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Abstract

In the present study we isolated proteasome complexes from control, mild cognitive impairment (MCI), and Alzheimer’s
disease (AD) subjects. No significant difference in the amount of proteasomes was detected across the different groups,
although impairments in chymotrypsin-like proteasome activity was observed in AD subjects. Large impairments in
proteasome- mediated degradation of an oxidized protein substrate was observed in MCI and AD subjects. Incubation with a
reducing agent (DTT) had no significant effect on proteasome chymotrypsin-like activity, but fully restored proteasome-
mediated protein degradation in MCI and AD subjects. Proteasomes from AD subjects exhibited elevations in protein
carbonyls, 4-hydroxynonenal-conjugation, and neuroprostane-conjugation. Together, these data confirm that impairments in
the function of purified proteasomes occurs in the earliest stages of AD, and directly support a role for oxidative inactivation
contributing to declines in proteasome function in AD.
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Introduction the 26S proteasome, which is responsible for the
ATP-dependent degradation of ubiquitinated sub-
strates [2].

Several studies have demonstrated evidence for
proteasome impairment in a variety of neurodegen-
erative conditions including Alzheimer’s disease

(AD), Parkinson’s disease (PD), and ischemia-

The proteasome is a multicatalytic protease with a
molecular weight of ~700 kDa located in the cytosol
and nucleus of all eukaryotic cells, representing
approximately 1-2 percent of the total cellular
proteins [1-3]. The proteasome is responsible for
the majority of intracellular protein degradation and

plays a pivotal role in several cellular activities
including cell cycle regulation, antigen presentation
and apoptosis [4,5]. The 20S core proteasome
possesses three main catalytic activities: the chymo-
trypsin-like (ChT-L) activity, the trypsin-like (T-L)
activity and the peptidylglutamyl-peptide hydrolase
activity (PGPH) that cleave the substrates after
hydrophobic residues, basic residues and acidic
residues [3], respectively. Cap-like proteins can
bind the 20S proteasome and form a new structure,

reperfusion injury [7-9]. Because the proteasome
plays an important role in the degradation of oxidized
and damaged proteins [10,11], a decrease in
proteasome activity could promote an accumulation
of potentially toxic proteins and contribute to
neuronal degeneration and neuronal death. Despite
the progress made in our understanding of protea-
some inhibition in the aging and disease, studies have
not confirmed if alterations in proteasome homeo-
stasis can be detected in purified proteasome
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complexes in each of these different conditions.
Experimental clarification that alterations in protea-
some functionality occurs in purified proteasome
complexes is currently a pressing need for the field.
Similarly, oxidative modification of the proteasome is
believed to play a role in mediating declines of
proteasome function in aging and disease [6-—11],
although it remains unclear whether oxidative
modifications to the proteasome complex occurs in
AD. Similarly, studies have not identified the specific
contribution of oxidative modifications to the protea-
some as mediators of proteasome inhibition in age-
related diseases of the brain.

The focus of this study was to determine the
presence of potential alterations in 20S proteasome
complexes purified from subjects with mild cognitive
impairment (MCI), the earliest detectible stage of AD,
and in subjects with AD. Our data demonstrate that
impairments in ChT-L activity, and a robust declines
in proteasome-mediated protein degradation, are
evident in purified 20S proteasome complexes from
subjects with MCI and AD. Additionally, data in this
study provide experimental evidence for oxidative
damage to the proteasome complex contributing to
the impairment of proteasome-mediated protein
degradation in AD.

Materials and methods
Human subjects

The diagnosis of MCI, AD, and normal cognitive
function was defined by clinical-neuropathological
consensus conference [12]. A total of 15 control
[9(M)/6(F)], nine MCI (3 M/6 F), and 16 end-stage
AD (5 M/11 F) subjects were used for all studies
(Table I). The mean = SEM age was 80 = 1.30
years for control, 86 = 4.35 years for MCI and
84 * 1.83 years for AD subjects. The post mortem
interval (PMI) was 2.78 = 0.23h for control,
3.08 = 0.32h for MCI and 3.20 £ 0.27h for AD
subjects. All patients, including those in the
Biologically Resilient Adults in Neurological Studies
program, were studied longitudinally as part of the
University of Kentucky Alzheimer’s Disease
Research Center. The clinical criteria used for the
diagnosis of amnestic MCI were as described
previously [13,14].

