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Exposure to various fonns of mild oxidative stress sig-
nificantly increased the intracellular degradation of both 
"short-lived" and "long-lived," metabolically radiolabeled, 
cell proteins in cultures of Clone 9 liver cells (nonnalliver 
epithelia). The oxidative stresses employed were bolus 
H20 2 addition; continuous H 20 2 flux; the redox cycling 
quinones, menadione and paraquat; and the aldehydic 
products of lipid peroxidation, 4-hydroxynonenal, malo-
nyldialdehyde, and hexenal. In general, exposure to 
more severe oxidative stress produced a concentration-
dependent decline in intracellular proteolysis, in some 
cases to below baseline levels. Oxidatively modified "for-
eign" proteins (superoxide dismutase and hemoglobin) 
were also selectively degraded, in comparison with un-
treated foreign proteins, when added to lysates of Clone 9 
liver cells. As with intracellular proteolysis, the degrada-
tion of foreign proteins added to cell lysates was greatly 
increased by mild oxidative modification, but depressed 
by more severe oxidative modification. The proteinase 
activity was recovered in >300-kDa cell fractions, and 
inhibitor profiles and immunoprecipitation studies indi-
cated that the multicatalytic proteinase complex, prote-
asome, was responsible for most of the selective degrada-
tion observed with mild oxidative stress; up to approxi-
mately 95% for intracellular proteolysis and 65-80% for 
degradation of foreign modified proteins. Seven days of 
daily treatment with an antisense oligodeoxynucleotide, 
directed against the initiation codon region of the prote-
asome C2 subunit gene, severely depressed the intracel-
lular levels of several proteasome subunit polypeptides 
(by Western blot analysis), and also depressed the H2 0 2 
induced increase in intracellular proteolysis by approxi-
mately 95%, without significantly affecting baseline pro-
teolytic rates. Extensive studies revealed only small or no 
increases in the overall capacity of oxidatively stressed 
cells to degrade oxidatively modified protein substrates; a 
finding supported by both Western blot and Northern blot 
analyses which revealed no significant increase in the 
levels of proteasome subunit polypeptides or mRNA tran-
scripts. We conclude that mild oxidative stress increases 
intracellular proteolysis by modifying cellular proteins, 
thus increasing their proteolytic susceptibility. In con-
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trast, severe oxidative stress diminishes intracellular pro-
teolysis, probably by generating severely damaged cell 
proteins that cannot be easily degraded (e.g. cross-linked/ 
aggregated proteins), and by damaging proteolytic en-
zymes. We further conclude that the multicatalytic pro-
teinase complex proteasome is responsible for most of the 
recognition and selective degradation of oxidatively mod-
ified proteins in Clone 9 liver cells. 

Over the past several years a wide series of publications from 
this laboratory (1-21) and other groups (22-32) have reported 
a relationship between protein oxidation and proteolysis. Such 
studies have been conducted with erythrocytes and reticulo-
cytes from rabbits, cows, and human beings (1-7, 9-11, 13-17, 
19, 21), with Escherichia coli (1, 9, 10, 14, 21), with isolated 
mitochondria in vitro (12, 14), with rat muscles in vitro (1, 14), 
with primary cultures of rat hepatocytes (31, 32), and with 
purified proteins and proteases in vitro (1-32). These studies 
have all concluded that proteins are inherently susceptible to 
oxidative damage, and that oxidative damage alters proteolytic 
susceptibility. Our own studies have consistently demonstrated 
that relatively low-level oxidative damage alters proteolytic 
degradation, whereas extensive oxidative damage causes de-
creased proteolysis due to cross-linking, aggregation, and de-
creased solubility (1-21). 

Both our group (1-21) and that of Stadtman and his col-
leagues (25-32) have suggested that increased degradation of 
mildly oxidized proteins is a normal function of intracellular 
proteolytic systems, whereas inability to degrade extensively 
oxidized proteins may contribute to certain disease states and 
aging. 

In bacteria a series of proteolytic enzymes appear to conduct 
the degradation of oxidatively modified proteins (9, 10). In 
primary hepatocytes (31, 32), and erythrocytes and reticulo-
cytes (1-7, 9-11, 13-17, 19-21) strong evidence has been pre-
sented for the role of the multicatalytic proteinase complex, 
proteasome; initially referred to as macroxyproteinase by this 
group (13-15). Evidence has also been provided for a mecha-
nism of proteolytic recognition and degradation by bacterial 
proteases (30) and erythrocyte/reticulocyte proteasome (1-5, 
13, 16, 17, 20, 21), based on partial unfolding and exposure of 
(previously shielded) hydrophobic amino acid R groups, as a 
result of protein oxidation. 

A recent publication by Dean et al. (33), however, has seri-
ously questioned whether increased degradation of mildly oxi-
dized proteins is, indeed, a widespread property of eucaryotic 
cells and organisms. Dean et al. (33) question whether termi-
nally differentiated red blood cells (RBC) 1 are a suitable model 

