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Abstract
We report an entirely new role for the HSP70 chaperone in dissociating 26S proteasome
complexes (into free 20S proteasomes and bound 19S regulators), preserving 19S regulators, and
reconstituting 26S proteasomes in the first 1-3 hours following mild oxidative stress. These
responses, coupled with direct 20S proteasome activation by poly-ADP ribose polymerase in the
nucleus and by PA28αβ in the cytoplasm, instantly provides cells with increased capacity to
degrade oxidatively damaged proteins and to survive the initial effects of stress exposure.
Subsequent adaptive (hormetic) processes (3-24 hours following stress exposure), mediated by
several signal transduction pathways and involving increased transcription/translation of 20S
proteasomes, immunoproteasomes, and PA28αβ, abrogate the need for 26S proteasome
dissociation. During this adaptive period, HSP70 releases its bound 19S regulators, 26S
proteasomes are reconstituted, and ATP-stimulated proteolysis is restored. The 26S proteasome-
dependent, and ATP-stimulated, turnover of ubiquitinylated proteins is essential for normal cell
metabolism, and its restoration is required for successful stress-adaptation.
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Introduction
We have previously shown that transient adaptation to mild oxidative stress, over a 24 hour
period, includes increased proteasome activity, and increased proteasome-dependent
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degradation of oxidatively modified proteins in mouse embryonic fibroblasts (MEF) [1].
Although much of this increased proteolysis is dependent upon protein synthesis, and
increased 20S proteasome expression, significant increases in both proteasome activity and
proteolysis during the first hour of stress-exposure are not. Some of the rapid (within 60
min) transcription/translation-independent increase in proteasome activity and proteolysis
may be due to direct activation of nuclear 20S proteasome by poly-ADP ribose polymerase
(PARP) [2]; some may be due to direct 20S proteasome activation by the PA28αβγ (11S)
regulators [1, 3-5]. The degree of proteasome activation however (almost twofold),
suggested that other regulatory mechanisms might also be involved [1].

The proteasome exists in multiple forms, and its activity is modulated by multiple
regulators. The 20S core proteasome contains all the proteolytic activity and selectively
degrades a wide variety of oxidized proteins [1, 2, 6-12], as well as other substrates [13], in
an ATP/ubiquitin-independent manner; perhaps aided by the PA28αβ regulator in the
cytoplasm [1], and by PARP [2] and/or the PA28γ regulator [14] in the nucleus. When the
core 20S proteasome combines with two 19S regulators (one at each end of the 20S
cylinder) it forms the 26S proteasome [15]. The 19S regulators of the 26S proteasome give it
the ability to bind the polyubiquitin chain of ubiquitinylated proteins. Most protein
substrates for the 26S proteasome must first be polyubiquitinylated by the actions of E1, E2,
and E3 ubiquitin activating, conjugating, and targeting enzymes [15]. Proteases, unfoldases,
and ATPases within the 19S regulators then catalyze de-ubiquitinylation and unfolding of
the bound protein substrate, and introduce the denatured protein into the interior of the 20S
proteasome for degradation. A large body of research literature indicates that the 20S
proteasome is largely responsible for the degradation of oxidized proteins [1, 2, 5-12,
16-19]: in contrast, the 26S proteasome catalyzes the turnover of most normal proteins, and
selectively removes many products of nonsense and missense mutations, but possesses
extremely poor selectivity for degradation of oxidized proteins [9, 20-22].

Previous work has shown that the 26S proteasome is highly susceptible to inactivation
during oxidative stress, whereas the 20S proteasome is relatively stable to a wide range of
oxidative stresses [23, 24]. In addition, Taylor et al. [25, 26] have demonstrated that the E1
and E2, ubiquitin activating and conjugating enzymes are very sensitive to oxidative stress,
which would be expected to result in a transient shut-down of protein ubiquitinylation, and
of ATP-ubiquitin-dependent proteolysis by the 26S proteasome.

We wondered if transcription/translation-independent increases in proteasome activity and
proteolysis during the first hour of oxidative stress exposure might (in part) be due to
dissociation of 19S regulators from the 26S proteasome, to generate more free 20S
proteasome that could immediately degrade oxidized proteins. In preliminary studies, we
noticed that ATP-stimulated proteolysis (requiring intact 26S proteasomes) is largely
inactivated by oxidative stress, but recovers over a three-to-five hour period. This finding
allows for the possibility that 26S proteasomes might actively dissociate and then re-
associate in the early responses to oxidative stress. Since heat shock proteins (HSP's) are
known to chaperone many proteins during stress [27], we wondered if HSP's might be able
to ‘assist’ in such a dissociation/re-association model. Our new findings indicate that
oxidative stress causes 26S proteasomes to immediately dissociate into free 20S
proteasomes, while 19S regulators bind to HSP70 chaperones. During a three-to-five hour
period, however, the 20S proteasomes and 19S regulators re-associate to restore functional
ATP/ubiquitin-dependent proteolysis by the reconstituted 26S proteasomes. During that
initial three-to-five hour period, however, the additional ‘free’ 20S proteasomes contribute
significantly to overall cellular capacity to degrade oxidatively damaged proteins.
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Results
Preferential degradation of oxidized proteins in K562 cells by the proteasomal system

Our previous observation of transcription/translation-independent increases during the first
hour of adaptation to oxidative stress was made in mouse embryonic fibroblast (MEF).
These same MEF cells then continued to increase both proteasome activity and degradation
of oxidized proteins, but in a transcription/translation-dependent manner [1]. Human cells
also exhibit proteasome-dependent degradation of oxidized proteins [6-9, 11-13, 17-19, 22,
24], and it was important to test whether human cells exhibit a similar proteasomal adaptive
response to oxidative stress as do MEF cells.

