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Abstract
Aging is associated with loss of quality control in protein turnover. The ubiquitin-proteasome
pathway is critical to this quality control process as it degrades mutated and damaged proteins. We
identified a unique aging-dependent mechanism that contributes to proteasome dysfunction in
Drosophila melanogaster. Our studies are the first to show that the major proteasome form in old
(43–47 days old) female and male flies is the weakly active 20S core particle, while in younger
(1–32 days old) flies highly active 26S proteasomes are preponderant. Old (43–47 days) flies of
both genders also exhibit a decline (~50%) in ATP levels, which is relevant to 26S proteasomes,
as their assembly is ATP-dependent. The steep declines in 26S proteasome and ATP levels were
observed at an age (43–47 days) when the flies exhibited a marked drop in locomotor
performance, attesting that these are “old age” events. Remarkably, treatment with a proteasome
inhibitor increases ubiquitinated protein levels and shortens the life span of old but not young
flies. In conclusion, our data reveal a previously unknown mechanism that perturbs proteasome
activity in “old-age” female and male Drosophila most likely depriving them of the ability to
effectively cope with proteotoxic damages caused by environmental and/or genetic factors.
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In the last decade, molecular geneticists tried to identify genes that regulate longevity in
yeast, worms, flies, and mice [reviewed in (1)]. At least four mutations were shown to
extend longevity in Drosophila melanogaster: methuselah, encoding a putative G-protein
coupled receptor, Indy, encoding a sodium dicarboxylate cotransporter, chico, encoding an
insulin receptor substrate and InR encoding the insulin receptor [reviewed in (2)]. The
majority of genes that are consistently up-regulated in the extended longevity fly mutants are
those encoding stress resistance proteins that protect against oxidative stress and thermal
damage. Because these conditions are associated with damaged proteins and the ubiquitin-
proteasome pathway (UPP) is the major pathway that degrades intracellular damaged
proteins, it is likely that UPP impairment plays a critical role in the aging process.

A fundamental characteristic of aging (3) and age-related neurodegenerative disorders (4, 5)
is the accumulation and aggregation of ubiquitinated proteins in abnormal neuronal
inclusions, such as neurofibrillary tangles in Alzheimer’s disease and Lewy bodies in
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Parkinson’s disease. The mechanisms causing the aggregation of ubiquitinated proteins and
its role in aging and age-related neurodegeneration remain elusive. No apparent changes in
the levels of ubiquitin or ubiquitinating enzymes (E1, E2, and E3) with aging are reported in
the literature [reviewed in (3)]. However, one must keep in mind that because of the vast
numbers and widely divergent substrates of E2 and E3 classes of enzymes, age-dependent
changes in many of these enzymes remain to be assessed (3). Conversely, a decline in
proteasome activity with the aging process has been shown in a variety of mammalian
organs and tissues [reviewed in (6)]. The loss of proteasome activity with aging has been
associated with decreased subunit expression, alterations and/or replacement of proteasome
subunits and formation of inhibitory cross-linked proteins [reviewed in (7, 8)]. Food
restriction, which is currently the only experimental paradigm that halts the aging process,
prevents the age-dependent changes in proteasome function and structure in mice and rats,
further supporting the notion that the proteasome plays a role in the aging process [reviewed
in (9)]. Proteasome dysfunction thus provides a link between environmental and genetic
factors associated with aging and aging-related neurodegeneration.

Herein, we demonstrate a significant decline in proteasome activity in female and male old
(43–47 days of age) flies compared to younger (1 to 32 days of age) flies. Notably, we found
that the major proteasome form in old flies is the 20S core particle, while in younger flies
the 26S holoenzyme is the preponderant proteasome form. These findings establish that
autoinhibited 20S proteasomes prevail in old flies, whereas the fully-assembled 26S
proteasome is highly active in young flies. Our results support the view that an aging-
dependent disassembly of the 26S proteasome is an important risk factor in aging. Assembly
of the 26S proteasome is an ATP-dependent process. We also established that ATP steady-
state levels decline by 50% in old (43–47 days) vs. younger (1–32 days) flies of both
genders. Other studies also demonstrated a decline in ATP levels with aging in Drosophila
(10). The observed ATP-depletion will perturb 26S proteasome assembly and have a
negative impact on normal protein turnover and on the ability of old flies to eliminate
abnormal proteins resulting from mutations and environmental damage. Remarkably, the
steep reduction in ATP and 26S proteasome levels in old flies is observed when there is a
major drop in their climbing performance, which might indicate that these events are
milestones of the aging process.

MATERIALS AND METHODS
Flies

Wild-type Oregon R flies were reared on standard corn-meal agar medium (11). Flies were
passed to fresh vials every 4–6 days and maintained in humidified, temperature-controlled
environmental chambers at 25°C and 60% relative humidity throughout the experiments.
Flies were sorted and collected under CO2. Samples containing a mixed population of
females and males or separate groups of females and males for each age group were
analyzed. In some experiments, two main age groups of flies were compared: flies 1–2 days
of age, referred to as “young” flies, and flies 43–47 days of age, referred to as “old” flies
throughout the article. Where indicated, three additional age groups were analyzed: 10–12,
18–20, and 30–32 days of age.

