
owever, it seems unlikely that AZ, presumably disso-

iated from ODC before sequestration of ODC into the
6S proteasome, is directly recognized by the 26S pro-
easome, because a few AZ molecules could promote
he degradation of a large number of ODC molecules
3) and because AZ was not appreciably degraded un-
er the conditions of exhaustive degradation of ODC to
ligopeptides (28). The recycling of AZ seems to be
imilar to that of ubiquitin (Ub), but their mechanisms
f action are different. Ub is directly recognized by the
oly-Ub chain binding receptor of the 26S proteasome
nd is removed from the protein substrate tagged with
poly-Ub chain by isopeptidase associated with the

6S proteasome for its reutilization. Furthermore, the
egradation of polyubiquitinated protein is inhibited
y excessive amounts of either poly-Ub receptor or
oly-Ub chain, whereas ODC degradation is inhibited

ymatically active dimeric form of ODC is in rapid equilibrium with
ent translational frameshifting (see Fig. 1B), binds to the monomeric
arboxy-terminal region of ODC to attack from the 26S proteasome.
ack regulation. The 26S proteasome degrades not only a number of
DC-AZ complex (right) in an ATP-dependent manner, and both Ub
a sequence of multiple distinct processes, including recognition,
, translational frameshifting; E1, Ub-activating enzyme; E2, Ub-
enz
nd
e c

edb
e O
as
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by C-terminal peptides of ODC (unpublished results),
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ut not excessive AZ. Finally, ODC can be degraded
lowly by the purified 26S proteasome even in the
bsence of AZ. These findings strongly suggest that
DC rather than AZ is directly recognized by the 26S
roteasome.
To date, Ub-independent degradation by the 26S

roteasome has been rare (29) and a specific regulatory
rotein-dependent degradation by the proteasome is
ot known except for ODC. Interestingly, however, an
xample resembling the regulated ODC degradation is
ound in Escherichia coli lacking the Ub system. Rpos,
he stationary-phase sigma factor, is degraded during
xponential growth by ClpXP protease, an ATP-
ependent protease. The degradation is dependent on
ssB, a protein with homology to the family of re-
ponse regulator (30). Action of RssB resembles that of
Z in various aspects: (1) Specific interaction with
ubstrate. (2) The interaction causes modification of
he substrate activity. (3) Stimulation of substrate deg-
adation in a recycling manner.

OW IS ODC SEQUESTRATED INTO
HE 26S PROTEASOME?

It is plausible that the 26S proteasome degrades
oth ODC and polyubiquitinated proteins by the same
echanism requiring ATP, except for the manner of

ubstrate recognition. Energy and AZ dependency of
DC inactivation and sequestration into the 26S pro-

easome indicates that ATP-energy is required for the
rocess before proteolysis. The energy of ATP hydroly-
is may be required to induce a conformational change
f ODC (equivalent to unfolding) and/or to translocate
he unfolded ODC into the 20S proteasomal inner cav-
ty centralized within the 26S proteasome complex.
equestration and irreversible inactivation of ODC
aused by unfolding may be coupled to substrate trans-
ocation. Strictly speaking, unfolding has not been
emonstrated directly so far, but has been suggested
ased on the findings that ODC is ATP-dependently
equestrated into the proteasome (27) and that the
-rings of the 20S proteasome discriminate between
nfolded and folded proteins (31).
Recently, Rechsteiner proposed two possible mecha-

isms of proteolysis catalyzed by the 26S proteasome:
he “ribosome model” and the “solid-state model” (32).
ccording to the “ribosome model,” free PA700 can trap

arget proteins, mostly ubiquitinated, and recruit them
o the 20S proteasome, yielding the 26S proteasome,
or ultimate degradation. In the “solid-state model,”
he 26S proteasome can directly trap target proteins
or their degradation. Our observations that inacti-
ated ODC cosedimented with the 26S proteasome, but
ot PA700, appears to support the second “solid-state
odel.” However, the “ribosome model” cannot be ex-
5

mall number of PA700 molecules is sufficient to re-
ruit the target protein to the 20S catalytic protea-
ome. Alternatively, inactivated ODC may be reacti-
ated by PA700 in the absence of 20S core particle.
ndeed, Braun et al. (33) showed that human and yeast
6S proteasome can bind denatured protein and can
efold the protein in an ATP-dependent reaction. They
apped the chaperone-like activity to the base complex

f PA700.
Prokaryotes and certain eukaryotic organelles con-

ain several ATP-dependent proteases resembling the
6S proteasome, although their functions are indepen-
ent of Ub. For example, the ClpAP protease of Esch-
richia coli is composed of a protease (ClpP) and two
TPase particles (ClpA). ClpA can exert chaperone-

ike activity by itself or even in the proteolytic ClpAP
omplex without dissociation of ClpA from the complex
34). Recently, Weber-Ban et al. (35) showed global
nfolding of a substrate protein by ClpA. The unfolded
roteins are released into solution or, in the presence of
mutant form of molecular chaperone GroEL that

annot release substrate protein, they are captured by
t. In the presence of ClpP the substrate proteins are
ranslocated from ClpA into the ClpP proteolytic cav-
ty. Similarly, a proteolytically inactive Lon mutant
emains substrate protein sequestrated without re-
ease, suggesting that ATP-dependent unfolding may
e coupled to translocation to the proteolytic chamber
36). Lon protease is another bacterial ATP-dependent
rotease with an ATPase domain and a proteolytic
omain within a single polypeptide chain. Thus, the
oncurrent chaperone and proteolytic activities may be
common feature of various ATP-dependent proteases

ncluding the 26S proteasome (34). Baumeister and his
olleagues propose the term a self-compartmentalizing
rotease for these proteases with ATP-dependent
haperone functions cooperating with proteolysis (19).

ERSPECTIVES

ODC is a good target for studies on the selective
roteolysis mechanism. Degradation of ODC shows
oth unique and common features to those of other
olyubiquitinated proteins. The molecular mechanism
nderlying the polyamine-regulated ODC degradation

n mammalian cells has been largely clarified. The
egulatory proteins, AZ and AZ inhibitor, also have
hort half-lives comparable to ODC, but their degrada-
ion pathways are almost unknown. It is plausible that
inding of ODC or AZ inhibitor may affect the stability
f AZ. Clarification of their degradation mechanism is
ecessary for better understanding of regulation of
olyamine metabolism.
Finally, one major unanswered aspect is how the 26S

roteasome recognizes ODC attached to AZ at the mo-
ecular level. For this, specification of the proteasome



subunit that interacts directly with the ODC molecule
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hould be required. Tertiary structural analysis of
DC (37) and ODC-AZ complex will also provide valu-
ble information to explore the mechanism by which
he 26S proteasome can recognize ODC. More detailed
nowledge about the structure-function relationship of
he 26S proteasome is also needed. The X-ray struc-
ural information of the 20S proteasome alone is avail-
ble to date, and three-dimensional structures for the
id, base, PA700, and finally the 26S proteasome will
nable us to scrutinize the physical interaction be-
ween the 26S proteasome and ODC.
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