Table I. Subject demographic data.

Age (years) Sex PMI (h)
Cont 80 = 1.30 9 M/6 F 2.78 £0.23
MCI 86 = 4.35 3 M/6 F 3.08 = 0.32
AD 84 +1.83 5M/11 F 3.20 = 0.27

Data are presented as the mean and SEM; PMI, post mortem
interval.

Proteasome isolation

Proteasome complexes were isolated from the superior
and middle temporal gyri (SMTG) and from the
cerebellum following the procedure described by
Friguet et al. [15] with minor modifications. Briefly,
frozen brain specimens were homogenized in Phos-
phate-buffered saline (pH 7.4), using a Sonic
Dismembrator (Fisher Scientific). The resulting
homogenate was centrifuged at 10,000¢ for 10 min
at 4°C. The supernatant was subjected to a
fractionation from 10 to 30% in ammonium sulphate.
The 10 and 30% pellets were then combined and
resuspended in phosphate-buffered saline (pH 7.4).
An ion-exchange chromatography was performed on a
HiTrap Q FF column (GE Healthcare) followed by a
gel filtration chromatography with a Sepharose 6 Fast
Flow column (Amersham Biosciences). The total
proteasome content (20S) was calculated as the ratio
between the total micrograms of proteasomes present
in the sample after the final step of the isolation
procedure, in each milligram of brain protein.

Determination of proteasome activity

Assays to test the activities of the proteasome were
performed using the fluorogenic substrates Suc-
LLVY-AMC (10mM stock), Boc-LSTR-AMC
(10 mM stock) and Boc-LRR-AMC (25mM stock)
for the Ch'T-L, T-L and PGPH, respectively [16]. The
reaction was conducted in 200 pl proteasome activity
buffer (10 mmol/l Tris—HCIl, pH 7.8, 1mmol/l
EDTA, 0.5mmol/l dithiotreitol and 5 mmol/l
MgCl,) in a mixture containing 10l of isolated
proteasome and 1 pl of substrate [16]. This gave a
final concentration of substrate as being 50 uM for
Ch'T-LL and T-L activities, with post-glutamyl pepti-
dase activity being 125 M. After 1 h of incubation at
37°C the fluorescence emission of the released amino-
methylcoumarine product was monitored on a
Microplate Fluorescence Reader (Bio-Tech Inc.)
using an excitation/emission of 350/440 nm. Fluor-
escence values obtained in the assay were divided by
the total micrograms of proteasomes used in the
experiment and graphed as fluorescence/mg protea-
some. Values are expressed as the fluorescence
units_' X per microgram of proteasome ' X per
hour . The linearity of the products produced over
time was ascertained in initial pilot studies.

The recovery of the ChT-L activity was also tested
in the presence of dithiothreitol, DTT (1 M). Samples
were treated with DT'T for 30 min prior to addition of
ChT-L substrate and the enhancement of ChT-L
activity determined. The ability of the proteasome to
degrade oxidized proteins was determined by incubat-
ing proteasomes (1 pg/30 wl final assay volume) with
an oxidized protein substrate (1 pg/5 pl) for 30 min,
and monitoring the amount of protein degradation.
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The substrate used was DQ Green BSA® (Molecular
Probes), which was oxidized by 30 min exposure to
iron oxide (50 wM), followed by repeated cycles of
overnight dialysis and lyophilization to ensure removal
of iron oxide. Western blots confirmed the presence of
protein carbonyls in BSA exposed to iron oxide as
compared to non iron oxide treated BSA (data not
shown). The degradation of DQ Green BSA® was
quantified by monitoring the increase in fluorescence,
generated by degradation of the BSA into peptides
which liberates fluorescence, over time as reported
previously [17,18]. Briefly, when bound to full length
BSA there is a strong quenching of fluorescence due to
the fact the protein is heavily labeled with BODIPY
dyes. Upon hydrolysis, during proteasome-mediated
protein degradation, the individual dye-labeled pep-
tides do not exhibit any quenching and intense
fluorescent products. In experiments where protea-
somes were treated with DTT and monitored for
oxidized BSA degradation the DTT was incubated
with purified proteasomes for 30 min, followed by
dialysis to remove DTT prior to addition of BSA. The
linearity of the products produced over time was
ascertained in initial pilot studies.