1 The abbreviations used are: RBC, red blood cells; Hb, hemoglobin; 
s-LLVY-MCA, succinyl-leucine-leucine-valine-tyrosine-MCA (a fluoro-
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FIG. 1. Degradation of short-lived cellular proteins in hydrogen peroxide-treated Clone 9liver cells. Cell proteins were metabolically 
labeled with [35S]Met/Cys for 2 h, and then exposed for 30 min in phosphate-buffered saline plus 5.0 mM glucose to either bolus H 2 0 2 addition 
(panels A and B), or to a continuous H 20 2 flux generated by 0.14-2.77 1'-g/ml glucose oxidase (panel C), as described under "Materials and Methods." 
After treatment, or "sham-treatment" for control cells, the culture plates were washed twice with phosphate-buffered saline, replenished with 
culture medium, and incubated for 0-24 hat 37 oc. Protein degradation was measured, at the indicated times, following addition of 20% (w/v) 
trichloroacetic acid, to lyse the cells and precipitate remaining intact proteins. Percent protein degradation was measured by liquid scintillation 
in the trichloroacetic acid supematants as: (acid soluble counts - background counts) _,_ (total counts initially incorporated - background counts) 
X 100. Panel A reports cumulative proteolysis over a 24-h period following bolus H 2 0 2 treatment. Panel B reports actual rates of protein 
degradation measured at 1-h intervals during the first 7 h after bolus H2 0 2 treatment. Panel C shows the effects of a 30-min continuous H 2 0 2 flux 
(generated by 0.14-2.77 1'-g/ml glucose oxidase and 5.0 mM glucose) on cumulative protein degradation over a 24-h post-treatment period. All values 
are means of eight independent experiments, for which S.E. (in panels A and C) were always less than 10%. 

for other eucaryotic cell types, and note that the hypothesis has 
not been thoroughly tested in other mammalian cells. Addition-
ally Matthews et al. (34) have questioned the proposed role of 
proteasome in degrading oxidatively modified proteins. 

We undertook the present investigation with two major 
goals: first, to test the hypothesis that low-level oxidative stress 
can result in increased intracellular proteolysis, in dividing 
mammalian cells: and second, to test the possible involvement/ 
importance of proteasome in this process. Since liver cells are 
continuously exposed to oxidative stress through the metabo-
lism of numerous endogenous and exogenous toxicants, at least 
two reports have suggested the degradation of oxidatively mod-
ified proteins by proteasome in primary cultures ofhepatocytes 
(31, 32), and mammalian proteasome has been most exten-
sively studied in liver cells (35, 36), we selected an immortal-
ized liver cell culture line for our studies. 

MATERIALS AND METHODS 
Cells and Cell Culture--Clone 9liver cells (normal rat liver epithelia) 

were obtained from American Tissue and Cell Culture (ATCC CRL 
1439). The cells were cultured in 90% Ham's F-12K medium, supple-
mented with 10% fetal bovine serum. Cells were initially plated at a 
density of 2 X 104 cells/cm2 , grown for 3 days, and then replated at a 
density of 2 x 104 cells/cm2 for a further 2 days of growth before 
oxidative stress studies. 

Proteolysis Measurements--Proteolysis studies involved either the 
degradation of metabolically radiolabeled cellular proteins, or the deg-
radation of radiolabeled "foreign" proteins or peptides during incuba-
tion with (non-labeled) celllysates. Metabolic radiolabeling of intracel-
lular proteins was achieved during either a 2-h labeling procedure or a 
16-h labeling procedure (followed by a 2-h "cold chase"). Cell proteins 
were metabolically radiolabeled by incorporation of a [35S]methionine/ 
cysteine mixture (14) using subconfluent monolayers of cells in methi-
onine/cysteine-free minimal essential Eagle's medium. After 2 or 16 h of 
exposure the labeling mixture was removed and the cell monolayers 
were washed twice with phosphate-buffered saline containing excess 
unlabeled methionine/cysteine (as a "chase"). The 2-h labeling proce-
dure was considered to generate mostly "short-lived" radiolabeled pro-
teins, whereas the 16-h labeling procedure was considered to generate 
predominantly "long-lived" radiolabeled cell proteins. The degradation 
of metabolically labeled cell proteins was assessed by release of acid-

peptide substrate for proteolysis); H 2 0 2 , hydrogen peroxide; 0 ~. super-
oxide anion radical. 

soluble counts from, previously acid-precipitable, cell proteins. 
The degradation of radiolabeled foreign proteins, and offoreign pep-

tides was assessed following addition of these substrates to unlabeled 
cell lysates. Cells were lysed by a 1-h incubation in water, supple-
mented with 1.0 mM dithiothreitol. Membrane debris, nuclei, or-
ganelles, and unlysed cells were then removed by centrifugation at 
14,000 X g. 

Exposure of Clone 9 Liver Cells to Oxidative Stress--Subconfluent 
monolayers of cells (3 X 105 cells/cm2 ) were exposed to bolus additions 
of H 20 2 , paraquat (methylviologen), menadione (vitamin K3 ), hexenal, 
malonyldialdehyde, and 4-hydroxynonenal, or to continuous H 2 0 2 pro-
duction by the enzyme glucose oxidase. Exposures were conducted for 
30 min at 37 °C, in phosphate-buffered saline (pH 7.4). Mter exposure 
to oxidative stress, cells were washed twice and then incubated in tissue 
culture medium (90% Ham's F-12K medium, supplemented with 10% 
fetal calf serum) for proteolysis measurements. 

RESULTS 

Oxidative Stress Affects the Degradation of Short-lived Cell 
Proteins--The cumulative degradation of short-lived proteins 
(those labeled during a 2-h [35S]Met/Cys incorporation) was 
strongly affected by exposure of Clone 9 liver cells to H 20 2 (Fig. 
1). Proteolysis gradually increased with H 20 2 concentrations 
from 20 J.LM to 0.4 IDM, by as much as 150% (Fig. lA). At the high 
H2 0 2 concentration of 1.0 mM, however, protein degradation 
actually decreased by as much as 50% (Fig. lA). Optimal H20 2 
concentrations for increased proteolysis after 6-24 h incuba-
tion ranged from 0.25 to 0.4 mM. At these same concentrations, 
however, a decrease in proteolysis actually appeared to occur in 
the first hour of incubation after H20 2 treatment (Fig. lA). To 
further investigate this phenomenon we next measured actual 
rates of protein degradation for 7 h after H 20 2 treatment. As 
shown in Fig. lB, treatment of cells with 0.4 mM H 20 2 caused 
a transient depression of proteolytic rates in the first hour after 
exposure, but thereafter proteolysis was significantly increased 
over basal rates. 

