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Intraneuronal accumulation of ubiquitin conjugates is
a pathological feature of neurodegenerative disorders
such as Alzheimer’s disease (AD). Previous reports
propose that accumulation of ubiquitinated species in
AD is a result of inhibition of proteasomal activity by
amyloid-8 (Af) peptides, which leads to blocking of
ubiquitin-dependent protein degradation by the pro-
teasome. Here, we provide additional insight into
proteasomal dysfunction by Af peptides by revealing
that aggregated forms of ABS(1—42) peptides (especially
small oligomers) are, in fact, competitive substrates for
the chymotrypsin-like activity of the human 20S (h20S)
proteasome. In addition to examining the kinetics of
the h20S proteasome activity in the presence or absence
of Af peptides, we use gel electrophoresis, LC-MS, and
TOF-MS/MS analyses to examine the degradation of
ApB(1—42) by the h20S proteasome. The observed
peptide fragments resulting from proteolytic cleavage
of A were consistent with predicted cleavage sites
from proteasome degradation. These results support
that the interaction of Af peptides with the proteasome
may play a mechanistic role in proteasomal dysfunc-
tion in AD pathology. These results may also reveal a
previously unknown natural pathway for clearance of
Ap in normal or diseased cells.

Keywords: Amyloid, degradation, proteasome, kinetics,
Alzheimer’s disease

any neurodegenerative disorders are char-
acterized by the intraneuronal accumulation

M of misfolded amyloidogenic proteins (/). In

Alzheimer’s disease (AD), for instance, amyloid-$ (Ap)
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peptides are the major component in senile plaques (2, 3)
and are believed to play a central role in the development
of the disease (4). These peptides are derived from the
proteolytic cleavage of amyloid precursor protein (APP)
by a series of secretase enzymes (3, 6); accumulation of
Apisbelieved to be a result of an imbalance between the
production and clearance of this peptide in the brain.
Although significant effort has revealed the mechanistic
details for the origin of Af in AD (7), natural pathways
for degradation and removal of this peptide remain
unclear. Previous reports provide some evidence that
the proteolytic enzymes neprilysin, insulin-degrading
enzyme, and presequence peptidase could be involved
in Af clearance in the body (8—11). Identification of
other natural enzymes that can degrade Af peptides
may provide a more complete picture for this important
disease-related biological process and may also lead to
new treatment strategies that target the removal of Af in
AD (/2). Here, we demonstrate that aggregated forms
of AB(1—42) peptides are competitive substrates for the
human 20S (h20S) proteasome. We show that the
proteasomal degradation machinery is capable of cleav-
ing ApB(1—42) peptides in a dose-dependent manner,
without significantly affecting the overall catalytic func-
tion of the proteasome. These results challenge previous
reports that AS peptides cause proteasomal dysfunction
through inhibition of its enzymatic activity (/3—15).

The proteasome is a large protein complex comprised
of a barrel-shaped 20S functional proteolytic subunit
and two 19S regulatory domains (/6). The 20S domain is
characterized as having three different types of proteo-
lytic activity: a chymotrypsin-like, a trypsin-like, and a
peptidyl-glutamyl-peptide activity that collectively
function to degrade misfolded and oxidized pro-
teins (I7). Previous work proposed that Ap(1—40)
peptides localize inside the 20S subunit along the active
proteolytic site and inhibit the chymotrypsin-like activ-
ity of the proteasome (14, 15). AB(1—42) peptides were
subsequently reported to impair all three types of pro-
teolytic activity of the 20S proteasome in a dose-depen-
dent manner (13).
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Figure 1. Relative chymotrypsin-like activity of the h20S protea-
some with or without the presence of 10 M fibrillar, oligomeric,
or monomeric AB(1—42). Statistically significant differences were
found for all three assembly states of AS(1—42) compared with
activity in the absence of Af peptide. Statistical significance denoted
as *p < 0.01, **p < 0.001. Each data point represents the average
from three independent runs.