Analysis of protein oxidation

In order to analyze the level of protein oxidation, the
detection of the carbonyl groups was performed using
the OxyBlot protein oxidation detection kit (Chemi-
con International) [7,8]. Briefly, 1ug of the samples
were incubated for 1h with 2,4-dinitrophenylhydra-
zine (DNPH) which leads to the derivatisation of the
carbonyl groups and the formation of a dinitrophenyl
(DNP) hydrazone product. The derivatized carbonyl
groups were then detected using a dot blot immu-
noassay similar to previous studies by our laboratory
[16]. In order to detect elevations in 4-hydroxynone-
nal (HNE) or neuroprostane conjugation, we con-
ducted immunohistochemical studies using antibodies
that recognize HNE-conjugated or neuroprostane
conjugated proteins. These studies were conducted
using dot blots and using commercially available
antibodies (Chemicon International).

Results
Proteasome 1solation

Proteasome complexes were isolated from the SMTG
and from the cerebellum of control, MCI and AD
subjects (Table I). The SMTG is a brain region
adversely affected in AD, while the cerebellum is
known to be spared in AD, thus serving as a control
brain region for effects observed in the SMTG. No
significant differences in proteasome content were
observed between control, MCI and AD brains
(Figure 1).
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Figure 1. Total amount of proteasomes (p.g) isolated from control,
MUCI and AD brains. (A) Proteasome content isolated from the
SMTG of each experimental group. (B) Proteasome content
isolated from the cerebellum of each experimental group. Data are
presented as the mean and SD.

Proteasome activity

In order to determine the presence of alterations in
proteasome activities in MCI and AD brains, we
analyzed the ChT-L, T-LL and PGPH activities in
isolated proteasomes. Figure 2 shows each of the
proteasome activities in proteasomes isolated from the
SMTG and cerebellum. The Ch-L activity was
significantly decreased in the SMTG area of AD
brains compared with control subjects (Figure 2A) but
was not significantly altered in the cerebellum of AD
subjects. The T-LL and PGPH activities were not
significantly different between the control, MCI and
AD subjects (Figure 2). Previous studies have
demonstrated that protease activity in AD can be
recovered with DTT treatment [19], suggesting that
oxidation of proteases can inhibit their activity in AD.
Therefore ChT-L activity was also analyzed in the
presence of DTT (Figure 3) to determine if ChT-LL
activity could be enhanced after the treatment with the
reducing agent. No significant differences in the
recovery of Ch'T-L activity were found in MCI or AD
subjects relative to control subjects (Figure 3).

We then sought to determine if there was a
difference in the ability of proteasomes from MCI
and AD subjects to degrade an oxidized protein
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Figure 2. Activities of the proteasome isolated from the control, MCI and AD brains. Chymotrypsin-like (ChT-L) activity from the SMTG
(A) and cerebellum (D). Trypsin-like (T-L) activity from the SMTG (B) and cerebellum (E). Post-glutamyl peptidase (PGPH) activity
from the SMTG (C) and cerebellum (F). Values are expressed as the fluorescence units ' X per microgram of proteasome ' X per hour .
Data are presented as the mean and SD. *p < 0.05 compared to control subjects.

substrate. Analysis of oxidized bovine serum albumin
(0xBSA) degradation revealed that there was a
significant impairment in the ability of proteasomes
from the SMTG of MCI and AD subjects to degrade
oxBSA (Figure 4A), relative to proteasomes from
control subjects. This loss of proteasome-mediated
protein degradation was selective for the SMTG as no
significant difference in oxBSA degradation was
observed between proteasomes isolated from the
cerebellum of control, MCI and AD subjects
(Figure 4B). Interestingly, incubation with the
reducing agent DT T was observed to cause a complete
recovery of proteasome-mediated protein degradation
in proteasomes from the SMTG of MCI and AD
subjects (Figure 4A). No effect of DTT on protea-
some-mediated protein degradation was observed in
the cerebellum of control, MCI and AD subjects
(Figure 4B).