Since H 20 2 exposures in vivo are more likely to involve 
sources of continuous H 20 2 production, rather than a bolus 
addition, we also tested the effects of continuous H 20 2 produc-
tion by the enzyme glucose oxidase. As shown in Fig. 1C, 
continuous exposure to H 20 2 production, over a 30-min glucose 
oxidase treatment, caused a generalized increase in subse-
quent proteolysis at all H20 2 exposure rates tested. Proteolysis 
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Menadione C~-tM) 
FIG. 2. Degradation of short-lived cellular proteins in cells 

exposed to redox cycling quinones. Clone 9 liver cells were exposed, 
or sham-exposed to paraquat (panel A) or to menadione (panel B) for 30 
min. Protein degradation was measured at 24 h of incubation after 
exposure. All exposure conditions and proteolysis measurements were 
performed as described in the legend to Fig. 1. Values reported are 
means ± S.E. of at least six independent determinations. 

began to increase at 50 nmol ofH20 2 ·ml-1 ·30 min-I, peaked at 
100 nmol of H 20 2 ·ml-1 ·30 min- 1 , and gradually decreased 
again at the higher exposures of 250, 400, and 1,000 nmol of 
H20 2 ·ml-1 ·30 min- 1 . Since the cumulative H20 2 exposures 
during the 30-min treatments of Fig. 1C were similar to the 
bolus H 20 2 additions of Fig. 1, A and B, it is interesting to note 
that no depression of proteolysis below control rates was ob-
served at any of the continuous H20 2 flux rates tested. Impor-
tantly, no significant loss of cell viability, as judged by trypan 
blue exclusion, occurred during any of the experiments shown 
in Fig. 1, A-C (data not shown). 

We next tested for effects of the superoxide (0 ~)generating 
agents paraquat and menadione on the degradation of short-
lived proteins in Clone 9liver cells (Fig. 2). Protein degradation 
was maximally increased by treatment of cells with 20 ~-tM 

paraquat (Fig. 2A) or 20 MM menadione (Fig. 2B). Higher con-
centrations of either agent again resulted in decreased prote-
olysis; in the case of 300 MM menadione, to below control levels. 

Membrane lipid peroxidation is a well known outcome of 
cellular oxidative stress, and lipid oxidation products are able 
to react with other cellular components; including proteins. To 
model possible lipid peroxidation effects on protein integrity 
and stability we incubated Clone 9 liver cells with the alde-
hydic lipid peroxidation products 4-hydroxynonenal, malonyl-
dialdehyde, and hexenal (Fig. 3). At the low concentrations of 1 
or 10 MM, both 4-hydroxynonenal (Fig. 3A) and malonyldialde-
hyde (Fig. 3B) caused increased degradation of short-lived cel-
lular proteins (by as much as 100%), but proteolysis returned 
toward baseline levels following 100 MM treatments with either 
agent. Hexenal caused only a small increase in proteolysis 
during the first 3 h after treatment and this trend actually 
reversed from 6 to 24 h post-treatment (Fig. 3C). 

Oxidative Stress Affects the Degradation of Long-lived Cell 
Proteins-The degradation oflong-lived proteins (those labeled 
during a 16-h [35S]MetJCys incorporation followed by a 2-h 
chase) was generally increased by exposure to low (100 ~-tM) 

H 20 2 concentrations (Fig. 4A) or low (20 /J>M) paraquat concen-
trations (Fig. 4B). Higher concentrations of H 20 2 (0.4-1.0 mM) 
or paraquat (0.3 mM) produced smaller increases in proteolysis. 
Interestingly, no overall decrease in proteolysis to below base-
line control levels, and no transient decrease in proteolysis 
during the first hour of H20 2 exposure, occurred in our studies 
of long-lived proteins (Fig. 4, A and B), although such effects 
were observed with oxidatively stressed short-lived proteins 
(Figs. 1 and 2B). 

Degradation of Exogenous Protein Substrates in Cell 
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FIG. 3. Degradation of short-lived cellular proteins in cells 
exposed to aldehydic products of lipid peroxidation. Clone 9liver 
cells were exposed, or sham-exposed to 4-hydroxynonenal (panel A), to 
malonyldialdehyde (panel B), or to hexenal (panel C) for 30-min periods. 
All exposure conditions and proteolysis measurements were conducted 
as described in the legend to Fig. 1. The 4-hydroxynonenal was the kind 
gift of Prof. Hermann Esterbauer (University of Graz, Austria). Malo-
nyldialdehyde was prepared as described previously (37) and trans-
2-hexenal was obtained from Sigma. All three lipid aldehydes were 
extensively purified prior to use. Values reported in panels A-C are 
means of at least eight independent determinations, for which S.E. 
were always less than 10%. 
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FIG. 4. Degradation of long-lived cellular proteins in cells ex-
posed to hydrogen peroxide or paraquat. Cell proteins were met-
abolically labeled with [35S]Met/Cys for 16 h, and then chased with 
excess unlabeled Met/Cys for 2 h. After this 18-h period, cells were 
either exposed or sham-exposed, to H2 0 2 (panel A) or paraquat (panel 
B) for 30 min, washed, and then incubated for a further 0-24 h in 
culture medium for measurements of protein degradation. All H20 2 
(bolus) and paraquat exposure conditions, and all proteolysis measure-
ments, were performed as described in the legends to Figs. 1 and 2. 
Values in both panels are means of at least six independent determi-
nations, for which S.E. were always less than 10%. 