Peptidase activities in fly extracts
Mixed populations of females and males for each age group were analyzed. Whole fly
extracts (30 flies per group) were prepared on ice by homogenization in 0.01 M Tris-EDTA,
pH 7.5 buffer. The lysates were cleared by a 15-min centrifugation at 19,000 g at 4°C. The
cleared samples were normalized for protein concentration determined by a bicinchoninic
acid assay kit (Pierce, Rockford, IL, USA). Peptidase activities were assayed
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colorimetrically in 20 µg of protein/sample after 24 h incubations at 37°C as described by
Wilk and Orlowski (12). The chymotrypsin-like activity was measured with the substrate
Suc-LLVY-AMC, the trypsin-like activity with Z-GGR-NA and the caspase-like activity
with Z-LLE-NA. All substrates were from BACHEM Bioscience (King of Prussia, PA,
USA).

In-gel proteasome activity and detection
Mixed or separate populations of females and males for each age group were analyzed. Flies
were harvested with buffer A [50 mM Tris-HCl, pH 7.4, 5 mM MgCl2, 5 mM ATP (grade 1;
Sigma, St. Louis, MO, USA), 1 mM DTT and 10% glycerol], which preserves 26S
proteasome assembly (13). Following homogenization on ice with a Teflon pestle for
microcentrifuge tubes (100 up and down strokes), sonication on ice (2 × 10 s with a 5-s
interval), and centrifugation (19,000 g, 15 min at 4°C) the protein content of the cleared
supernatants was determined with the Bradford assay (Bio-Rad, Hercules, CA, USA). The
cleared supernatants were resolved by nondenaturing PAGE using a modification of the
method described in (14).

To assess residual proteasome immunoreactivity in the pellet fraction, the latter was
resuspended in buffer A, sonicated on ice (2 × 10 s with a 5 s interval) and resolved by
nondenaturing PAGE just as the supernatant fraction. We established that the cleared
supernatant fraction contains almost all of the proteasome immunoreactivity present in flies,
with hardly any being detected in the residual pellet fraction.

We used a three-step gradient gel with approximately similar amounts of (from bottom up)
5%, 4%, and 3% polyacrylamide containing Rhinohide polyacrylamide strengthener
(Invitrogen-Molecular Probes, Carlsbad, CA, USA). Bromophenol blue was added to the
samples before loading. Nondenaturing minigels were run at 125 V for 3 h.

For detection of proteasome activity, the gels were incubated on a rocker for 10 to 30 min
(depending on protein amount loaded) at 37°C with 15 ml of 0.4 mM Suc-LLVY-AMC in
buffer B (buffer A modified to contain 1 mM ATP). Proteasome bands were visualized on
exposure to UV light (360 nm) and were photographed with a Nikon Cool Pix 8700 camera
with a 3–4219 fluorescent green filter (Peca Products, Beloit, WI, USA). Semiquantitative
analysis of the bands corresponding to proteasome activity was performed by image analysis
with the ImageJ program (Rasband, W.S., ImageJ, U. S. National Institutes of Health,
Bethesda, MD, http://rsb.info.nih.gov/ij/, 1997–2006).

Proteins on the native gels were then transferred (110 mA) for 2.5 h onto PVDF membranes.
Western blot analysis was carried-out for detection of the 26S and 20S proteasomes with our
anti-dβ5 affinity purified antibody (1:4,000; BioSynthesis, College Station, TX, USA). The
peptide NH2-(GC)DSGYH-WDLEDKEAQE-COOH was used to produce the antidβ5-
specific antibody and corresponds to amino acids 213–227 of the Drosophila dβ5 subunit.
The anti-dβ5 antibody reacts with a core particle subunit (dβ5), thus detecting both the 26S
and 20S proteasomes. Upon incubation with the secondary antibody, antigens were
visualized by a chemiluminescent horseradish peroxidase standard method with the ECL
reagent.

To determine the protein pattern of young and old flies, parallel native gels were stained
with Coomassie blue after assessment of proteasome activity with Suc-LLVY-AMC.

ATP measurements
ATP levels were assessed in separate populations of females or males for each of the five
age groups. Steady-state ATP content was measured with a kit using the sensitive luciferin/
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luciferase system (Invitrogen-Molecular Probes, Carlsbad, CA, USA). This assay is based
on the fact that luciferase requires ATP for light production using luciferin as a substrate.
Flies (15 per trial) were harvested with 75 µl of 4% TCA followed by homogenization on ice
with a Teflon pestle for microcentrifuge tubes (100 up and down strokes) and centrifugation
(11,500 g, 15 min at 4°C). ATP steady-state levels were determined in cleared supernatants
upon neutralizing the samples with 1 M Tris-HCl, pH 8.0 (1:10 dilution). Samples were then
added to the reaction buffer containing luciferin and assayed using a Luminoskan Ascent
(Thermo Electron Corporation, Waltham, MA, USA) microplate luminometer. Protein
concentration was determined with the bicinchoninic acid assay kit (Pierce, Rockford, IL,
USA) upon neutralizing total fly lysates with 10 mM Tris, pH 10.3. ATP levels were
normalized for protein concentration. Similar protocols were previously used to measure
ATP levels in Drosophila (10, 15).