A number of oxidative modifications to proteins are
elevated in the different neurodegenerative diseases as
well as normal aging [20,23]. The most commonly
studied forms of protein oxidation are protein
carbonyls and HNE-conjugation, due in part to the
availability of well characterized antibodies that allow
for immunohistochemical detection of these modifica-
tions [20—-23]. Recent studies have demonstrated a
role for neuro-ketals or neuroprostanes, a specialized
form of lipid oxidation, as important mediators
of oxidative stress [24,25], with recent studies
demonstrating the ability of neuroprostanes to inhibit
proteasome activity i vitro [26]. In order to determine
if elevated levels of oxidative modifications were
occurring to the proteasome and inhibiting is function
during the progression of AD, we conducted studies in
which we conducted dot blot immunoassays with the
purified proteasomes from the SMTG. In this analysis
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Figure 3. Percentage of DTT recovery for the ChT-L activity in the
isolated proteasome. (A) DTT recovery in the SMTG area. (B)
DTT recovery in the cerebellum. Values are expressed as the percent
increase of activity relative to no DTT treatment. Data are presented
as the mean and SD.

we observed that proteasomes from AD subjects
exhibited elevated levels of protein carbonyls, HNE-
and neuroprostane-conjugation relative to control or
MCI (Figure 5). These data are consistent with
oxidative modifications potentially playing a role in
mediating declines in proteasome function as reported
in other neurodegenerative settings [6—11].

Discussion

The current study shows that isolated proteasome
complexes from AD subjects present decreased Ch'T-
L activity and an increased level of oxidative damage.
Dramatic decreases in proteasome-mediated protein
degradation were observed in purified proteasome
complexes from both MCI and AD subjects. Several
previous publications have suggested that AD and
other neurodegenerative diseases are characterized by
alterations in proteasome functionality and that
proteasome inhibition often occurs in these disorders
[6—11]. However, these studies previous studies
were conducted with crude assessment of proteasome
activity in tissue lysates, with no current studies
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Figure 4. Analysis of proteasome-mediated degradation of
oxidized BSA. In this aim the proteasome from SMTG (A) and
cerebellum (B) of control, MCI, and AD subjects were analyzed for
their ability to degrade oxidized BSA. The degradation of oxidized
BSA was quantified by measuring the amount of liberated BODIPY
fluorescence (detectible in BODIPY labelled peptides but no
BODIPY labelled protein). In this assay system the lower the
fluorescence value, the lower the proteasome-mediated degradation
of BSA into fluorogenic peptides. Data are presented as arbitrary
units (AU) of fluorescence, with the bars representing the mean
fluorescence, and the error bars depicting the SD. *p < 0.05 as
compared to control subjects; #p < 0.05 compared to non-DTT
treated proteasome complexes.

demonstrating evidence for altered function in
purified proteasomes from each of these conditions.
Our results confirm the presence of alterations in the
ChT-L activity in the AD subjects, with no significant
differences in the other proteasome activities observed
in our present studies, and furthermore they
demonstrate that there is a robust inhibition of
proteasome-mediated protein degradation occurs in
both MCI and AD subjects. These findings strongly
support evidence for decreased proteasome function
in AD, and suggest that the loss of proteasome-
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Figure 5. Gross proteasome oxidation. Changes in the levels of

protein oxidation in purified proteasomes from the SMTG
of control, MCI and AD subjects was determined. All subjects
were analyzed for protein oxidation. The amount of protein
carbonyls, HNE-conjugation, and neuroprostane-conjugation
(NeuroP) in purified 20S proteasomes (1 ng) was measured
immunohistochemically using dot blot as outlined in methods.
The amount of staining was quantified using image analysis and
expressed as the relative optical density (OD). The error bars depict
the SD with *p < 0.05 as compared to control or MCI subjects.

mediated protein degradation occurs at the earliest
stages of AD. Of particular importance is the fact that
decreased proteasome-mediated protein degradation
occurs prior to the development of dementia, or the
development of widespread AD neuropathology, since
it is detectible in the SMTG of MCI subjects. It will be
important in future studies to characterize the loss of
proteasome-mediated protein degradation that occurs
in the different cortical and subcortical brain regions,
and to correlate the changes in proteasome-mediated
protein degradation with specific cognitive and
neuropathological alterations.