Lysates-Our working model to explain the results of Figs. 1-4 
is that cellular proteins are mildly damaged by exposure to 
low-level oxidative stress, and degraded. We also propose that 
severe oxidative stress generates more extreme forms of mod-
ified proteins, including cross-linked and/or aggregated pro-
teins, that are poor substrates for proteolysis. An alternate 
explanation would be that mild stress activates or induces 
cellular proteases (to degrade even normal proteins) and severe 
stress inactivates proteases. To begin testing these hypotheses 
we prepared lysates from both untreated and H20 2-treated 
cells, and incubated them with the radiolabeled foreign pro-
teins, superoxide dismutase or hemoglobin (Hb). 

Undamaged superoxide dismutase and Hb were degraded at 
low rates during incubation with untreated Clone 9 liver cell 
lysates, but prior oxidative modification (by H20 2 ) of these 
foreign proteins increased their proteolytic susceptibility by up 
to 5-8-fold (Fig. 5A). When the Clone 9 cells were pretreated by 
exposure to 0.25 or 0.4 mM H20 2 , or to 20 or 300 MM paraquat 
(as per Figs. 1 and 3) before lysis, essentially the same differ-



Proteasome Degrades Oxidized Proteins in Clone 9 Liver Cells 2347 

Lysates from Untreated Cells 
8 0 Control SOD/Hb 

1m! H,Q2 Modified SOD/Hb 

6 B. Lysates from H20 2 Treated Cells 

4 o-=:;g=H- -==@ 
H20 2 Modified SOD 

Control SOD 
a--a~a 

I 0 C. Lysates from I-120 2 Treated Cells 

8 -----":::::::;:2@ 0 
D"'=f'l H

2
0

2 
Modified Hb 

Control Hb 
a-=~==--~o o 

10 D. Lysates from Paraquat Treated Cells 

8 ~8 g 
0--g H,02 Modified Hb 

Control Hb 
o~H=G o 
0123456 

Post-Treatment Incubation (hours) 

FIG. 5. Degradation of H 2 0 2 modified foreign superoxide dis-
mutase and hemoglobin added to lysates of control and oxida· 
tively stressed Clone 9 liver cells. Tritium-labeled superoxide dis-
mutase (SOD) and hemoglobin were added to centrifuged lysates of 
unlabeled Clone 9liver cells for measurements of proteolysis over a 6-h 
period. A proteolysis buffer consisting of 50 roM Tris-HCl (pH 7.8), 20 
mM KCl, 5 mM MgOAc, and 0.5 roM dithiothreitol was used, as previ-
ously (14). Both foreign protein substrates were radiolabeled by reduc-
tive methylation with [3H]formaldehyde and sodium cyanoborohydride 
as described by Jentoft and Deanborn (38), and then extensively dia-
lyzed. The tritiated superoxide dismutase and Hb were either undam-
aged, or were oxidatively modified immediately prior to the experiment 
by exposure to 15 mM H20 2 for 2 h, as described previously (13, 15). 
Percent superoxide dismutase or Hb degradation was determined, as 
described previously (14), by liquid scintillation in supernatants of 
trichloroacetic acid precipitated lysates, by the formula: (acid-soluble 
counts - background counts) ~ (initial acid precipitable counts -
background counts) X 100. Panel A reports the selective degradation of 
H 20 2-modified superoxide dismutase and Hb (in comparison with un-
damaged superoxide dismutase and Hb) during a 2-h incubation of 
these protein substrates with centrifuged lysates from untreated Clone 
9 liver cells. Panels B-D report the degradation of both H20 2 modified 
and undamaged superoxide dismutase and Hb during incubation with 
centrifuged lysates from control, H20 2-treated, and paraquat-treated 
Clone 9 liver cells. The 30-min H20 2 or paraquat cell treatments were 
conducted as described in the legends for Figs. 1 and 2. In panels Band 
C the H20 2 cell pretreatments were as follows: 0, none; Ll, 0.25 roM; 0, 
1.0 roM. In panel D the paraquat pretreatment of cells was as follows: 0, 
none; Ll, 20 J..LM; D, 300 J..LM. Both the bovine RBC superoxide dismutase 
and the bovine Hb were obtained from Sigma. Values reported in all 
four panels are means of at least four independent determinations for 
which S.E. (not shown in B, C, and D) were always less than 10%. 

ence in degradation of control and oxidatively modified super-
oxide dismutase and Hb was again observed (Fig. 5, B, C, and 
D). It would, thus, appear that oxidative stress damages cellu-
lar proteins, making them more (or less) susceptible to prote-
olysis, rather than activating the proteolytic machinery of the 
cell. 

Importance of Proteasome in the Intracellular Degradation of 
Oxidatively Modified Proteins-Our previous work with red 
blood cells indicated that the 20 S multicatalytic proteinase 
complex, proteasome, is responsible for at least 70% of the 
increased proteolysis observed with H20 2 exposure (16, 20, 21). 
Since proteasome is ubiquitously distributed in eucaryotes we 
decided to test its possible involvement in the degradation of 
oxidized proteins in Clone 9 liver cells. 