Climbing performance
We used a slight modification of a climbing assay previously established as being reliable to
evaluate locomotor performance in Drosophila (16). Females or males of the five age groups
(10 flies per trial) were placed in an empty graduated 100 ml cylinder with a line drawn at
the 66 ml (2/3) mark. Flies were gently tapped to the bottom of the cylinder after a 15 min
recovery period from anesthesia. The number of flies that climbed above the 66 ml mark
after 20 s was recorded. Three trials were carried out for each group and the results were
averaged.

Glycerol density gradient centrifugation
Mixed populations of females and males for each age group were analyzed by glycerol
gradient centrifugation. Flies (~350) were harvested in 25 mM Tris HCl, pH 7.5, 2 mM
ATP, and 1 mM DTT. After homogenization and sonication, the lysates were centrifuged for
10 min at 19,000 g at 4°C. The cleared supernatants (4.5 mg of protein/sample) were
subjected to centrifugation at 83,000 g for 24 h in a Beckman SW41 rotor in a 10–40%
glycerol gradient (fractions 14 to 1) made in the same lysis buffer. After centrifugation, 14
fractions (800 µl each) were collected and analyzed. Aliquots (50 µl) of each fraction were
assayed for chymotrypsin-like activity with the substrate Suc-LLVY-AMC colorimetrically
after 24 h incubations at 37°C, as described in (12). The chymotrypsin-like activity was
assessed in the presence and absence of the proteasome inhibitor PSI (40 µM in 0.5%
DMSO).

Proteins were precipitated with acetone from 700 µl of each fraction and subjected to
Western blot analysis (12% gels). The dβ5 proteasome subunit was detected with our anti-
dβ5 antibody (1:4000; BioSynthesis) and the S5a subunit of the 19S regulatory particle of
the 26S proteasome was detected with the anti-S5a antibody (1:1,000, Abcam, Cambridge,
MA, USA). Upon incubation with the secondary antibody, antigens were visualized by a
chemiluminescent horseradish peroxidase standard method with the ECL reagent.

Fly treatment
Mixed populations of both females and males for each age group were analyzed. Flies were
kept in narrow Drosophila vials which were lined with 3 mm filter paper. Flies were starved
for 6 h and then fed a solution of 5% (weight/vol) sucrose with either vehicle (0.5% DMSO,
control) or with the proteasome inhibitor PSI (10 µM, in DMSO) for 48 h.

Western blot analysis of fly extracts
Mixed populations of females and males for each age group were analyzed.
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Ubiquitinated proteins
Following the indicated treatments, flies were homogenized at 4°C in PBS with 1% Triton
X-100 (TX) and a protease inhibitor cocktail (Sigma, St. Louis, MO, USA). Following
centrifugation (19,000 g, 15 min, 4°C), supernatants were collected (TX-soluble fraction).
Pellets were resuspended in a buffer containing 50 mM Tris-HCl, pH 7.5, 2% SDS and
protease inhibitor cocktail, briefly sonicated, and centrifuged (19,000 g, 15 min, RT), and
the supernatants were collected (TX-insoluble fraction). TX-soluble and insoluble fractions
were subjected to a 5 min boil at 100°C followed by a brief sonication. After determination
of the protein concentration with a bicinchoninic acid assay kit (Pierce, Rockford, IL), the
following was added to each sample: β-mercaptoethanol (358 mM), bromophenol blue
(0.005%), glycerol (20%), and SDS (4%) in stacking gel buffer (0.1M Tris-Cl, pH 6.8). Fifty
micrograms of protein/lane were analyzed by SDS-PAGE on polyacrylamide gels followed
by Western blot analysis. Ubiquitinated proteins (8% gels) were detected in the TX-
insoluble fractions with the anti-ubiquitin antibody (1:1,500, DAKO Corp., Carpinteria,
CA). No ubiquitinated proteins were detected in the TX-soluble fraction (not shown).

Proteasome dβ5 subunit
Flies were harvested in a buffer containing 50 mM Tris-HCl, pH 7.5, 20% glycerol, 1%
Nonidet P-40, 1 mM EDTA, 2 mM EGTA, 274 mM sodium chloride, 50 mM sodium
fluoride, 2.5 mM sodium pyrophosphate, 1 mM sodium vanadate, 1 mM β-
glycerophosphate, 1 mM phenylmethylsulfonyl fluoride, and protease inhibitor cocktail
(Sigma, St. Louis, MO, USA). After a brief sonication, lysates were centrifuged (19,000 g,
15 min, RT). Supernatants were collected and subjected to a 5 min boil at 100°C. After
determination of the protein concentration with a bicinchoninic acid assay kit (Pierce,
Rockford, IL, USA) samples were processed as described above. The dβ5 proteasome
subunit (12% gels) was detected with our anti-dβ5 affinity purified antibody (1:4000,
BioSynthesis). Upon incubation with the secondary antibody, antigens were visualized by a
standard chemiluminescent horseradish peroxidase method with the ECL reagent.

Fly survival
Mixed populations of females and males for each age group were analyzed. Survival curves
were generated by counting the number of dead flies at specific time intervals as indicated.