In order to provide a more detailed mechanistic
analysis for the reported (/3—15) decrease in activity
of the 20S proteasome by AS(1—42), we formulated
three different preparations of Af to determine which
assembly state of the peptide (monomers, oligomers, or
fibrils) had the most significant effect on the chymo-
trypsin-like activity of purified h20S proteasome. Figure 1
shows that preparations of Af peptides comprising
~18% oligomers (i.e., trimers and tetramers) and no
fibrils inhibited proteasome activity more effectively
than Ap preparations containing essentially all Af
monomers or a significant fraction (~76%) of Ap fibrils
(see Figure S1 in the Supporting Information for the
characterization of these A preparations). The protea-
some activity (as determined by its ability to cleave a
fluorogenic peptide substrate, LLVY-AMC) was atte-
nuated by 35% when exposed to a 10 uM solution of the
oligomeric Af preparation compared with the reaction
in the absence of Af, while exposure to 10 uM Ap in
monomeric or fibrillar form reduced only 23% and 15%
of the proteasome activity, respectively (Figure 1). Ad-
ditionally, Figure S2 in the Supporting Information
shows that proteasome activity was suppressed by con-
centrations of oligomeric AS peptides as low as 1 uM.
These results are in agreement with previous reports on
the effect of AS oligomers on proteasome activity (13).

Kinetic analysis of the hydrolysis of the proteasome
substrate LLVY-AMC as a function of the concentra-
tion of oligomeric AB(1—42) peptides showed that the
Af peptides inhibited the chymotrypsin-like activity of
the h20S proteasome in a dose-dependent manner
(Figure 2). We incubated various concentrations of
LLVY-AMC substrate (0—200 M) in the presence of
different concentrations of oligomeric AB(1—42) pep-
tides (0—5 uM) for 20 min in buffer prior to addition of
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Figure 2. Kinetic analysis of the chymotrypsin-like activity of the
h20S proteasome in the presence of 0, 0.5, 1, or 5 uM oligomeric
ApP(1—42) peptides.

Table 1. Values for Kinetic Parameters of the Chymo-
trypsin-Like Activity of the Proteasome in the Presence
of Different Concentrations of Oligomeric AB(1—42)
Peptides

Apcone M) Kuiobs (M) Ki (uM) Vi (x 1072 M /min)
0 5.940.8 3.140.1
0.5 84413 1.2 3.140.1
1 20 £4.2 0.4 3.540.2
5 38+9.1 0.9 37403

“ Km.obs €quals the apparent Ky of the LLVY-AMC substrate when
no Ap is present.

purified h20S proteasome. We subsequently incubated
this proteasome solution for 30 min prior to calculating
the velocity of product formation. Table 1 presents the
values for Vi,.x and observed Ky (K obs, the concentra-
tion of substrate that produces half-maximal velocity in
the presence of a competitor) for the LLVY-AMC sub-
strate as a function of the concentration of oligomeric Af
peptides; these values were estimated using standard
Michaelis—Menten analysis (/8). Interestingly, we found
that the Ky ops Of substrate LLVY-AMC increased from
5.9 £ 0.8 to 38 £ 9.1 uM upon the addition of increasing
concentrations of AB(1—42), while V., remained essen-
tially constant at all concentrations of Af (from 0.031 £
0.001 to 0.037 & 0.003 M -min ). The apparent inhibi-
tion constant, K;, for AB(1—42) and the proteasome was
0.83 4+ 0.40 uM (estimated by averaging the K; values
from all three sets of A concentrations), which repre-
sents the concentration of Af required to decrease the
maximal rate of the reaction to half of the uninhibited
value. The constant values for V,,,x with concomitant
increasing Ky ops Values as a function of increasing Ap
concentrations suggests that AS(1—42) might be a com-
petitive inhibitor for the proteasome (/8); that is, Af-
(1—42) interacts competitively with the same site on the
h20S proteasome as the LLVY-AMC substrate. Alter-
natively, the kinetic behavior shown in Figure 2 could
also arise if the AB(1—42) peptides acted as a substrate for
the proteasome.
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Figure 3. Fluorescence gel image of aggregated Hilyte fluor 488-
labeled AB(1—42) peptides incubated with or without the presence
of h20S proteasome and in the presence of h20S proteasome and
four different proteasome inhibitors. The arrows indicate A
monomers, small oligomers of A (i.e., trimers and tetramers), or
the new fluorescent bands that presumably represent the N-terminal
fragments of Af formed from reaction with the h20S proteasome.