Our first experiment was to compare the inhibitor profile of 
Clone 9 cell lysates, RBC lysates, and purified RBC prote-
asome, conducting the degradation of oxidatively modified su-
peroxide dismutase and Hb. As shown in Table I the degrada-
tion of oxidized superoxide dismutase and Hb was similarly 
inhibited by serine reagents (phenylmethanesulfonyl fluoride 
and diisopropyl fluorophosphate), sulfhydryl reagents (N-

TABLE I 
Inhibitor profile for the degradation of H 20 2-modified superoxide 

dismutase and hemoglobin 
Clone 9 liver celllysates were prepared, as described under "Materi-

als and Methods," from untreated cells. RBC lysates and purified RBC 
proteasome were prepared as previously described (13-17, 19, 21). 
Tritium-labeled bovine superoxide dismutase and Hb were prepared, 
and H20 2 modified, as described in the legend to Fig. 5. H20 2-modified 
[ 3H]superoxide dismutase and [3 H]Hb were incubated with celllysates 
or purified proteasome for 6 h, at 37 °C, as described in the legend to 
Fig. 5. Percent inhibition of proteolysis values given above are averages 
of at least six experiments for each protein substrate, with each inhib-
itor; for which S.E. values were always less than 10%. Since no signif-
icant differences were observed in the inhibition profiles of superoxide 
dismutase and Hb, the results for both proteolytic substrates have been 
averaged to save space. The inhibitors used were as follows: 5.0 mM 
PMSF (phenylmethanesulfonyl fluoride), 5.0 mM DFP (diisopropyl flu-
orophosphate), 10.0 mM NEM (N-ethylmaleimide), 10.0 mM EDTA, 1.0 
mM 8-hydroxyquinoline, 0.1 mM leupeptin, and 5.0:5.0 mM ATP/Mg"+. 

% Inhibition 
Inhibitor Clone 9 liver RBC RBC 

cell lysates lysates proteasome 

PMSF 84 86 81 
DFP 80 84 85 
NEM 64 72 76 
EDTA 44 51 42 
8-Hydroxyquinoline 46 49 53 
Leupeptin 14 9 6 
ATP/Mg"+ 22 18 15 

ethylmaleimide), and transition metal chelators (EDTA and 
8-hydroxyquinoline) in all three test systems. The lysosomal 
proteolysis inhibitor leupeptin and ATP-M!f+ both caused only 
minor inhibition in all cases. 

We next separated Clone 9 liver celllysates into fractions of 
less than 300 kDa and fractions of greater than 300 kDa (Fig. 
6). Since the proteasome complex has a molecular size of ap-
proximately 670 kDa (13, 16, 21) it should be present only in 
the greater than 300-kDa cell fraction. The 0-300-kDa fraction 
was always prepared from radiolabeled cells whose proteins 
had been metabolically labeled by incorporation of [35S]MetJ 
Cys for either 2 h (short-lived proteins) or for 16 h plus a 2-h 
chase (long-lived proteins). These radiolabeled 0-300-kDa frac-
tions were prepared from both untreated cells and from H20 2-

treated cells, and were used as "substrate fractions" for prote-
olysis. The >300 kDa "proteasome fraction" was always 
prepared from non-labeled cells, either with no treatment, or 
following H20 2 exposure. When the proteasome fraction was 
prepared from control cells (Fig. 6A) it selectively catalyzed 
significant degradation of both short-lived and long-lived pro-
teins in the 0-300-kDa substrate fractions from H20 2-treated 
cells. When the proteasome fraction was prepared from H20 2-

treated cells (Fig. 6B) it again catalyzed the proteolysis of both 
long-lived and short-lived proteins in the 0-300-kDa substrate 
fractions from H20 2-treated cells, although the degradation of 
long-lived proteins was somewhat depressed in comparison 
with the results of Fig. 6A. The experiments of Fig. 6 are 
certainly permissive of a role for proteasome in the degradation 
of oxidatively modified cell proteins, and also indicate that 
stress-induced proteolysis is primarily the result of substrate 
modification or damage, rather than protease (proteasome) 
activation. 

The fluoropeptide succinyl-leucine-leucine-valine-tyrosine-
MCA (s-LLVY-MCA) has been extensively studied as a proteol-
ytic substrate for proteasome (35, 36). To further test the pos-
sible importance of proteasome in degrading oxidatively 
modified Clone 9 liver cell proteins, we studied the effects of 
proteasome immunoprecipitation on the degradation of both 
s-LLVY-MCA and radiolabeled cell proteins, in lysates from 
control and H20 2-treated cells (Fig. 7). As shown in Fig. 7A, 
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Clone 9 liver cell fractions. One set of cells was cultured (in the 
absence of radionucleotides), treated with 0.4 mM H2 0 2 or used as a 
control, lysed, centrifuged, and filtered through a 300-kDa cut-off mem-
brane (Amicon ™, Beverly, MA). The >300-kDa fraction retained by the 
membrane was re-solubilized and used as the (unlabeled) proteasome 
fraction for all experiments. Another set of cells was cultured identi-
cally, and then either short-lived or long-lived cellular proteins were 
metabolically labeled with [35S]MetJCys as per Figs. 1 or 4. After label-
ing the cells were either exposed to 0.4 mM H20 2 , or used as controls. 
The labeled cells were then lysed, centrifuged, and filtered through the 
300-kDa cut-off membrane. With these labeled cells, only the <300-kDa 
filtrate was retained for use as the substrate fraction for proteolysis. 
The unlabeled >300-kDa proteasome fraction and the <300-kDa radio-
labeled substrate fraction were then recombined for proteolysis meas-
urements, using the conditions of Fig. 5. Panel A shows experiments in 
which cells used for the proteasome fraction were untreated. Panel B 
shows experiments in which cells used for the proteasome fraction were 
pretreated by exposure to 0.4 mM H20 2 prior to lysis and filtration. 
Values reported are means :±: S.E. of eight independent experiments. 

proteasome immunoprecipitation depressed s-LLVY-MCA deg-
radation by 75-85% in lysates of both control cells and H20 2-

treated cells. The inset to Fig. 7B is a proteasome Western blot 
which shows major loss of several proteasome subunit bands 
following the immunoprecipitation procedure. The main panel 
of Fig. 7B reveals a 95% decrease in the H20 2 induced degra-
dation of long-lived cellular proteins following proteasome 
immunoprecipitation. 