Statistical analysis
Statistical comparisons were performed with the unpaired t test (for two groups) or Tukey-
Kramer (for more than two groups) with Instat 2.0 GraphPad Software (San Diego, CA,
USA).

RESULTS
The peptidase activities of the proteasome are lower in old (43–47 days) than in young (1–
2 days) flies

We assessed the effect of aging on the peptidase activities of the proteasome in fly lysates as
described in Materials and Methods. Mixed populations of females and males from each age
group were analyzed. The proteasome chymotrypsin-like activity was assayed with Suc-
LLVY-AMC, the trypsin-like activity was assayed with Z-GGR-NA, and the caspase-like
activity was assayed with Z-LLE-NA. The three peptidase activities of the proteasome were
consistently and significantly (P≤0.0001) lower (≤60%) in old than in young flies (Fig. 1).
The chromogenic substrates used to assess proteasome activity in total fly lysates may also
be cleaved by other nonproteasomal proteases and thus may not specifically reflect
proteasome activity in total lysates. To overcome this difficulty, we also assessed
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proteasome activity by an in-gel assay (Figs. 3, 4) and following glycerol density gradient
centrifugation (Fig. 7 and 8).

26S Proteasome assembly and activity are impaired in old (43–47 days) flies
We postulated that the decline in proteasome activity observed in old flies could be due to
impaired proteasome assembly. To test this premise, we compared proteasome activity in
flies of different age groups. Proteasome activity in cleared supernatants was assessed by an
in-gel assay as described in Materials and Methods. No proteasome activity could be
detected in the residual pellet fraction (not shown). As a marker, an aliquot of partially
purified 20S proteasomes from rabbit reticulocyte lysates (20S) was run in a parallel lane.

We also assessed proteasome levels with our peptide generated anti-dβ5 specific antibody
(BioSynthesis). This antibody reacts with one band (23 kDa) corresponding to the mature
dβ5 subunit of the proteasome core particle, when cleared supernatants were analyzed by
Western blot analysis under denaturing conditions (Fig. 2, left). Proteasome
immunoreactivity levels in the supernatant and pellet fractions obtained from total fly
homogenates were assessed by Western blot analysis under native conditions, as described
in Materials and Methods. As shown in Fig. 2 (right), the cleared supernatant fraction
contained almost all of the proteasome immunoreactivity with very little being detected in
the residual pellet. The latter contains mostly insoluble debris and chitin.

Proteasome levels and activity (Fig. 3) from mixed populations of females and males were
compared between two age groups: young (1–2 days) and old (43–47 days). In young flies,
most of the proteasome activity assessed with the short substrate Suc-LLVY-AMC
coincided with the 26S holoenzyme (not the 20S) form of the proteasome (Fig. 3, left). The
ingel chymotrypsin-like activity assay revealed that the proteasome activity in young flies
(Y) coincided almost exclusively with the 26S holoenzyme, in its symmetrical (two capped)
and asymmetrical (one capped) forms. Only extremely low levels of chymotrypsin-like
activity were associated with the 20S proteasome, demonstrating that the 26S holoenzyme is
the most active in vivo form of the proteasome in young flies. In contrast, the chymotrypsin-
like activity of both the 26S and the 20S proteasomes was low in old flies (O).

Immunoblot analysis of the native gels with our antid-β5 antibody revealed that, in young
flies, proteasomes were detected as the 26S holoenzyme in its symmetric (two caps) and
asymmetric (one cap) forms, as well as the 20S proteasome (Fig. 3, middle). In contrast, in
old flies, proteasomes were found almost exclusively as 20S particles (Fig. 3, middle). These
findings establish that low-activity 20S proteasomes prevail in old flies, while the assembled
26S holoenzyme is highly active in young flies.

Following assessment of proteasome activity with Suc-LLVY-AMC, native gels were
stained with Coomassie blue (Fig. 3, right). The protein pattern of young and old flies was
slightly but consistently different. This difference was not caused by postharvesting protein
degradation, as similar patterns were observed when flies were harvested with or without a
protease inhibitor cocktail (not shown). In addition, it is clear from the Western blot analysis
that 20S proteasome levels are higher in old than in young flies (Fig. 3, middle) attesting
that the difference in Coomassie blue staining is not due to less protein loading for old flies.

26S Proteasome activity declines sharply in 43- to 47-day-old female and male flies
We assessed proteasome activity with the in-gel assay in separate populations of females or
males across five different ages: 1–2, 10–12, 18–20, 30–32 and 43–47 days (Fig. 4A). Each
lane with fly samples was loaded with an equal amount of protein (50 µg). These studies
clearly demonstrate that a sharp decline in 26S proteasome activity (by ≥89%) was observed
in 43–47-day-old flies compared to young 1–2-day-old flies. This major decline in 26S
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proteasome activity was observed in both female (Fig. 4A, left) and male (Fig. 4A, right)
43–47-day-old flies. On the contrary, the activity of the 20S proteasome was similar or
slightly increased across the age groups in both genders (Fig. 4A and semiquantification
shown in the graph). Protein pattern was determined by Coomassie blue staining of the
native gels following proteasome activity assessment. As shown in Fig. 4B, the protein
pattern of the 43–47-day-old fly group is different from that of the other age groups. This
pattern was consistently observed in all experiments. It is clear that the 20S proteasome
activity band is similar or slightly stronger in the 43–47-day-old flies than in the other age
groups (Fig. 4A), attesting that the difference in Coomassie blue staining is not due to less
protein loading for old flies.