To examine whether AS(1—42) peptides could be
degraded by the proteasome, we analyzed by 16%
SDS—PAGE gel the reaction of the h20S proteasome
with oligomeric AB(1—42) carrying a fluorophore on the
N-terminus (Figure 3). We found three new fluorescent
gel bands (presumably representing N-terminal frag-
ments of Ap) after the fluorescently labeled AS(1—42)
was incubated with the h20S proteasome for 24 h at
37 °C; these bands were not present when the A peptides
were incubated in the absence of the h20S proteasome.
Additionally, incubation of the fluorescently labeled
ApB(1—42) with the h20S proteasome in the presence of
commercial proteasome inhibitors lactacystin, epoxomi-
cin, bortezomib, or MG-132 resulted in significant re-
duction in the cleavage of the Af peptides compared with
incubation of the peptide and h20S proteasome alone
(Figure 3). Gel analysis of four commercial Aj-derived
peptides (also carrying fluorophores on their N-termini)
suggested that the electrophoretic mobility of AS frag-
ments did not necessarily correlate with the molecular
weights of the peptides (see Figure S3 in the Supporting
Information). We, therefore, could not accurately deter-
mine the size of the N-terminal fragments of fluorescently
labeled AB(1—42) from the gel shown in Figure 3.

In order to determine the identity of some of the
peptide fragments from degradation of AB(1—42) by the
proteasome, we incubated label-free oligomeric Ap-
(1—42) peptides with the h20S proteasome and analyzed
the reaction by RP-HPLC (Figure 4A). Digestion of
AB(1—42) by the h20S proteasome resulted in the
formation of several prominent UV-active peaks by
HPLC. In contrast, the HPLC trace of AS(1—42) pep-
tide that was incubated in the absence of h20S protea-
some only showed one prominent peak. The major UV-
active peaks in both samples were analyzed by mass
spectrometry (MS), leading to the assignment of many
fragments of Af in the sample that contained the h20S
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Figure 4. RP-HPLC and mass spectrometry (MS) analyses of
peptide fragments formed from reaction of AB(1—42) peptides with
the h20S proteasome: (A) RP-HPLC traces of AS(1—42) with (red)
or without (blue) incubation with h20S proteasome; (B) summary of
the amino acid sequence of the observed fragments of AS(1—42) and
the proposed h20S proteasome cleavage sites as estimated by LC-
MS analysis of each HPLC peak (for a list of masses, see Table S1 in
the Supporting Information); (C) summary of the amino acid
sequence of the observed fragments of AB(1—42) and the proposed
h20S proteasome cleavage sites as estimated by TOF-MS/MS (for a
list of masses, see Table S2 in the Supporting Information).

proteasome (Figure 4B) (/9). In order to further support
that the h20S proteasome can degrade Ap(1—42)
peptides, we again incubated label-free oligomeric
ApB(1—42) peptides with the h20S proteasome and
analyzed the reaction mixture by TOF-MS/MS. This
analytical method made it possible to conclusively
identify the observable peptide fragments from degra-
dation of AfS by the proteasome, since it provided
information on the peptide sequence of each species.
This method again revealed many small peptide frag-
ments resulting from reaction of oligomeric AB(1—42)
peptides with the h20S proteasome (Figure 4C). The
identification of several N-terminal peptide fragments
indicated that N-terminal residues 6—20 of AB(1—42)
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are most susceptible to cleavage by the proteasome.
Many peptide fragments identified by TOF-MS/MS
were consistent with the peptide fragments identified
by LC-MS, such as AB(1—=7), AB(1-9), Ap(7—14),
AB(7—15), AB(8—15), and AB(1—15). We attribute
the absence of C-terminal fragments in these analyses
to the known poor detection signal of hydrophobic
fragments of A by MS (20). The poor detection of
C-terminal fragments may be a result of their general
propensity to aggregate into fibrils (27), which may not
be conducive to MS analysis.

These results from gel electrophoresis and from MS
analyses strongly support that AB(1—42) can act as a
substrate for the h20S proteasome. To examine whether
the observed peptide fragments were consistent with the
known proteolytic activity of the proteasome, we com-
pared the fragmentation pattern of AB(1—42) shown in
Figure 4B,C to two predictive models for cleavage of
Af(1—42) peptides by the proteasome (22): PA-
ProC (23, 24) and MAPPP (25, 26). This comparison
revealed that the observed cleavage sites on Af were, to
alarge extent, consistent with these proteasome cleavage
prediction models (see Figure S4 in the Supporting
Information). These results, therefore, suggest that the
observed degradation of Af arises from the normal
proteolytic function of the proteasome.