K562 human hematopoietic cells exhibited a dose-dependent increase in protein degradation
after exposure to H2O2 treatment (Fig. 1A), and also exhibited increased proteolysis with
other oxidative stresses (Fig. 1B), including the redox cycling agents menadione and
paraquat (which generate a constant stream of O2

- and H2O2), and SIN-1 (which generates
superoxide and nitric oxide, to form peroxynitrite). These results show that both externally
applied, and internally generated oxidants cause increased protein degradation. The
proteasome inhibitor lactacystin blocked some 50% of protein degradation in untreated cells
and almost 70% of proteolysis in oxidatively stressed cells (Fig. 1C), confirming a major
role for proteasome in oxidant-induced proteolysis. Oxidative stress more than doubled the
basal level of oxidized intracellular proteins (carbonylated proteins), in a dose-dependent
manner, but these oxidized proteins were removed within 24 hours (Fig. 1D) in a process
that could be partially inhibited (> 65%) by lactacystin (data not shown); these results
indicate that proteasome may be largely responsible for increased capacity to degrade
oxidized proteins in K562 cells, following adaptation to mild oxidative stress.

Proteasome direct activation and proteasome synthesis during oxidative stress survival
and adaptation

The mild oxidative stresses utilized in our studies induced a protective adaptive response
that enabled adapted cells to survive much higher oxidant challenges. For example, 24 hours
following pre-treatment with H2O2, K562 cells exhibited four-fold increased survival of a 5
mM H2O2 challenge compared with non-adapted cells (11.2 ± 0.9% survival for non-
adapted cells versus 46.3 ± 5.1% survival for pre-adapted cells, confirmatory data not
shown). These results are in good agreement with our previous studies of oxidative stress
adaptation in other cell types [1, 28]. As shown in Fig. 2A, K562 cells exhibited a rapid
increase in capacity to degrade an oxidatively damaged hemoglobin (Hb) substrate, within
one hour of exposure to mild oxidative stress, and a subsequent greater increase in
proteolytic capacity over the succeeding 23 hours. Cycloheximide, which effectively
inhibited transcription/translation (data not shown), had no effect on the increased capacity
to degrade oxidized Hb within one-hour of oxidative stress exposure, but strongly inhibited
subsequent increases in proteolysis over the next 23 hours. In fact, in the presence of
cycloheximide, proteolytic capacity actually returned slowly to baseline levels (Fig. 2A).
These results for oxidized Hb degradation in K562 cells are in very good agreement with our
previous finding, that cycloheximide had no effect on increased MEF cell capacity to
degrade the proteasome fluorogenic peptide substrate Suc-LLVY-AMC in the first hour of
oxidative stress exposure, but strongly inhibited subsequent increases in proteolysis [1],
although it is important to note that we did not actually test an oxidized protein in the
previous study.

Increased proteolytic capacity to degrade oxidized proteins appears to be a general response
to low-level oxidative stress, since it was induced by H2O2, by paraquat and menadione, and
by SIN-1 (Fig. 2B). The importance of the proteasome in degrading oxidized Hb was again
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evidenced by inhibition with lactacystin, which was even more effective after oxidant-
induced increases in proteolytic capacity (data not shown). Importantly, all the oxidant
stressors tested caused increases in proteolytic capacity to degrade an oxidized protein after
both one hour and 24 hours (Fig. 2B). In addition to the lack of effect of cycloheximide
within one-hour of H2O2 treatment, it should also be kept in mind that transcription/
translation are really too slow to account for the 100% - 200% increases in proteolytic
capacity observed within one-hour of H2O2 treatment in Fig. 2B, especially considering the
high initial cellular proteasome content, and the relatively slow turnover of the enzyme
complex [29]. Thus, although de novo proteasome synthesis (and de novo synthesis of
activators like PA28) do appear necessary for the adaptive responses to oxidative stress seen
at 24 hours, we reasoned that immediate increases in proteasome activity within one-hour of
oxidative stress must depend on some direct activation mechanism.

Temporary inhibition of the 26S proteasome in response to oxidative stress
In the absence of any treatment, the degradation of Suc-LLVY-AMC was stimulated four- to
five-fold by addition of ATP (Fig. 3A), consistent with proteolysis by the ATP-stimulated
26S proteasome [24, 30]. Addition of increasing concentrations of H2O2 increased ATP-
independent Suc-LLVY-AMC degradation by two- to three-fold, but completely abolished
any ATP-stimulation of proteolysis. These data might suggest an immediate loss of 26S
proteasome activity with H2O2 treatment, accompanied by an increase in 20S proteasome
activity. The 26S proteasome is known to be sensitive to inactivation by H2O2 whereas the
20S proteasome appears quite resistant [23, 24]. One possible explanation for the results of
Fig. 3A could be dissociation of the two 19S regulatory subunits from the 26S proteasome,
to generate more free 20S proteasome (to conduct ATP-independent proteolysis) but
abolishing ATP-stimulated proteolysis (which requires association of the 20S proteasome
and 19S regulators). A non-denaturing electrophoresis activity gel showed increased Suc-
LLVY-AMC degradation in the region of the 20S proteasome after H2O2 treatment, and
diminished degradation by the 26S proteasome (Fig. 3B – left two panels). Immunostained
gels revealed increased anti 20S proteasome antibody reactivity immediately following
H2O2 treatment, whereas 26S proteasome levels (anti-MSS1 antibody) decreased
dramatically (Fig. 3B – middle two panels, and right two panels).