Previous studies have shown that in AD brains
homogenates the treatment with the reducing agent
DTT induces a recovery in calpain protease activity
[19]. Our results show that purified proteasomes from
AD brains do not differ from controls in the amount of
ChT-L activity recovery following treatment with
DTT. However, a robust recovery of proteasome-
mediated protein degradation was observed in MCI
and AD proteasome complexes in response to
incubation with DTT. These data strongly support a
role for elevated levels of oxidative damage, to non-
catalytic sites of the proteasome complex, directly
contribute to declines in proteasome-mediated pro-
tein degradation in MCI and AD subjects. These
studies also suggest that oxidative modification to the
proteasome complex plays a direct role in mediating a
loss of proteasome-mediated protein degradation in
the earliest stages of AD, based on the fact that DTT

enhanced proteasome-mediated protein degradation
in proteasomes from MCI subjects.

In the present study we confirmed the presence of
elevated oxidative modifications occurring to the
proteasome complexes in AD subjects, relative to the
extent of oxidative modification observed in control or
MUCI subjects. These studies strongly suggest that
there is a neurochemical distinction (elevated levels of
oxidative damage) between the proteasomes found in
AD subjects, relative to those in the earliest stages of
AD, or those free of AD pathogenesis. We are
interested in understanding if these increases in
oxidative modifications in AD are due to an elevation
in oxidative stress, or whether they represent a decline
in replacement or repair of the proteasome complexes.
It is possible that declines in proteasome synthesis
potentially contributes to the observed elevation in
oxidized proteasomes in AD, due to the fact that
generation of new (non-oxidized proteasomes) may be
a primary basis for the lower levels of oxidized proteins
in control and MCI subjects. It is interesting to note
that previous studies have demonstrated that the
failure to generate a single proteasome subunit is
sufficient to elevate protein oxidation in the brain [27],
and that low level exposure to oxidative stressors
stimulates proteasome subunit expression in neural
cells [28]. The fact that so many oxidative modifi-
cations are present in the proteasomes of AD subjects
almost certainly mean that oxidative modifications are
contributing to the decline in proteasome-mediated
protein degradation. Such loss of proteasome function
could not only promote the genesis of elevated levels
of ubiquitinated and misfolded proteins, but also
contribute to declines in protein synthesis [12,29,30].
This is based on recent studies demonstrating a
role for proteasome inhibition causing reversible
decreases in protein synthesis in neurons [12,29,30].
Together these data indicate a role for declines in
proteasome-mediated protein degradation contribu-
ting to neuropathology and neurotoxicity via multiple
mechanisms in AD.

These data are the first to demonstrate a role for
neuroprostanes inhibiting proteasome function during
the progression of AD. While many believe that
neuroprostanes are relatively inactive in the brain
[24,25], the fact that there is a clear segregation of
neuroprostane-proteasome conjugation in AD, rela-
tive to MCI or control, raises many interesting
questions. For example, is the elevation in neuropros-
tane conjugation due to an increase in neuroprostane
attack, or could it potentially be mediated by increased
recruitment of neuroprostane modified proteins to the
proteasome? Similarly, how selective is the elevation in
neuroprostane conjugation to the proteasome in AD,
relative to other proteases? Studies are currently
underway to address this potentially new area
of research, whereby neuroprostanes play a role in
inhibiting proteasome function in AD.
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The data in this study are consistent with previous
studies which have implicated oxidative modification
to the proteasome contributing to age-related declines
in proteasome function [10,11,31-35]. Additionally,
these data support previous reviews which
suggested that proteasome inhibition, mediated
by oxidative modifications to the proteasome, contri-
bute to oxidative stress and neurodegeneration
[10,11,33,36,37]. As such, the rates at which
oxidative stressors impair proteasome function
may serve as an important trigger for a feed
forward cascade for accelerated and exacerbated
oxidative stress in AD [10,11,33,36,37], declines
in protein synthesis in AD [12], and the activation
of pro-apoptotic cascades in AD [6,8,11,34—-37].
Our data support a role for oxidative damage
contributing to neurochemical deficits observed
in the earliest stages of AD, and thereby
provide experimental support for oxidative stress
playing a role in the onset and progression of AD.
As such, our data suggest that therapies
which are ably to reduce the levels of oxidative
modification to the proteasome (via reducing the
levels of oxidative stressors, or enhancing the genesis
of proteasomes lacking oxidative modifications),
particularly at the earliest stages of AD (pre-MCI),
may provide therapeutic benefit by delaying the
development of AD.
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