In summary, this work provides new insight into the
impairment of the cellular proteasomal degradation
machinery that is typically associated with AD and
other amyloidogenic  neurodegenerative  disor-
ders (27, 28) . In contrast to previous reports suggesting
that AB peptides act as inhibitors of proteasome
activity (13—15), the results presented here suggest that
the impairment of proteasomal function by A may
arise from the competition of natural proteasomal sub-
strates with increasing concentrations of toxic
oligomeric Af peptides within the cells of patients
with AD. In addition to supporting the hypothesis
that AS peptides play a central role in AD pathol-
ogy (4) (perhaps through their effect on proteasome
function (29, 30)), these results reveal that the protea-
some may also potentially play a role in the natural
degradation and clearance of Af peptides in cells.
Finally, these findings may contribute to efforts
aimed at clearing Af peptides as a therapeutic strat-
egy for the treatment of AD (72).

Methods

Materials

Lyophilized AB(1—42) was purchased from GL Biochem
Ltd. N-terminal labeled Hilyte fluo AB(1—17), AB(25—35),
ApP(1—42), and AB(1—40) were purchased from AnaSpec.
Hexafluoroiospropanol (HFIP) was purchased from Sigma
Aldrich. The purified human 20S proteasome was purcha-
sed from Boston Biochem. Fluorogenic peptide N-succinyl-
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Leu-Leu-Val-Tyr-AMC (LLVY-AMC) was purchased from
Enzo Life Science. Monoclonal anti-Af IgG (clone 6E10,
Convance Cat. no. SIG-39320, derived from residues 1—17
of Af peptide as antigens) and rabbit polyclonal anti-mouse
IgG (anti-mouse IgG H+L conjugated with alkaline phos-
phatase) were obtained from Abcam (Cambridge, MA).
Water (18.2 uQ/cm) was filtered through a NANOPure
Diamond (Barnstead) water purification system before
preparation of all aqueous solutions.

Preparation of Af(1—42)

Monomeric Af was prepared as previously described with
some modifications (37). Briefly, AS(1—42) was initially
solubilized in 100% 1,1,1,3,3,3-hexafluoro-2-propanal
(HFIP) to 1 mM concentration at RT for 21 h on a shaker.
The solution was sonicated and vortexed before it was diluted
in cold nanopure water (2:1 H,O/HFIP). Aliquoted fractions
were lyophilized for 2 days to remove HFIP and water,
followed by storage in parafilm-sealed eppendorf tubes at
—80 °C with desiccant until used. Monomeric AS was
obtained by suspension of the peptides in nanopure water to
a concentration of 100 uM immediately prior to use. For
preparation of ApS oligomers, the peptides were suspended in
nanopure water to a concentration of 100 4uM and incubated
for 3 daysat4°C. Fibrillary A was obtained by dissolving A3
in nanopure water to a concentration of 100 #«M and incubat-
ing for 3 days at 37 °C. Western blot analysis using a mouse
monoclonal antibody raised against residues 1—17 of ApS
(clone 6E10) revealed incubation conditions that resulted in
preparations of Af that comprised different distributions of
assembly states (see Figure S1 in the Supporting Information).
Proteasome Activity Assay

The proteasome chymotrypsin-like activity assay was car-
ried out using fluorogenic peptide substrate Suc-Leu-Leu-
Val-Tyr-AMC (LLVY-AMC). A 100 uL reaction mixture
containing 100 ng of purified human 20S proteasome and 0 or
10 uM Ap(1—42) (in monomeric, oligomeric, or fibrillar form)
were preincubated in assay buffer (20 mM 4-(2-hydro-
xyethyl)-1-piperazineethanesulfonic acid (HEPES), 0.5 mM
ethylenediaminetetraacetic acid (EDTA), 0.035% SDS, pH
7.8) at 37 °C for 20 min before addition of 10 uM LLVY-
AMC substrate. The reaction was incubated at 37 °C for an
additional 30 min and the fluorescence of hydrolyzed 7-amino-
4-methyl-coumarin (AMC) was detected with a 360/465 nm
filter set in a spectrofluorimeter (Spectra max Gemini EM,
Molecular Device).