26S Proteasome inhibition is accompanied by a loss of 19S RP/20S interaction and
recovery of 26S proteasome is independent of protein synthesis

ATP-stimulated (26S proteasome) proteolytic activity returned to pre-oxidation levels within
24 hours (Fig. 3C). Importantly, a careful time course revealed that the restoration was
actually complete within 3-5 hours, and coincided with the re-association of 19S regulators
with 20S proteasomes to reconstitute 26S proteasomes (Fig. 3D). This reconstitution of 26S
proteasome seemed rather rapid and was certainly extensive, perhaps suggesting that it could
not be explained by de novo synthesis. To begin to address this question, we metabolically
radio-labeled cell proteins, exposed the cells to H2O2, lysed the cells, and then
immunoprecipitated the 20S proteasome. Just 30 min. following H2O2 treatment,
autoradiography (Fig. 4A) revealed a significant loss of 19S regulator subunit proteins that
normally associate with the 20S proteasome to form the 26S proteasome. Some 2.5 hours
later, (at 3 hours post-treatment) quantitative analysis of the autoradiograms revealed
essentially complete reconstitution of 26S proteasomes. Although H2O2 treatment caused
immediate dissociation of 19S regulators from 20S proteasomes, the 19S regulators were not
degraded or otherwise destroyed, as evidenced by unchanged levels of the 19S MSS1, S1,
and S14 subunits (Fig. 4B). In fact, recovery of 26S proteasome ATP-stimulated activity
(Fig. 4C) and reconstitution of 26S proteasomes (not shown) were independent of protein
synthesis, as demonstrated by a lack of inhibition by cycloheximide.
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Integrity of the 19S RP after detachment from the 20S proteasome
Immunoprecipitation of the 19S proteasome regulator MSS1 subunit revealed co-
precipitation of (bound) 20S proteasome core subunits in the absence of H2O2 treatment
(Fig. 5A). Within 30 min of H2O2 treatment, no 20S proteasome subunits co-precipitated
with the 19S regulator MSS1 subunit, but binding was fully restored by 3 hours post H2O2
treatment. In addition to its subunits not being degraded (Fig. 3B), the 19S regulator appears
to have remained fully intact following H2O2 treatment, as evidenced by co-precipitation of
the 19S S1 and S14 subunits along with the MSS1 subunit (Fig. 5B).

Induction of HSP70 and binding to 19S
At this point we postulated that a chaperone protein might bind to 19S regulators following
H2O2 induced dissociation from 20S core proteasomes, and protect them from proteolytic
digestion. We already knew that H2O2 treatment caused increased expression of the HSP70
chaperone [31] so we decided to test if HSP70 might be associating with 19S regulators. As
shown in Fig. 6A, when we immunoprecipitated extracts of K562 cells with the MSS1 (19S
regulator) antibody and tested for co-precipitation of HSP70 (using an HSP70 antibody) we
found that H2O2 treatment caused more than a doubling of 19S regulator bound to HSP70.
The actual levels of HSP70 protein were increased by more than two-fold, during the three
hours following H2O2 treatment (Fig. 6B).

HSP70 is Required to Stabilize 19S RP and Reactivate 26S Proteasome
If HSP70 actually protects 19S regulators immediately following stress, then blocking
HSP70 induction should also block reconstitution of 26S proteasomes, and the recovery of
ATP-stimulated proteolysis. To test this possibility, we first inhibited the induction of
HSP70, following oxidative stress, with antisense oligonucleotides. Pre-treatment with
HSP70 antisense both prevented the recovery of ATP-stimulated proteolysis (Fig. 7A) and
blocked HSP70 induction (not shown). Next we blocked HSP70 induction with siRNA and,
again, the increases in both ATP-stimulated proteolysis and HSP70 levels were lost (Fig.
7B). Finally, we tested the HSP70 inhibitor KNK which also inhibited both the increase in
HSP70 levels, and the restoration of (26S proteasome-dependent) ATP-stimulated
proteolysis (Fig. 7C).

Discussion
Proteasomal responses to mild oxidative stress in human K562 cells are shown to be
temporally biphasic. Initial responses (in the first hour) include a doubling of proteolytic
capacity to degrade oxidized proteins that is independent of transcription/translation: a direct
activation of activity. In contrast, a further doubling of activity occurring over the
subsequent 23 hours was blocked by the protein synthesis inhibitor, cycloheximide.
Increased proteasome expression over this 24 hour period may well be mediated by the
Keap1-Nrf2 pathway, as shown previously for antioxidants [32], and we are currently
testing this hypothesis. The native capacity of cells to degrade oxidized proteins, the
activation of this activity in the first hour after H2O2 treatment, and the subsequent further
increases that relied on transcription/translation were all found to depend on the proteasome,
in good agreement with recent studies in MEF cells [1]. Immediately after a mild H2O2
treatment, sufficient to elicit a protective adaptive-response, 20S proteasome (ATP-
independent) activity increased whereas 26S proteasome (ATP-stimulated) activity was lost.
ATP-stimulated proteolysis, however, returned to pre-treatment levels over the next three
hours.