ATP steady state levels decrease by ~50% in 43–47-day-old female and male flies
The assembly of the 26S proteasome is known to be ATP-dependent (17); thus we assessed
ATP steady-state levels in the flies. ATP levels were analyzed in separate populations of
female or male flies at five different ages: 1–2, 10–12, 18–20, 30–32 and 43–47 days. ATP
levels were maintained at an average of 15.7 pmol/µg of protein in flies of both genders up
to the age of 30–32 days (Fig. 5). Remarkably, in female and male 43–47-day-old flies, ATP
levels decreased by more than 50% to 7.4 pmol/µg protein.

Climbing performance drops markedly in 43–47-day-old female and male flies
Generally, as flies get older they manifest locomotor dysfunction (16). We assessed
locomotor performance in flies of different ages to compare the age at which they display
locomotor dysfunction and proteasome impairment. Locomotor performance was measured
with the climbing assay. Drosophila display a strong negative geotactic response by quickly
rising to the top of a vial upon being tapped to its bottom. When tested for their climbing
ability, 43–47-day-old females and males exhibited a marked (P<0.001) decline in climbing
performance compared to young (1–2 days of age) flies (Fig. 6). The oldest flies (43–47
days) made short, abortive climbs and fell back to the bottom. Flies between 18 and 32 days
of age also displayed a reduction in climbing ability, albeit not as steep as the oldest 43–47-
day-old flies.

Different fractionation pattern of proteasomes from young (1–2 days) and old (43–47 days)
flies

To corroborate that the proteasomal chymotrypsin-like activity was lower in old than in
young flies, total extracts from each age group (4.5 mg/sample) were fractionated by
glycerol density gradient centrifugation. These studies focused on the two age groups that
exhibited the greatest change: young (1–2 days) and old (43–47 days) flies. We also
analyzed mixed populations of female and male flies, since in the above described studies,
no obvious difference was detected between genders.

Fractions were analyzed for chymotrypsin-like activity with Suc-LLVY-AMC. As shown in
Fig. 7 (top), the chymotrypsin-like activity of old flies (solid squares) was significantly
reduced when compared to young flies (open squares), particularly in the fractions
corresponding to the proteasome elution position (Fig. 7, box, fractions 4–10).

To establish which fractions correspond to the proteasome, aliquots from each fraction were
subjected to Western blot analysis with our anti-dβ5 antibody, which reacts with a subunit of
the core particle, and with the anti-S5a antibody, which reacts with a non-ATPase subunit
(Rpn10) of the 19S particle (Fig. 7, bottom). Immunodetection of the dβ5 subunit revealed a
pronounced shift of the dβ5 peak in old flies toward lower molecular weight fractions
corresponding to the 20S proteasome. Furthermore, the levels of the S5a subunit are clearly
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lower in the old flies than in the young ones. From these experiments, we can conclude that
in old flies, the 20S is the predominant proteasome form.

Notably, we observed an additional peak of chymotrypsin-like activity that did not
correspond to fractions containing proteasome subunits. This peak exhibited lower
molecular weight than the proteasome-containing fractions (Fig. 7). That these fractions are
not related to the proteasome is further demonstrated by their lack of sensitivity to PSI, a
proteasome inhibitor (Fig. 8). This finding is not surprising, since it is well established that
the substrate Suc-LLVY-AMC is cleaved not only by the proteasome (18) but also by other
chymotrypsin-like proteases, as well as by calpains (19). In contrast to proteasome activity,
the nonproteasomal chymotrypsin-like activity does not appear to be affected by aging (Fig.
7).

Old (43–47 days) flies are more sensitive to the proteasome inhibitor PSI than young (1–2
days) flies

Mixed populations of females and males from each age group were tested. We compared the
in vivo sensitivity of young and old flies to the proteasome inhibitor PSI by feeding them a
sucrose/PSI (10 µM) diet as described in Materials and Methods. At this concentration, we
previously showed that PSI significantly inhibits the chymotrypsin-like activity of the
proteasome in mammalian cell cultures (20).

The decrease in proteasome activity did not induce the accumulation of ubiquitinated
proteins in young flies, as observed by Western blot analysis with a specific antibody that
detects polyubiquitinated proteins (Fig. 9, top left). However, the in vivo administration of
PSI induced the accumulation of ubiquitinated proteins in old flies (Fig. 9, top right). In
addition, no apparent changes in the levels of the proteasome subunit dβ5 were detected in
young vs. old flies following PSI administration (Fig. 8, bottom). The latter subunit, dβ5,
accounts for the chymotrypsin-like activity, which carries out the rate-limiting step in
protein degradation by the proteasome (21).

A significant shortening (20%) of life span was observed in old flies upon the in vivo
administration of PSI for 24 h and 42 h (Fig. 10). In contrast, the life span of young flies was
not altered by feeding them the proteasome inhibitor.