We next repeated the immunoprecipitation studies of Fig. 7, 
but this time used H20 2 modified superoxide dismutase as the 
substrate for proteolysis in lysates of control and H20 2-treated 
cells. As shown in Fig. 8, proteasome immunoprecipitation 
decreased the degradation of H20 2 -modified superoxide dis-
mutase by approximately 55% in lysates of both control cells 
and H20 2-treated cells. When the immunoprecipitates were 
re-solubilized and incubated with H20 2-modified superoxide 
dismutase, more than 100% (actually 126-145%) of the initial 
activity was recovered (Fig. 8, bars labeled Pcpt.), suggesting a 
small activation of proteasome by the immunoprecipitation 
procedure. 

A more rigorous test ofproteasome involvement in the intra-
cellular degradation of oxidatively modified proteins would be 
to use knock-out mutants in which one of the essential prote-
asome subunit genes was deleted. Unfortunately, for our pur-
poses, proteasome appears to be essential for cell division and 
deletion mutations are typically lethal (42, 43). We, therefore, 
decided to use the more gentle approach of diminishing total 
cellular proteasome activity by prolonged exposure of cells to 
an antisense oligodeoxynucleotide for an essential proteasome 
subunit. For these studies we synthesized both sense and an-
tisense oligodeoxynucleotides directed against the initiation 
codon region of the proteasome C2 subunit gene (44, 45). 

Mter 7 days of daily exposure to the antisense message the 
cellular concentrations of several proteasome subunit polypep-

tides were significantly depressed, as shown by Western blot 
analysis (Fig. 9, inset). The degradation of labeled proteins in 
untreated cells was not affected by the sense oligodeoxynucle-
otide and the antisense message decreased basal proteolysis in 
control cells by only approximately 12% (Fig. 9, main panel). In 
contrast, the increased degradation of oxidized proteins nor-
mally seen in H20 2-treated cells was almost completely abol-
ished in antisense oligodeoxynucleotide-treated cells. Interest-
ingly, the sense oligodeoxynucleotide actually increased 
proteolysis in H2 0 2 -treated cells, although only by a modest 
16%, in comparison with cells that received no oligodeoxynucle-
otide treatment (Fig. 9, main panel). 

It should be noted that cellular growth rates, rates of protein 
synthesis, and the incorporation of [35S]Met/Cys into newly 
synthesized proteins (whose degradation was actually meas-
ured in Fig. 9), were all unaffected by either the sense or the 
antisense oligodeoxynucleotides (data not shown). The results 
of Fig. 9, thus, provide strong evidence for a major involvement 
of proteasome in the degradation of oxidatively modified Clone 
9 liver cell proteins. 

Most of the experimental data presented thus far would 
suggest that oxidative stress modifies cellular substrate pro-
teins, making them more (or less) susceptible to proteolysis by 
proteasome. The results of Fig. 7A (-IP) and Fig. 8 (comparing 
total activity in re-solubilized immunoprecipitates), however, 
suggest that a small activation or induction ofproteasome may 
actually occur with exposure of cells to H20 2 stress. To further 
investigate this possibility we compared the degradation of the 
proteasome substrate s-LLVY-MCA in control cells, and cells 
exposed to H20 2 or paraquat. For the most part both H20 2 and 
paraquat exposures caused no change in s-LLVY-MCA degrad-
ing activity, except for small increases at very high oxidant 
exposures which were actually very poor initiators of intracel-
lular proteolysis (data provided to the reviewers). Thus neither 
activation nor induction of proteasome appears to explain our 
results. 

DISCUSSION 

To our knowledge, the present investigation is the first to 
conclusively demonstrate oxidative stress-induced intracellu-
lar proteolysis in a mammalian cell culture line. It would, thus, 
appear that the reasonable concern raised by Dean et al. (33), 
that such phenomena might be limited to bacteria and RBC, 
has been answered. Our studies reveal that mild forms of 
oxidative stress can increase the intracellular degradation of 
both short-lived and long-lived proteins in Clone 9liver cells. In 
contrast, more severe levels of oxidative stress are less effective 
in initiating intracellular proteolysis and, at the extreme, can 
even depress protein degradation to below baseline values. 
Similar trends have now been observed in bacteria, isolated 
mitochondria, chloroplasts, erythrocytes, and reticulocytes, rat 
muscles, and primary hepatocytes (1-21, 25-32). It, thus ap-
pears clear that oxidative stress-induced intracellular proteol-
ysis is a general property of both procaryotes and eucaryotes. 

Our inhibitor profiles, proteasome immunoprecipitation ex-
periments, and proteasome C2 subunit oligodeoxynucleotide 
studies all indicate that the multicatalytic proteinase complex, 
proteasome is largely responsible for the selective degradation 
of oxidatively modified proteins in oxidatively stressed Clone 9 
liver cells. The same conclusion was previously reached with 
red blood cells (1-7, 9-11, 13-17, 19-21). It should also be 
noted that the multicatalytic proteinase complex, proteasome 
was the enzyme isolated by Rivett (31, 32) from primary hep-
atocyte cultures, based on its ability to selectively degrade 
oxidatively modified protein substrates. 