As depicted schematically in Fig. 8, our studies of the proteasome revealed a dissociation of
the 26S proteasome into 19S regulators and 20S core proteasomes immediately following
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H2O2 treatment. The 19S regulators did not dissociate into individual protein subunits, nor
were they proteolytically degraded. Instead, intact 19S regulators bound to HSP70
chaperones, whose cellular levels greatly increased. In the first three hours following H2O2
treatment, ATP-stimulated proteolysis was restored and 26S proteasomes were seen to be
reconstituted. Reconstitution of 26S proteasomes (i.e. re-association of a core 20S
proteasome with two 19S regulators) was unaffected by addition of cycloheximide
immediately after 30 min of H2O2 treatment (not prior to treatment), and it should be noted
that free HSP70 levels have still been shown to increase even with cycloheximide treatment
[33-38]. Importantly blocking HSP70 synthesis by pre-treatment with antisense
oligonucleotides, or siRNA added prior to H2O2 and remaining during and after H2O2
exposure (in the absence of cycloheximide) prevented increases in cellular HSP70 levels,
blocked the formation of HSP70/19S regulator complexes, prevented the reconstitution of
26S proteasomes, and blocked the restoration of ATP-stimulated 26S proteasome activity.
The HSP70 inhibitor KNK also blocked increases in HSP70 and simultaneously prevented
the restoration of ATP-stimulated proteolysis. It is worth noting that some HSP70 was
bound to 19S regulators even in the absence of (overt) oxidative stress (Fig. 6A). Whether
this is the result of accidental oxidation during experimental procedures, or whether it
represents a fraction of the 19S regulator population that may be dissociated under
physiological conditions, cannot yet be determined. It does seem possible, however, that the
association of HSP70 with 19S regulators may be important in a dynamic equilibrium of
various proteasomal forms even under normal conditions.

While we were revising this paper for publication, an elegant report by Wang et al. [39]
provided excellent evidence for the dissociation of 20S proteasomes and 19S regulators
during exposure of yeast cells to oxidative stress. Wang et al. [39] found that the proteasome
interacting protein, Ecm29 bound preferentially to dissociated 19S regulators, and that this
interaction was required for increased degradation of oxidized proteins and yeast survival.
Limited data was also provided to show dissociation of 26S proteasomes in human
embryonic kidney cells (HEK 293), although no role for Ecm29 was reported in those cells.
Whether HSP70 may play a similar role in yeast cells to that found in our work (working in
partnership with Ecm29), or whether Ecm29 may also be involved in the dissociation/
reassociation of human 26S proteasomes, must now be tested. It should also be noted that
the appearance of free 20S proteasomes, upon dissociation of the 26S proteasome, has been
reported during coronary occlusion-reperfusion-induced oxidative stress by Bulteau et al.
[40]. Thus, dissociation of 26S proteasome into proteolytically active free 20S proteasomes,
and 19S regulators (bound to HSP70?) may be of both physiological and pathological
significance in eukaryotes.

Our present results, and previous studies [1, 28], suggest a model of transient adaptive
oxidative-stress responses in which proteasome plays key roles. Immediately following mild
oxidative stress the 26S proteasome dissociates into core 20S proteasomes and 19S
regulators that are bound to (and protected by) HSP70 chaperones. ATP/ubiquitin-dependent
protein degradation (catalyzed by the 26S proteasome) is thus halted, and cannot be restored
until 26S proteasomes reconstitute, some 2-5 hours after H2O2 exposure. These results are
entirely consistent with a moderate accumulation of ubiquitinylated proteins (that can't be
degraded) immediately following mild oxidative stress [41].

We propose that the rapid liberation of free 20S core proteasomes, by dissociation of 26S
proteasomes, provides an almost instantaneous increase in cellular capacity to degrade
oxidatively modified proteins, since the 20S proteasome (and not the 26S proteasome) is
largely responsible for degrading most oxidized intracellular proteins [1, 2, 6-10, 16-18].
The requirement for HSP70 in this process suggests that it is largely cytoplasmic in nature.
When combined with the almost equally rapid and direct activation of nuclear 20S
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proteasome by poly-ADP ribose polymerase [2], this provides cells with a quick and
(relatively) simple way to significantly increase proteolytic capacity to prevent the
aggregation and accumulation of oxidized proteins.

Long-term loss of 26S proteasome, however, would abrogate the ubiquitin-proteasome
system, causing widespread disruptions in cellular metabolism [42, 43]. It is also hard to
imagine how cells could mount a coordinated adaptive response to stress, involving
transcription, translation, and turnover of perhaps 100 shock/stress proteins without the
ubiquitin-26S proteasome system. Therefore, it may not be surprising that as the 26S
proteasomes are reconstituted, 20S proteasomes are actively synthesized de novo and can
continue to remove oxidized proteins. In MEF cells, we (BJ 2010) have previously shown
that the PA28αβ (or 11S) 20S proteasome activator is synthesized over several hours
following oxidative stress, and also contributes to the clearance of oxidized proteins, and to
cell survival. In addition, we [1], and others [44-46] have reported the induction of
immunoproteasome synthesis following oxidative stress, and we [1] have shown that this
inducible proteasome form also contributes both to the clearance of oxidized proteins, and to
overall cell survival.

The ability to survive and adapt to various stresses is an important capability of all
successful life forms. Previous oxidative stress adaptational studies have largely
concentrated on regulation of gene expression and transcription/translation of key proteins
over several hours to days, rather than on any (potential) immediate survival responses. We
suggest that the initial survival of oxidative stress may require rapid removal of oxidatively
damaged cell proteins (to prevent their aggregation and accumulation), which may depend
heavily on the immediate doubling of cytoplasmic 20S proteasome capacity by HSP70-
mediated dissociation of 26S proteasomes (Fig. 8). This may be augmented by poly-ADP
ribose-dependent activation of nuclear proteasome [2], and by 20S proteasome activation by
(pre-existing) PA28αβ [1]. Subsequent stress adaptation (hormesis) clearly requires de novo
synthesis of 20S proteasome, immunoproteasome, and PA28αβ [1]. Successful adaptation
must also require reconstitution of 26S proteasomes, and reactivation of the ATP-ubiquitin
proteasome pathway, or normal cell metabolism could not be reestablished. Although we
have shown that dissociation and reassociation of the 19S and 20S components of the 26S
proteasome requires HSP70, the exact mechanism by which this occurs is not yet clear.
Although HSP70 appears necessary for this process, for example, is it also sufficient, or are
other mediators such as Ecm29 [39], or perhaps other chaperones also required? Does
HSP70 actually conduct dissociation of 26S proteasomes, or is it simply required to protect
19S complexes from proteolytic digestion after dissociation? Does HSP70 have a role in
reuniting 19S regulators with 20S proteasome components, or does some other shock or
stress protein, or Ecm29 [39] conduct this reunification? We are now trying to test these
important questions in various model systems.