DISCUSSION
In this paper, we show for the first time that the aging process is associated with the
disassembly of the 26S proteasome with a clear loss of its activity. The decline in 26S
holoenzyme levels in old flies (43–47 days of age) coincides with increased levels of the
20S proteasome. Clearly, the activity of the 20S proteasome failed to decline. However, our
studies demonstrate that the free 20S core particle is nearly inactive in all flies
independently of their age group. Accordingly, the majority of the proteasome
chymotrypsin-like activity coincides with the 26S proteasome, the levels of which decline
sharply in 43–47-day-old female and male flies. That the 20S proteasome is almost inactive
is not particular to flies, as a similar phenomenon was observed in yeast (22). It is well
established that in the outer rings of the 20S core particle, the conformation of the α
subunits is such that it seals the entrance into the catalytic chamber (23). Activation of the
20S proteasome thus requires disruption of the inflexible and passive barrier provided by the
outer α rings. The opening of these gates to the catalytic chamber is triggered by regulatory
complexes, such as the 19S and the 11S regulatory particles [reviewed in (24)]. In vitro
studies with purified 20S proteasomes demonstrated that the closed-gate conformation is
also destabilized by the binding of some hydrophobic peptides to noncatalytic sites on the
core particle (25) or by certain proteins, such as p21 and α-synuclein (26). The latter
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mechanism for activation of the 20S core particle has not yet been demonstrated to occur in
vivo. However, it was proposed that because proteasomes diffuse rapidly in the cytoplasm
and nucleus of mammalian cells, they may continuously collide with some of their
substrates (27).

The assembly of the 26S proteasome from its 20S core and 19S regulatory particles is an
ATP-dependent process (17, 28). The concentration of ATP required for half-maximal 26S
proteasome assembly was estimated to be 5 µM (29). Although the mechanism of assembly
of the 26S proteasome is not completely understood, it is known that the molecular
chaperone Hsp90 plays a role in this process (30) and that the 20S and 19S particles undergo
a structural rearrangement to produce the optimal conformation of the full complex (31).
ATP hydrolysis is also required for the actual degradation process of polyubiquitinated
proteins, with an estimated Km of 12 µM (29). ATP hydrolysis is known to promote
substrate unfolding and protein translocation through the 26S holoenzyme with an apparent
300–400 ATP molecules being hydrolyzed during the degradation of one molecule of
globular or unfolded substrate (32). Recent studies suggest that ATP hydrolysis is also
necessary for the rapid dissociation of the 26S proteasome into the 19S and 20S particles
(33). This dissociation coincides with release of the products of degradation. In conclusion,
ATP hydrolysis is a pivotal requirement not only for the assembly-disassembly cycle of the
26S holoenzyme but also for its function, i.e., to degrade polyubiquitinated proteins.

Our current data show that in the oldest flies tested (43–47 days of age) ATP steady state
levels are reduced by more than 50%. A previous study with Drosophila also reported a
decline (15%) in ATP levels with age, although only males were included in these
experiments (10). Furthermore, a microarray analysis with Drosophila indicated that its
metabolism is severely affected by aging (34). Accordingly, genes linked to oxidative
phosphorylation, TCA cycle, and ATP production were found to be down-regulated in 40-
day-old compared to 3-day-old flies. The decline in ATP steady-state levels together with
our findings described above, strongly support the notion that ATP depletion associated with
the aging process may have a critical impact on 26S proteasome activity by impairing, for
example, its assembly. The distribution of ATP in cells seems to be compartmentalized with
different ATP pools sustaining different cell functions. For example, while ATP produced
by oxidative phosphorylation sustains contractility in smooth muscle cells, ATP generated
from anaerobic glycolysis supports plasma membrane proton pumps (35, 36). Which ATP
pool supports 26S proteasome activity is currently undetermined.

Changes in total cellular ATP caused by different metabolic conditions are not reflected
uniformly in all intracellular compartments (37). In cultured cells, when both glycolysis in
the cytosol and oxidative phosphorylation in mitochondria were active, mitochondrial ATP
was double that of other cellular compartments tested, i.e., cytosol, subplasma membrane
region, and nucleus. When oxidative phosphorylation was impaired, ATP levels were
equilibrated in all four compartments, suggesting that the bulk of ATP was produced by
glycolysis. When oxidative phosphorylation was the sole source of ATP, its levels were
normal in the cytosol and subplasma membrane region but collapsed in mitochondria and
nucleus (37).

The aging process is known to affect mitochondrial function and to be associated with
mitochondrial genome changes, including point mutations and modifications, as well as
deletions [reviewed in (38)]. Interestingly, aging in Drosophila seems to be associated with a
decrease in the levels of mitochondrial RNA (39, 40). Furthermore, a decline in skeletal
muscle mitochondrial function was observed with aging in humans (41, 42), and premature
aging was induced in mice expressing defective mitochondrial DNA polymerase (43). On
the other hand, caloric restriction, the only experimental paradigm known to extend life span
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in organisms ranging from yeast to mammals, was shown to promote mitochondrial
biogenesis in mice (44). In addition, calorie restriction limits the generation but not the
progression of mitochondrial abnormalities in aging skeletal muscle (45). Dietary restriction
also seems to prevent a state of persistent glycolysis associated with ad libitum-fed animals
[reviewed in (46)]. Most glycolytic intermediates are potentially toxic because they are able
to glycate proteins and other macromolecules nonenzymatically [reviewed in (46)]. In
conclusion, suppression of the aging process requires, among other factors, maintenance of
mitochondrial function and a reduction in persistent glycolysis. Our studies uncover a
potential novel factor, that is, maintenance of 26S proteasome assembly and ensuing
activity, which may be intricately related to the other two. Accordingly, 26S proteasome
assembly is ATP dependent (28), and glycated-proteins may escape proteasomal degradation
(47).