The proteasome complex exists in both an ATP-independent 
19-20 S (670-700 kDa) form, and an ATP-stimulated 26 S 
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FIG. 7. Proteolysis in lysates of H 2 0 2·treated Clone 9 liver cells following proteasome immunoprecipitation. Control and 0.4 mM 
H20 2-treated cells were lysed and centrifuged at 3 h after (30 min) H20 2 treatment or sham-treatment. Proteasome in the cell lysates was then 
either immunoprecipitated with a purified rabbit anti-rat IgG (39), directed against the 20 S proteasome, designated +IP, or sham-precipitated and 
designated - IP. Preliminary studies revealed that the optimal IgG/Iysate protein ratio was 70 JJ-g of IgG/mg of lysate protein, and this ratio was 
used. Celllysates were incubated with IgG for 3 hat 4 •c, and then centrifuged at 34,000 x g for 30 min. Purified rabbit anti-rat IgG (38) was the 
kind gift of Dr. Keiji Tanaka (University ofTokushima, Tokushima, Japan) and immunoprecipitation was conducted according to Orino et al. (39). 
Panel A shows the effects of proteasome immunoprecipitation, in extracts from control and H20 2-treated cells, on degradation of the fluoropeptide 
s-LLVY-MCA. Degradation of s-LLVY-MCA was measured, as previously (14), in 34,000 x g supernatants by fluorescence at 365-nm excitation/ 
460-nm emjssion (within the linear range for fluorescence response) in comparison with Pronase-digested standards. The fluoropeptide was 
djssolved in 10% Me2SO and used at a final concentration of 50 JJ-M in an assay buffer consisting of 50 mM Tris-HCI (pH 7.8), 20 mM KCl , 0.5 mM 
MgOAc, and 0.5 mg of cell lysate protein. After 1-h incubation at 37 •c proteolysis was terminated, prior to fluorescence measurements, by addition 
of2.0 ml of a solution contairung 0.1 M sodium borate (pH 9.0) and ethanol/water (144:16), to 200 JJ-1 of reaction mixture. The main portion of panel 
B shows the effects ofproteasome immunoprecipitation on the H20 2 induced degradation of long-lived radiolabeled (16-h labeling plus a 2-h chase, 
as per Fig. 4) cell proteins, in 34,000 x g supernatants of proteasome immunoprecipitated ( +IP) and sham-immunoprecipitated ( - IP) cell lysates. 
It should be noted that the expm;ments of panel B involved a 30-min H20 2 treatment (or sham-treatment) of intact radiolabeled cells followed by 
cell lysis and centrifugation, immunoprecipitation (or sham-precipitation) for 3 h followed by centrifugation at 34,000 X g for 30 min, and a 37 •c 
proteolysis incubation for 6 h. The inset to panel B is a Western blot showing the effects of proteasome immunoprecipitation on proteasome subunit 
protein bands in the 34,000 X g cell supernatants. Western blots of control ( - IP) and immunoprecipitated ( +IP) cell lysates were performed 
according to Towbin et al. (40). To achieve best results a mixture ofproteasome anitsera was used. The mixed proteasome antisera was 50% rabbit 
anti-chick (41) which was the kind gift of Dr. Chin Ha Chung (Seoul National University, Seoul, Korea), and 50% rabbit anti-rat (39) which was 
the kind gift of Dr. Keiji Tanaka (University of Tokushima, Tokushima, Japan). All values in both panels are means :!: S.E. of at least six 
independent experiments. 

(1,500 kDa) form in mammalian cells (35, 36, 46-59). Our 
previous work with RBC (1-7, 13-17, 19-21), and the work of 
Rivett (31, 32) with primary hepatocytes, provided experimen-
tal evidence that the ATP-independent 19-20 S (670-700 kDa) 
"core" proteasome complex is the form that recognizes and 
selectively degrades oxidatively damaged protein substrates. 
In thls regard it is important to note that reticulocytes and 
terminally differentiated erythrocytes exhibit similar capaci-
ties to degrade oxidatively modified proteins, and similar inhi-
bition profiles (1-8, 13-17, 19-21), despite the fact that the 26 
S ATP-stimulated proteasome complex is lost during matura-
tion, and erythrocytes retain only the 19-20 S ATP-independ-
ent core proteasome complex (13). The degradation of oxidized 
proteins in red cell lysates, and the degradation of oxidized 
protein substrates by the purified erythrocyte or reticulocyte 
19-20 S proteasome complex, are inhibited by 15-20% upon 
addition of ATP (13-17, 19-21). In the present investigation 
ATP was also slightly inhibitory (by approximately 15%) to the 
selective degradation of oxidatively modified proteins in Clone 
9 cell lysates, providing at least initial evidence that the 19-20 
S core proteasome complex is also responsible for degrading 
oxidized proteins in Clone 9 liver cells. 