Materials & Methods
Cell cultivation

K562 cells (human chronic myelogenous leukaemia) were obtained from American Tissue
and Cell Culture (A.T.C.C, CCL243). The cells were cultured in 90% RPMI 1640 medium,
supplemented with 10% (v/v) fetal bovine serum. Cells were initially seeded at a density of
0.4 × 106 cells/ml.
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Cell harvesting
Cells were washed twice and then lysed by repeated cycles of freezing and thawing, in a
solution consisting of 0.25 M sucrose, 25 mM Hepes, 10 mM MgCl2, 1 mM EDTA and 1
mM dithiothreitol.

Protein turnover in intact K562 Cells
Human hematopioetic K562 cells were cultivated under standard conditions in RPMI 1640
until they reached a density of 5 × 106 cells/ml. After washing, cells were metabolically
radio-labeled, in a pulse-chase procedure, with [35S] -Cys/Met (50 μCi/ml] for 16 h at a 10
fold higher cell density in Met-free medium. Afterwards the incorporation was stopped by
adding a 9 fold volume of complete RPMI (containing ‘cold’ Met) tissue culture medium.
This time point was taken as zero. Cells were then centrifuged and either phosphate-buffered
saline (PBS), or the indicated concentrations of oxidants in PBS were added. Cells were
incubated for 1h to 24 h and the acid-soluble radioactivity was measured by β-scintillation
counting after cell lysis and precipitation with an equal volume of 20% trichloroacetic acid
(TCA). Percent proteolysis was calculated, as previously [8], as [acid-soluble counts -
background counts] × 100 / [total incorporated counts - background counts].

Proteasome activity
To measure the capacity to degrade oxidized hemoglobin, human hematopioetic K562 cells
were cultivated in RPMI until they reached a density of 5 × 106 cells/ml. After washing,
cells were used as controls, or were treated with 0.5 mM hydrogen peroxide, 20 μM
paraquat, 20 μM menadione or 1 mM Sin-1. After incubation for a further 30 min to 24
hours, cells were washed and then lysed by repeated cycles of freezing and thawing, in a
solution consisting of 0.25 M sucrose, 25 mM Hepes, 10 mM MgCl2, 1 mM EDTA and 1
mM dithiothreitol. Cell lysates were centrifuged at 14,000 × g for 30 min to remove
nonlysed cells, membranes, and nuclei. Supernatants were then incubated in 225 mM Tris
buffer (pH 7.8) containing 7.5 mM MgOAc, 7.5 mM MgCl2, 45 mM KCl, and 1 mM
dithiothreitol. Hemoglobin was tritium radio-labeled by reductive methylation, oxidized by
exposure to H2O2, and then added to cell extracts for measurement of proteolytic capacity,
as previously described [8, 13, 16]. Degradation of [3H] Hb was quantified, after TCA
precipitation (using albumin as carrier) by liquid scintillation. Percent hydrolysis was
calculated as [acid-soluble counts – background counts] × 100 / [total incorporated counts –
background counts].

The rate of degradation of fluoregenically labeled Suc-LLVY-AMC was measured as
previously described [8, 13, 16]. Briefly, cell lysates were centrifuged at 14,000 × g for 30
min to remove nonlysed cells, membranes, and nuclei. Supernatants were incubated in 225
mM Tris buffer (pH 7.8) containing 7.5 mM MgOAc, 7.5 mM MgCl2, 45 mM KCl, and 1
mM dithiothreitol. The fluorogenic peptide Succinyl-LLVY-7-Amino-4-Methylcoumarin
was used as substrate, at a concentration of 200 μM, to measure chymotrypsin-like activity
of the proteasome. For all measurements of ATP-stimulated proteolysis, 5 mM MgCl2 and 5
mM ATP were added to reaction mixtures containing ATP-depleted cell lysates. After 30
min of incubation at 37 °C, methyl coumarin liberation was measured with a fluorescence
reader (360 nm excitation/485 nm emission) and calculated using free methyl coumarin as a
standard.

Protein carbonyl ELISA
Protein carbonyl content was taken as a measure for protein oxidation. Carbonyls were
determined in cell lysates (1 mg/ml in lysis buffer with 1 mM butylated hydroxytoluene) by
an enzyme-linked immunosorbent assay as introduced by Buss et al. [47] with modifications
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of Voss et al. [48]. Primary anti-DNP-rabbit-IgG antiserum (Sigma) and a secondary
monoclonal anti-rabbit peroxidase-conjugated IgG (Sigma) were used as detection system.
Development was performed with o-phenylene diamine and H2O2. Absorbance was
measured at 492 nm using a microplate reader (BioTek Instruments EL 340).