Kinetic Analysis of Proteasome Activity with or
without Af(1—42)

Kinetic analysis of proteasome chymotrypsin-like activity
was performed using a 100 L reaction mixture containing 40
ng of purified human 20S proteasome, LLVY-AMC substrate
(0—200 uM), and AB(1—42) (0, 0.5, 1, and 5 uM) in assay
buffer (20 mM HEPES, 0.5 mM EDTA, 0.035% SDS, pH
7.8). The solutions were incubated at 37 °C, and the formation
of AMC was measured at 1 min intervals for 2 h with a
360/465 nm filter set in a spectrofluorimeter. The rate of
substrate hydrolysis was calculated, and kinetic parameters
KM obss Vmax» and K; were determined by fitting the data to the
Michaelis-Menten equation (/8) using Origin 7 SR1 software
(OriginLab Corp., Northampton, MA).
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Digestion Assay of Fluorophore-Labeled Af(1—42)
Using Gel Electrophoresis Analysis

A 1 mM solution of Hilyte fluor 488 labeled AB(1—42) was
prepared in 1.0% NH4OH and further diluted in nanopure
water to a final concentration of 100 uM. The fluorescently
labeled Af was allowed to incubate at 4 °C for 3 days before
use. A 4 uM solution of fluorescently labeled oligomeric A
peptides were incubated with 0 or 5 ug of h20S proteasome in
10 uL of assay buffer (20 mM HEPES, 0.5 mM EDTA,
0.035% SDS, pH 7.8) for 24 h at 37 °C. For reactions in the
presence of proteasome inhibitors, 100 uM solutions of
lactacystin, epoxomicin, bortezomib, or MG-132 in assay
buffer were preincubated with 5 ug of h20S proteasome for
10 min at 37 °C, followed by addition of a solution of
fluorescently labeled oligomeric Af peptides (to give a final
concentration of 4 uM peptide) and continued incubation for
24 h at 37 °C. Reactions were stopped by adding 10 uL of
2x SDS sample loading buffer, followed by boiling for 10 min.
Aliquots (10 uL) of these reaction mixtures were analyzed on
16% SDS—polyacrylamide gels with 8 M urea. The fluores-
cent gel bands were detected using a Typhoon 9400 variable
mode imager (GE Healthcare Bio-Sciences Corp., Piscat-
away, NJ).

LC/MS and TOF-MS/MS Analyses of the Degradation
of Af(1—42) Peptides by the Proteasome

A solution containing 400 uM oligomeric Af was incu-
bated with 1.4 ug of h20S proteasome in 100 4L of assay buffer
(20 mM HEPES, 0.5 mM EDTA, 0.035% SDS, pH 7.8) for
24 h at 37 °C. The proteasome protein was removed by
centrifugation at 12,000 x g for Smin in a centrifugal dialysis
unit (Millipore Microcon YM-50). A Thermo LCQdeca
mass spectrometer coupled with a HP1100 LC system was
used for LC-MS analysis. The UV detection wavelength was
set at 215 nm and positive ion mode electrospray ionization
(ESI) was employed. A 5-um Brownlee Spheri-5 Phenyl
(250 mm x 4.6 mm) column (Applied Biosystems Inc.,
Foster City, CA) was used for separation with a flow rate
of 1.0 mL/min. LC mobile A consisted of 5% acetonitrile in
water with 0.1% TFA, and LC mobile phase B consisted of
90% acetonitrile with 0.1% TFA. The LC gradient started
from 15% mobile phase B and was increased to 95% mobile
phase B in 25 min, then lowered to 15% mobile phase B in
2 min and held at 15% mobile phase B for 3 min. Approxi-
mately 10% of the LC flow (~0.10 mL/min) was introduced
to the ESI source and the remaining was diverted to the
waste. Xcalibur 1.2 software was used for data acquisition
and processing.

For peptide sequencing, a digested sample of 8 uL of
Ap(1—42) treated with h20S was analyzed using an integrated
system consisting of an autosampler Tempo nano LC system
(AB Sciex) and a quadrupole time-of-flight (QqTOF) mass
spectrometer (QSTAR Elite, AB Sciex), equipped with a
nanoelectrospray ionization source. The sample was injected
into the mass spectrometer through a C18 column at an ion
spray voltage of 2300 eV. The amino acid composition
produced by the QSTAR was searched using Mascot Daemon
version 2.2.0 (Matrix Science Ltd.) against human_genome_
NCBI database with a threshold of p < 0.5.
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Supporting Information Available

Characterization of different assembly states of AS(1—42),
results from the inhibition of the chymotrypsin-like activity
of the h20S proteasome with different concentrations of
oligomeric AfB(1—42), gel electrophoresis analysis of fluor-
escently labeled Af3 or AS-derived peptides, and comparison
of predicted cleavage sites of AB(1—42) from LC/MS and
TOF-MS/MS analyses. This material is available free of
charge via the Internet at http://pubs.acs.org.
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