The multicatalytic proteinase complex, proteasome, can bind 
(or release) both inhibitory and stimulatory polypeptide sub-
units (35, 36). Additionally, the entire proteasome complex is 
overexpressed under certain conditions, at discrete develop-
mental stages, and in transformed cells (59). In initiating the 
present investigation we considered the hypothesis that moda-
tive stress might either activate proteasome (by releasing an 
inhlbitory subunit or promoting expression of a stimulatory 
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FIG. 8. Degradation of H2 0 2-modified superoxide dismutase in 
lysates of Clone 9 liver cells following proteasome immunopre-
cipitation. Centrifuged lysates of control or 0.4 mM H20 2-treated cells 
(with or without immunoprecipitation) were incubated with control and 
H2 0 2-modified [3H]superoxide dismutase for 1 h, as per Fig. 5. The 
lysates were first either immunoprecipitated ( +IP) with proteasome 
antibody as per Fig. 7, or were sham-precipitated ( - IP), prior to cen-
trifugation at 34,000 X g. Proteolysis was measured as described in the 
legend to Fig. 5 by release of acid-soluble counts, from [3H]superoxide 
dismutase added to the 34,000 x g supernatants. Degradation of 
[3H]superoxide dismutase was also measured by addition of this sub-
strate tore-solubilized immunoprecipitates; designated Pcpt. Values for 
the difference between degradation of H20 2 modified and control 
[ 3H]superoxide dismutase are means :!: S.E. of at least three independ-
ent experiments. 
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FIG. 9. Degradation of long-lived proteins in Clone 9liver cells treated with antisense oligodeoxynu cleotide to t h e p r oteasome C2 
subunit gene. Cells were either untreated (None) or were exposed for 7 days to daily additions of 0.4 nmollml of either sense or antisense 
oligodeoxynucleotides to the ini tiation codon region of the proteasome C2 subunit gene (44). The sense oligonucleotide used was 5'-AGCTATGTT-
TCGCAA-3 ', and the antisense oligonucleotide was 5' -TTGCGAAACATAGCT-3 '. Both oligonucleotides were synthesized on an ABI391 DNA 
synthesizer (Applied Biosystems), and extensively purified prior to use. Long-lived cell proteins were then metabolically radiolabeled with 
[ 35S]Met/Cys for 16 h (plus a 2-h chase) a described in the legend to Fig. 4. The cells were next either exposed to 0.4 mM H20 2 (as per Fig. 1) or 
used as controls. Degradation of long-lived cellular proteins was measured during a 6-h incubation by production of acid-soluble counts, as per Fig. 
1. Values in the main portion of the figure are means ± S.E. of 12 independent experiments. The inset is a Western blot showing the depletion of 
several proteasome subunit proteins in cells treated with antisense oligonucleotide for 7 days, in comparison with sense oligonucleotide-treated 
cells . Molecular weight standard markers are included in the inset for convenient identification of individual bands. The proteasome C2 subunit 
has an approximate molecular size of 30-32 kDa (44, 45). 

subunit), or might induce proteasome synthesis. Our present 
studies, involving comparisons of control and oxidatively 
stressed cells, however, provide little or no evidence to support 
such an hypothesis. By Western blot analyses with polyclonal 
antiproteasome antibodies, Northern blot analyses with a 
eDNA probe directed against C2 subunit transcripts, and ac-
tual proteinase assays measuring total cellular capacity to 
degrade control and oxidatively modified protein substrates 
(superoxide dismutase and Hb added to cell lysates), no evi-
dence for increased proteasome transcription, message stabili-
zation, translation, or total activity was found . Small increases 
in peptidase activity with the proteasome fluoropeptide sub-
strate s-LLVY-MCA were observed with severe oxidative 
stress, but such high stress levels actually depressed the deg-
radation of oxidatively modified proteins. Thus, with the ex-
ception of a possible small activation or induction of peptidase 
activity, oxidative stress does not appear to either activate 
proteasome or induce proteasome synthesis in Clone 9 liver 
cells. 

Since neither proteasome activation nor induction seem to 
explain the large increases in total intracellular protein degra-
dation we observe following oxidative stress, and since oxida-
tively modified foreign proteins are selectively degraded in 
lysates of non-stressed Clone 9 liver cells, it seems clear that 
oxidative modification of substrate proteins must be the major 
cause of increased protein degradation following oxidative 
stress. This same conclusion was previously reported for eryth-
rocytes and reticulocytes (1-7, 15-17, 19-21), isolated mito-
chondria (12), and bacteria (9, 10, 25-30), and now appears to 
be a fairly general biological phenomenon. Protein re-arrange-
ment, with exposure of hydrophobic "patches" of amino acids, 
has been proposed as the substrate activation mechanism to 
explain increased degradation of oxidatively modified proteins 
by both RBC (13, 15- 17, 19-21) and E. coli (9, 10, 30). The 
model foreign substrates (superoxide dismutase and Hb) used 
to link substrate hydrophobicity and proteolytic susceptibility 
in RBC (13, 15-17, 19-21) were the same substrates used in 
our present investigation, and proteasome appears responsible 
for the degradation of oxidized proteins in both cases. It, thus, 
seems reasonable to propose that increased intracellular pro-

teolysis in oxidatively stressed Clone 9 liver cells may also be 
explained by modification of cell proteins to expose, proteasome 
sensitive, hydrophobic patches. 

Although we were able to document oxidative stress-induced 
increases in intracellular proteolysis of 150% or more, the 
model oxidized substrates superoxide dismutase and Hb were 
degraded at severalfold higher rates (in comparison with the 
untreated proteins) in cell lysates. It is also abundantly clear 
from numerous studies that proteins vary widely in their sus-
ceptibility to various forms of oxidative stress, and to proteol-
ysis (1-34). It, thus, seems probable that oxidative stress 
causes some generalized increase in the oxidation and degra-
dation of cellular proteins, but that certain proteins are partic-
ularly susceptible. Further studies2 have revealed the exist-
ence of at least five proteins in Clone 9 liver cells whose 
turnover (from radiolabeling experiments both before and after 
cellular oxidative stress) is increased severalfold following ex-
posure to H20 2. The identities and mechanisms of oxidation/ 
degradation of these, and other, Clone 9 liver cell proteins are 
under active investigation in this laboratory. 
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