Immunoprecipitation
Cell lysates were prepared as described above and immunoprecipitation of proteasomes and
MSS1 proteasome 19S regulator subunits was performed according to Zwilling et al. [49].
Briefly, after pre-absorption of the cell lysates with 10% protein A– Sepharose (Amersham)
equilibrated 1:1 with 50 mM Tris (pH 8.0), 150 mM NaCl and 0.1% bovine serum albumin
(BSA). A primary antibody reaction was performed with 100 μg lysate protein, 100 μL Tris/
NaCl buffer (50 mM Tris, 100 mM NaCl, pH 8.0), 0.1% BSA and 4 μg of the antibody
directed against the 20S ‘core’ proteasome subunits or the MSS-1 regulator subunit for 2 h
at 4°C in a total volume of 200 μL. For secondary antibody reactions, 4 μg anti-rabbit IgG or
anti-mouse IgG was added and incubated for 2 h at 4°C. Precipitation was initiated by the
addition of 20 μl protein A–Sepharose (equilibrated as above) for 1 h at 4_C. Controls were
incubated only with secondary antibody and protein A-Sepharose. The Sepharose was
centrifuged (12,000 × g for 30 s) and washed five times with Tris-buffered saline.
Sepharose-bound proteins were separated by SDS-PAGE (12% gel) and transblotted on to
nitro-cellulose membranes. Membranes were blocked with 5% nonfat dry milk in Tris-
buffered saline (TBS) for 90 min with shaking at room temperature. Primary antibodies,
either a rabbit polyclonal anti-20S ‘core’ proteasome antibody, a rabbit anti-19S proteasome
antibody (MSS-1; Affiniti) or an anti HSP70, were applied overnight at 4 °C. After three
washes in TBS supplemented with 0.05% Tween 20, secondary antibody (peroxidase-
conjugated IgG) was applied for 1 h. The blots were then washed three times in TBS/ 0.05%
Tween 20 and once in TBS, incubated in enhanced chemiluminescence reagent (Supersignal
Chemiluminescence Substrate; Pierce), and exposed to photographic film. Control samples
that contained secondary antibody plus Sepharose A, or Sepharose A alone, in the
immunoprecipitation procedure produced no visible bands in the gels.
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Fig. 1. Preferential degradation of oxidized proteins in K562 cells by the proteasomal system
Panel A. Degradation of metabolically radio-labeled proteins after H2O2 treatment.
Endogenous proteins in K562 cells were metabolically radio-labeled with [35S] Met/Cys, in
the pulse/chase procedure described in Materials & Methods. Next, 0, 0.5, or 1mM H2O2
was added in PBS, and percent degradation of [35S] cellular proteins was measured after 24
hours. Panel B. Degradation of metabolically radio-labeled proteins after treatment with
paraquat, menadione, or SIN-1. Cells were radio-labeled as per Panel A, and percent protein
degradation was measured 24 hours after treatment with various oxidant generators; 20 μM
paraquat, 20 μM menadione or 1 mM Sin-1, added in PBS. Panel C. Proteasome-
dependence of increased proteolysis. The proteasome-dependence of the proteolysis seen in
Panels A and B was tested with the proteasome inhibitor, lactacystin. Cells were exposed to
0.5 mM H2O2 as per Panel A, in the presence or absence of lactacystin (LC) at 20μM.
Values are means ± SE's, of four experiments with three measurements each. Panel D.
Enhanced proteolysis after H2O2 adaptation removes oxidized intracellular proteins. Cells
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were treated with 0, 0.5, or 1.0 mM H2O2 as per Panel A. Oxidized intracellular proteins
were measured by protein carbonyl ELISA (see Materials & Methods) immediately after 0.5
hr of H2O2 treatment, or after 24 hrs. In all panels, oxidant exposures were conducted in
10% of the volume of the original cell suspension and, after 30 min, the remaining 90% of
the volume of complete tissue culture medium was re-added. In Panels A, B, and C, all
values are means ± SE of four experiments; in Panel D, values are means ± SE of six
experiments, each in triplicate.
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Fig. 2. Both direct activiation and de novo synthesis of proteasome occur during adaptation to
oxidative stress
Panel A. Cycloheximide effects on increased proteolytic capacity. K562 cells were treated
with 0.5 mM H2O2 for 30 min, and cycloheximide (100 g/ml) was then added for
incubations lasting from 0.5 hrs to 24 hrs. After various time points over 24 hrs, cell extracts
were prepared, and their proteolytic capacity to degrade oxidized [3H] hemoglobin was
measured by release of acid-soluble counts (liquid scintillation) as described in Materials &
Methods. Panel B. The capacity of cell extracts to degrade oxidized [3H] hemoglobin was
measured at both 1 hr, and 24 hrs (both without cycloheximide) after treatment with 0.5 mM
hydrogen peroxide, 20 μM paraquat, 20 μM menadione or 1 mM SIN-1, as per Panel A.
Values in both panels are means ± SE of three experiments, each in triplicate.
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Fig. 3. Temporary inhibition of the 26S proteasome in response to oxidative stress
Panel A. Loss of ATP-stimulated, 26S proteasome dependent, activity with H2O2 treatment.
Human hematopioetic K562 cells were treated with various concentrations of H2O2 for 30
min, as per Fig. 1. Cells were then immediately harvested and lysed, and the extracts were
used to measure capacity to degrade the fluorogenic peptide substrate Suc-LLVY-AMC (a
measure of proteasomal chymotrypsin-like activity) in the presence or absence of ATP/
Mg2+, as described in Materials & Methods. Data are means ± SE, of six experiments, each
in triplicate. Panel B. Proteasome activity gel and Western blots. The panel shows
representative non-denaturing proteolytic activity gels using Suc-LLVY-AMC as a substrate