Interestingly, we established that the oldest group of flies tested (43–47 days of age)
exhibited a marked decline in locomotor activity assessed with a climbing assay. These data
demonstrate that the steep decrease in 26S proteasome activity and ATP levels in flies is an
“old-age” event that is observed when flies exhibit a major decline in locomotor
performance.

Our studies also revealed that old flies are significantly more sensitive to the peptide
aldehyde PSI, which is a proteasome inhibitor. The increased sensitivity was manifested by
accumulation of ubiquitinated proteins and a shorter life span in old flies but not in young
ones. Interestingly, yeast cells continue to grow when 70 –80% of their proteasome activity
is inhibited by peptide aldehydes or β-lactone (48). This finding suggests that the capacity of
the proteasome in yeast exceeds the required activity under homeostatic conditions. Thus, a
20–30% proteasome capacity is sufficient for yeast cell survival and growth under
homeostatic conditions. It is possible that in young flies, there is also a surplus of
proteasome activity. Therefore, feeding young flies sublethal concentrations of PSI has no
apparent effect on survival or the levels of polyubiquitinated proteins. On the other hand, in
old flies the observed disassembled state of the 26S proteasome severely diminishes its
activity, therefore rendering old flies exceptionally sensitive to proteasome inhibitors.

Our finding that the disassembly of the 26S proteasome is an “old-age” event could explain
the presence of protein deposits containing ubiquitinated proteins and oxidatively modified
proteins in nonpathologic aging (3), as well as in a variety of aging-related
neurodegenerative disorders, including Alzheimer’s and Parkinson’s diseases and
amyotrophic lateral sclerosis, to name a few (4). The reduction in assembled 26S
proteasomes concurrent with ATP depletion not only will affect normal protein turnover but
also most likely deprives old flies of the ability to effectively cope with proteotoxic damages
caused by lifelong environmental and/or genetic factors.
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Figure 1.
Proteasome activities in young (1–2 days) and old (43–47 days) flies. Mixed populations of
females and males for each age group were analyzed. Proteasome activities from young
(open bars) and old (solid bars) flies were measured in cleared supernatants obtained from
total fly homogenates (20 µg of protein/sample). Peptidase activities were assayed
colorimetrically after 24 h incubations at 37°C as described in Materials and Methods. The
chymotrypsin-like activity was measured with Suc-LLVY-AMC, the caspase-like activity
with Z-LLE-NA and the trypsin-like activity with Z-GGR-NA. Data represent the mean ±
sem from five experiments. *Values in old flies significantly different (P≤0.0001) from
young flies.
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Figure 2.
Assessing proteasome levels in flies. Mixed populations of young females and males were
analyzed. Left: The specificity of our anti-dβ5 antibody was assessed by Western blot
analysis under denaturing conditions, as described under Materials and Methods. Cleared
supernatants from total fly homogenates were analyzed with preimmune serum (left) or an
antidβ5 (right) affinity purified antibody (1:4000) generated at BioSynthesis, as described in
Materials and Methods. The dβ5 proteasome subunit migrates as a ~23-kDa band. Right:
Proteasome levels were assessed by Western blot analysis under nondenaturing conditions
as described under Materials and Methods. Crude extracts were homogenized, sonicated,
and centrifuged. Cleared supernatant (S) and pellet (P) fractions (60 µg of protein per lane)
were subjected to nondenaturing gel electrophoresis and Western blot analysis as described
under Materials and Methods. 26S and 20S proteasomes in fly extracts were detected by
immunobloting with our anti-dβ5 antibody. This antibody reacts with a subunit of the core
proteasome particle, thus recognizing both the 20S and 26S proteasome forms. Symmetric
[26S (2), two caps] and asymmetric [26S (1), one cap] 26S holoenzymes and the 20S core
particle are indicated on the left.
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Figure 3.
Proteasome activity and levels in young (Y, 1–2 days) and old (O, 43–47 days) flies.
Cleared fly lysates and 20S proteasomes partially purified from rabbit reticulocyte lysates
(20S, as a marker) were subjected to nondenaturing gel electrophoresis, as described in
Materials and Methods. Lysates from mixed populations of females and males of each age
group were analyzed. The chymotrypsin-like activity was assessed with Suc-LLVY-AMC
by the in-gel assay (left). 26S and 20S proteasomes were detected by immunobloting with
our antibody that reacts with dβ5, a subunit of the core proteasome particle (middle). As
indicated on the left, this antibody recognizes the symmetric [26S (2), two caps] and
asymmetric [26S (1), one cap] 26S holoenzymes, as well the 20S core particle. Total protein
pattern was established by Coomassie blue staining of native gels (right) following
assessment of proteasome activity with Suc-LLVY-AMC. Similar results were obtained in
at least quadruplicate experiments.
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Figure 4.
Proteasome activity in female and male flies across different ages. Separate groups of