(left lanes) [13], immunoblots developed with a (Biomol) anti-20S proteasome antibody
(middle lanes), and a (Biomol) anti-MSS1 26S proteasomal-subunit-antibody (right lanes).
The lysates were harvested 30min after addition of 1.0 mM H2O2. The activity gel
background is black, so proteolysis shows as negative staining (light bands) in the region of
the two 26S proteasomal bands and the single 20S proteasome band. The activity gel clearly
reveals loss of 26S activity, with increase in 20S activity, after 0.5 hr of H2O2 treatment.
Panel C. Recovery of ATP-dependent 26S proteasomal activity 24 hours after H2O2
treatment. Suc-LLVY-AMC degradation, in the presence or absence of ATP/Mg2+ was used
to measure the recovery of ATP-dependent 26S proteasomal activity, 0 and 24 hours after
H2O2 treatment. Panel D. Time dependence of the recovery of 26S protesomal activity.
Experiments were performed as per Panel C. The upper part of the panel represents the 26S
proteasome activity in an activity stain of a non-denaturing electrophoresis gel. In the lower
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part of Panel D, the broken line represents 26S proteasomal activity without H2O2 treatment.
The solid line connecting data points reports values for cells treated with 1.0 mM hydrogen
peroxide. Values in Panels A and C are means ± SE of four experiments, each in triplicate.
Values in Panel D are means ± SE of five experiments, each in triplicate.
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Fig. 4. 26S proteasome inhibition is accompanied by a loss of 19SRP/20S interaction and
recovery of 26S proteasome is independent of protein synthesis
Panel A. Immunoprecipitation of the 20S proteasome after H2O2 treatment. Human K562
cells were cultured and metabolically radio-labeled in a pulse-chase procedure, with [35S] -
Cys/Met (50 μCi/ml or 1 mCi/107 cells) as described in Materials & Methods. Cells were
then treated with 1.0 mM H2O2 and harvested at either 0.5 hr or at 3 hrs after treatment.
Immunoprecipitation (see Materials & Methods) of 20S proteasome was performed using an
anti-20S proteasome-antibody (Biomol, 2 μl antibody per mg cell lysate). The
immunoprecipitate was separated on a 12 % PAGE and analyzed by autoradiography. One
representative autoradiogram is shown to the left, and its electropherogram is in the middle
of the panel; arrows indicate significant differences between control (dotted line) and H2O2
treated (solid line) samples. Quantification of 20S proteasome and 19S regulator bands from
six gels (means ± SE) is shown at the right of Panel A. For quantification of 20S
proteasome, we used the upper group of 20S proteasome bands, whereas for 19S regulator
quantification we used an anti-MSS1 antibody (Biomol) and measured the 51 kDa co-
precipitating band of the MSS1 19S regulator particle. Similar results were obtained using
0.5 mM H2O2 treatment (data not shown). Panel B. Preservation of 19 S regulator subunits
MSS1, S1, and S14 after H2O2 treatment. Cells were treated with 1.0 mM H2O2 or used as
controls, as in Panel A. After 30 min or 3.0 hrs, the levels of 19S regulator subunits was
tested by Western blot. No significant changes in MSS1, S1, or S14 intracellular levels were
detected at any point, and this analysis was repeated several times with the same results.
Panel C. Recovery of 26S proteasome activity is independent of protein synthesis. K562
cells were treated with 1.0 mM H2O2 as per panels A and B. Cycloheximide (100 μg/ml)
was then added to half of the cells and cell extracts were prepared. ATP-stimulated 26S
proteasome activity was measured in the extracts by degradation of Suc-LLVY-AMC ±
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ATP/Mg2+ as per Figs. 3C and 3D. Values are means ± SE of four experiments, each in
triplicate.
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Fig. 5. Integrity of the 19S regulator particle after dissociation from the 20S proteasome
Human K562 cell were cultivated and proteins were metabolically radio-labeled, in a pulse-
chase procedure, with [35S] Met/Cys as described in Fig. 1. Panel A. Immunoprecipitation
of the MSS1 19S proteasomal regulator after H2O2 treatment. Cells were incubated for 0.5
or 3.0 hrs after treatment with 1.0 mM H2O2 or used as controls. They were harvested and
lysed, and immunoprecipitated (see Materials & Methods) with an anti-MSS1 19S
proteasomal subunit regulator antibody (Biomol, at 2 μl/mg cell lysate). The
immunoprecipitate was analyzed by PAGE, and bands detected by autoradiography. A
representative autoradiogram is shown to the left of the panel, in which the MSS1 band is
always strong, but the co-precipitation of several 20S proteasome bands is only seen in
control samples, and 3 hr after H2O2 treatment. Quantification of results from six gels
(means ± SE) is given to the right of the panel where 20S proteasome co-precipitation with
MSS1 is clearly seen to be lost 0.5 hr after H2O2 treatment (P < 0.01), but is recovered by 3
hr. Panel B. Co-precipitation of other 19S proteasome regulator subunits with MSS1.
Samples from the experiments in Panel A were immunoprecipitated with the MSS1 antibody
(Biomol), and then studied by Western blot with antibodies (biomol) against the S1 and S14
subunits of the 19S proteasome regulator.
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Fig. 6. Binding of HSP70 to the 19S regulator particle and induction of HSP70
Panel A. Binding of HSP70 to the 19S regulator particle. Human K562 cells were used as
controls, or were treated for 30 min with 1.0 mM H2O2 as described above. Cells were then
lysed, and the extracts were immunoprecipited (see Materials & Methods) with an antibody
(Biomol) against the MSS1 subunit of the 19S proteasome regulator particle. Western blots
for co-immunoiprecipitation of HSP70 were then performed. HSP70 Western blots utilized a
monoclonal anti-HSP70 (human) antibody from Enzo Life Sciences International, Inc.
(Plymouth Meeting, PA), product # ADI-SPA-810. According to the manufacturer, this
clone92F3A-5 antibody does not cross-react with the constitutive Hsc70 protein; a
representative Western blot is shown at the top of Panel A, and quantification of HSP70
bound to 19S regulators is shown at the bottom of the panel as the average of 6 gels (means
± SE). Panel B. Induction of HSP70 during H2O2 treatment. Cells were treated with 1.0 mM
H2O2 and collected after 0.5 or 3.0 hrs, or were used as controls. HSP70 protein levels were
measured in cell extracts by quantification of Western blots, and data are means ± SE of six
experiments. HSP70 Western blots utilized a monoclonal anti-HSP70 (human) antibody
from Enzo Life Sciences International, Inc. (Plymouth Meeting, PA), product # ADI-
SPA-810. According to the manufacturer, this clone92F3A-5 antibody does not cross-react
with the constitutive Hsc70 protein.
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Fig. 7. HSP70 is required to stabilize 19S RP and reactivate 26S proteasome after oxidative
stress
Human K562 cells were treated with 1.0mM H2O2, or were used as controls, as above.
Panel A. HSP70 antisense oligonucleotides block recovery of 26S proteasome activity after
oxidative stress. K562 cells were pre-incubated with either an HSP70 antisense
oligonucleotide (5'-CAC CTT GCC GTG CTG GAA-3') or a nonsense (ns) oligonucleotide,
in a final concentration of 10 μM as described by Robertson et al. [50] and as previously
employed [13, 16]. After 0, 0.5, or 3.0 hrs of H2O2 treatment, cells were harvested and
analyzed for proteasomal activity by suc-LLVY-AMC degradation in the presence of ATP;
no changes in proteasome activity in the absence of ATP were observed (data not shown).
Values are means ± SE of three experiments, each in triplicate. Panel B. HSP70 siRNA
blocks recovery of 26S proteasome activity after oxidative stress. Using procedures
previously described [1], K562 cells were transfected, using the HiPerFect Transfection
Reagent (#301704), with either of two different siRNA's specific for HSP70: Qiagen product
# SI00442967, Hs_HSPA1A_2HP (5'-TCC TGT GTT TGC AAT GTT GAA-3') and Qiagen
product #SI00442974, Hs_HSPA1A_3HP siRNA (5'-AGA GAT GAA TTT ATA CTG
CCA-3') to a final concentration of 10 μM. Qiagen reports that these siRNA's are specific
for the inducible HSP70 and will not affect levels of the constitutive HSC70. The actual
HSP70 protein knock-down we achieved with these siRNA treatments was measured by
Western blot (as per Fig. 6, relative to GAPDH loading controls) and can be seen in the
upper right corner of Panel B (values are means ± SE's of six experiments). The upper left
corner of Panel B shows a non-denaturing activity gel of suc-LLVY-AMC degradation [13]
in the presence of ATP for control cells, cells treated with H2O2 for 0.5 hr, and cells treated
with H2O2 for 3 hrs ± the HSPA1A_2 or HSPA1A_3 HSP70 siRNA's. The gel background
is black, so proteolysis shows as negative staining (light bands) in the region of the two 26S
proteasomal bands, and clearly reveals loss of 26S activity after 0.5 hr of H2O2 followed by
recovery at 3 hr, except when HSP70 induction is blocked with HSPA1A_2 or HSPA1A_3
siRNA's. The lower portion of Panel B shows the results of a fluorescence-based suc-
LLVY-AMC degradation assay in the presence of ATP, as a more detailed and quantifiable
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measure of ATP-stimulated 26S proteasomal activity. Proteolysis was measured by
fluorescence emission of free AMC in comparison with standards (see Materials &
Methods) after 0, 0.5, or 3.0 hrs of H2O2 treatment, in the presence or absence of the
HSPA1A_2 or HSPA1A_3 HSP70 siRNA's; values are means ± SE of three experiments,
each in triplicate. Panel C. Effect of the HSP70 inhibitor KNK437 on HSP70 levels and
proteasome activity. Cells were pretreated with 100 μM KNK437 for 1 h prior to treatment
with 1.0 mM hydrogen peroxide. Cell lysates were analyzed 0.5 h and 3 h after H2O2
treatment by immunoblotting for HSP70 amount (as per Fig. 6) in the left side of the panel,
and by AMC fluorescence for 26S proteasomal activity in the presence of ATP in the right
side of the panel; all values are means ± SE of three experiments, each in triplicate.
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Fig. 8. HSP70-mediated dissociation of the 26S Proteasome during oxidative stress
Scematic representation of the major findings of this study. Oxidative stress causes synthesis
of HSP70 which forms complexes with 19S regulator proteins of the 26S proteasome, thus
generating extra free 20S proteasomes to degrade oxidized proteins as an initial response to
oxidative stress. After about three hours, as cells begin to adapt to the stress, the HSP70-19S
regulator complexes dissociate and 26S proteasomes reform. If the stress is relatively mild,
and cells can mount an adaptive response (hormesis), de novo 20S proteasome synthesis will
also begin, as will synthesis of the immunoproteasome and the Pa28αβ (or 11S) proteasome
regulator, all of which can contribute to the continued removal of proteins that were
oxidized during the stress [1]. In the Scheme, solid arrows indicate oxidative stress effects
whereas dashed arrows represent recovery, or unstressed, processes.
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