females or males of different ages (1–2, 10–12, 18–20, 30–32 and 43–47 days) were
analyzed. Cleared lysates, as well as 20S proteasomes, partially purified from rabbit
reticulocyte lysates (20S, as a marker) were subjected to nondenaturing gel electrophoresis
as described in Materials and Methods. Each lane with fly samples was loaded with an equal
amount of protein (50 µg). A) The chymotrypsin-like activity was assessed with Suc-LLVY-
AMC by an in-gel assay. The symmetric [26S (2), two caps] and asymmetric [26S (1), one
cap] 26S holoenzymes, as well the 20S core particle are indicated on the left. Activity bands
were semiquantified by densitometry as described in Materials and Methods (graph: open
bars, 26S, two caps; stippled bars, 26S, one cap; solid bars, 20S). B) Protein pattern was
established by Coomassie blue staining following assessment of proteasome activity with
Suc-LLVY-AMC. Only the top halves of the activity gels are shown in A, as no signals
were detected on the bottom halves. The entire Coomasie blue-stained gels are shown in B.
Similar results were obtained in duplicate experiments.
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Figure 5.
ATP steady-state levels in female and male flies across different ages. Separate groups of
females (open bars) and males (solid bars) of different ages (1–2, 10–12, 18–20, 30–32 and
43–47 days) were analyzed. ATP concentrations (pmoles/µg of protein) in cleared
supernatants were determined as described in Materials and Methods. Data represent the
mean ± sem from four trials (15 flies per trial) per age group. *Values that are significantly
different (P<0.05) from young (1–2 days of age) flies.
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Figure 6.
Climbing performance of female and male flies across different ages. Separate groups of
females (open bars) and males (solid bars) of different ages (1–2, 10–12, 18–20, 30–32, and
43–47 days) were analyzed. Locomotor performance was assessed with a climbing assay as
described in Materials and Methods. Data represent the mean ± sem from three trials (10
flies per trial) per age group. *Values that are significantly different (*P<0.05, **P<0.001)
from young (1–2 days of age) flies.
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Figure 7.
Sedimentation velocity analysis of proteasomes from young (1–2 days) and old (43–47
days) flies. Mixed populations of females and males for each age group were analyzed.
Lysates (4.5 mg protein) were fractionated by glycerol density gradient centrifugation (10–
40% glycerol corresponding to fractions 14 to 1). Top: Aliquots (50 µl) of each fraction
obtained from young (open squares) and old (solid squares) flies were assayed for
chymotrypsin-like activity with Suc-LLVY-AMC. Bottom: Immunoblot analysis of each
fraction probed with our anti-dβ5 (core particle) and the anti-S5a (19S regulatory particle,
Rpn10) antibodies. Proteins were precipitated with acetone from 700 µl of each fraction. The
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box indicates the elution of proteasome fractions. Similar results were obtained in duplicate
experiments.
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Figure 8.
Sedimentation velocity analysis of the chymotrypsin-like activity from young (1–2 days)
and old (43–47 days) flies assayed in the absence and presence of the proteasome inhibitor
PSI (40 µM). Mixed populations of females and males for each age group were analyzed.
Lysates (4.5 mg protein) were fractionated by glycerol density gradient centrifugation (10–
40% glycerol, fractions 14 to 1). Aliquots (50 µl) of each fraction from young (top, circles)
and old (bottom, squares) flies were assayed for chymotrypsin-like activity with Suc-LLVY-
AMC in the absence (open symbols) and presence (solid symbols) of the proteasome
inhibitor PSI (40 µM). Similar results were obtained in duplicate experiments.
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Figure 9.
Polyubiquitinated protein and proteasome dβ5 subunit levels in young (1–2 days) and old
(43–47 days) flies. Mixed populations of females and males for each age group were
analyzed. Flies were fed 5% sucrose with DMSO (0, vehicle, control, 0.5%) or with a
proteasome inhibitor (PSI, 10 µM in 0.5% DMSO) for 48 h after being starved for 6 h. The
levels of polyubiquitin-protein conjugates (Ub-conjugates) and of a proteasome subunit
(dβ5) were detected by Western blot analysis as described in Materials and Methods. Fifty
micrograms of protein were loaded per lane. Similar results were obtained in duplicate
experiments.
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Figure 10.
Survival curves for young (1–2 days) and old (43–47 days) flies. Mixed populations of both
females and males for each age group were analyzed. Flies were kept in narrow Drosophila
vials, which were lined with 3 mm filter paper. Flies were starved for 6 h and then fed a
solution of 5% (weight/vol) sucrose with either vehicle (0.5% DMSO, control) or with the
proteasome inhibitor PSI (10 µM, in DMSO) for 48 h. Dead flies were counted after the time
periods indicated (n=30 flies for each treatment). Data represent the mean ± sem from 3
experiments. *Values that are significantly different (P<0.05) between control and PSI-
treated flies for each time point within each age group.
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